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Mouse and human 5-Hydroxytryptaminess receptors (5-HT3aR’s) share 84%
amino acid identity. Nevertheless, different compounds have different functions at mouse
and human wild-type receptors. The antagonist d-tubocurarine (curare) has much greater
potency at mouse wild-type (MWT) than human wild-type (HWT) receptors, and 3-(2-
hydroxy,4-methoxybenzylidene)-anabaseine (2-OHMBA) functions as a partial agonist at
MWT and as an antagonist at HWT 5-HT;3,R’s. In the present study, specific residues in
Loop C and F of the 5-HT34R have been identified as critical for interspecies differences
in function and sensitivities of both these compounds. Residues in or near Loop C were
probed by substituting the human receptor with mouse receptor orthologs and then
assessing the mutants with two-electrode voltage clamp electrophysiological and
radioligand binding assays. The chimera H-Y217Q/M2231/E224D/Y228S (ICsp =35 nM)
was the smallest chimera with the same curare potency as H-Loop C+1. In radioligand
binding assays, curare displaced the competitive antagonist [3H]-BRL-43694 with rank
order affinities (K;) of MWT (9.59 nM) = H-Y217Q/M2231/E224D/Y2288
Y217Q/M2231/E224D/Y228S (10.9 nM) > HW'T (3.6 uM) > H-E224D (318 uM). As for
studies using 2-OHMBA, two residues (1207 and 1228) in the ligand binding domain of
the mouse receptor were identified as critical for partial agonist activity of this
compound. Receptors in which mutations to the corresponding human orthologs were

inserted lost partial agonism of 2-OHMBA and gained competitive antagonism.



Furthermore, Ile and Leu appear to possess specific physicochemical properties required
at residues 207 and 228 for agonist function of 2-OHMBA and 5-HT. Another finding of
the present studies was that the 2°—OH group of 2-OHMBA interacts directly with 1228, a
residue in Loop C of the LBD of the MWT receptor, to form a hydrogen bond. Findings
of this study have contributed to a more refined model of ligand binding to 5-HT;4R’s
and an improved understanding of the molecular interactions governing function of this

receptor.
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CHAPTER I

INTRODUCTION

A. Significance

The 5-HTj; receptor is a ligand-gated ion channel (LGIC) found in the central
nervous system (the area postrema, the hippocampus, the limbic system and the cerebral
cortex), peripheral nervous system, gut, lymphocytes, monocytes, and fetal tissues
(Fiebich et al., 2004). Pharmacological uses for drugs targeting the 5-HT; receptor
include treatment of chemotherapy induced nausea and vomiting (Leibundgut et al.,
1987; Forni et al., 2003), post-operative nausea and vomiting (Ang et al., 1998; White et
al., 2006), alcohol consumption (Hodge et al., 1993; Johnson 2004; L& et al., 2006) and
irritable bowel syndrome (IBS) (Camilleri et al., 1999; Jones et al., 1999; Spiller 2006).
Additionally, studies examining the effects of 5-HTj; receptor antagonists show that these
drugs have positive effects on conditions such as migraines and chronic neuropathic pain
(Dahlof et al., 1998, McCleane et al., 2003; Faerber et al., 2007). A clinical study using a
single dose of odansetron (a 5-HT; receptor antagonist) on patients suffering chronic
neuropathic pain resulted in significant decreases of 1.17 in pain scores just two hours
following drug injection. Pain was measured on an 11-point Likert scale (0 for no pain
and 10 for most amount of pain imaginable in accordance with the Visual Analog Scale)
(McCleane et al., 2003). Acquiring a better understanding of the role of specific amino
acids in structure-function relationships underlying the mechanisms of action of the 5-

HT; receptor is of interest to the scientific community in general but more specifically, to



the pharmaceutical industry as this knowledge may contribute to the design and

development of better suited, more specifically targeted pharmaceutical compounds.

B. The 5-HT; Receptor: A Ligand-Gated Ion Channel

The current classification of receptors set by the International Union of
Pharmacology Committee (IUPHAR) for Receptor Nomenclature and Drug
Classification is based on criteria such as amino acid sequence, pharmacology of the
receptor and signal transduction mechanisms. Following the criteria set by the [IUPHAR,
these are the classes of receptors: ligand-gated ion channels (LGIC’s), G protein-coupled
receptors (GPCR’s), enzyme-linked receptors, and transcription factor receptors
(Humphrey, 1997). Each of these classes is composed of a number of super families
grouped according to structural features. One example is the cys-loop superfamily, which
includes the 5-HT; receptor, the only 5-HT receptor not classified as a GPCR. All cys-
loop receptors are pentameric LLGIC’s possessing a characteristic bond between two
cysteines located in the N-terminal domain (Schofield et al., 1987; Breje et al., 2001).
Other members of the cys-loop superfamily of LGIC’s include the nicotinic acetylcholine
receptor (nAChR), the glycine receptor (GlyR), and the y-aminobutyric acid type A
(GABA,) and type C (GABA() receptors.

Phylogenetic studies have identified two groups within the cys-loop family of
receptors; the first forming anionic channels, and the second forming cationic channels
(Ortells and Lunt, 1995, Le Novere and Changeux, 1995, van Nierop et al., 2003).

Activation of the 5-HTj3 receptor by agonist binding induces conformational changes that



result in conductance of cations (Na', K*, and Ca2+). Similar to the 5-HT; receptor, nACh
receptors also conduct cations, while GABA 4., GABA(, and Glycine receptors mediate
synaptic transmission by conducting primarily Cl- and bicarbonate (Bormann ¢t al., 1987,
review by Enz, 2001; Menzikov and Menzikova, 2005). It has been reported that
electrostatic interactions and pore diameter play an important role in determining ion
selectivity. One of the important components in establishing favorable electrostatic
interactions is the presence of polar or charged residues lining the channel pore. While
there is a great deal of sequence homology lining the pore of all members of the cys-loop
family of receptors (Brejc et al., 2001), a net positive charge is found lining the channel
pore of anionic LGIC’s with the presence of conserved arginine residues in Glycine,
GABA,, and GABA( receptors; conversely, negatively charged residues can be found
lining the channel pore in 5-HT; and nACh receptors (Keramidas et al., 2004). A number
of mutagenesis studies have been used to investigate the effect of amino acid mutations
on conductance ratios as well as charge selectivity (see review by Karlin, 2002). As little
as three residue substitutions in transmembrane (TM)1 and TM2 resulted in a change
from cationic to anionic influx for both homomeric a7 nACh receptors (Galzi et al.,
1992; Corringer et al., 1999) and 5-HTsa receptors (Gunthorpe and Lummis, 2001).
Additionally, mutation of three equivalent residues in the al homomeric glycine receptor
converted this otherwise anionic channel into a cationic channel (Keramidas et al., 2000).

Excitation of a number of cells is dependent on regulation of ion flux, a process in
which LGIC’s play a very important role. Ion selectivity mediates the nature of synaptic

potentials. In the brain, synaptic potentials classified as excitatory or inhibitory, regulate



firing of neurons and message transmission. Recent studies have reported that the rate of
firing of nACh receptors is involved in post-synaptic deficiencies such as congenital
myasthenic syndromes and Congenital Lambert-Eaton Syndrome (Sine and Engel, 2006).
Also important for regulation of synaptic transmission is the 5-HT; receptor. This
member of the cys-loop family of receptors mediates fast synaptic transmission in the
central nervous system (CNS), peripheral nervous system and the gut (Tyers 1991).
Clinical studies have reported a role for 5-HT; receptors in regulation of drug-related
pathways (Alex and Pehek, 2007, Englemann et al., 2008), in addition to the previously
established role of this receptor in regulation of initiation and coordination of emesis
(reviewed in Bames et al., 2009). Understanding the role of cys-loop receptors in
regulation of brain function can thus have a significant impact in design and production

of pharmaceutical compounds.

C. Receptor Structure

The 5-HTj; receptor is formed by five homo-/hetero-pentameric subunits (A, B, C,
D, and E), all of which have been cloned. Hydropathy plots of deduced amino acid
sequences of 5-HTsa receptor suggest all subunits are composed of a long extracellular
N-terminus (which contains a short disulfide bonded cys-cvs Loop), four transmembrane
spanning domains (TM1-TM4), and a short extracellular C-terminus. Two intracellular
loops connect TM1-TM2 and TM3-TM4 while an extracellular loop connects TM2-TM3.
The N-terminus containsg the ligand recognition site for 5-HT (Eisele et al., 1993), and

TM> lines the channel pore. In humans, the 5-HT;4 gene has 9 exons and 8 introns



(Weiss et al., 1995). In other species such as mouse, rat, and guinea pig, the 5-HT34 gene
can exist in two known splice variants, a short truncated splice variant, 5-HT;4(b). and a
long splice variant, 5-HT3a(a) (review by Barnes ¢t al., 2009). The long splice variant is
homologous to the human 5-HTs, isoform and is also expressed in a long (5-HT341.) and
a truncated (5-HT3,T) form. Both the 5-HT3,1. and the 5-HT;,T isoforms are expressed
in the brain, and studies have suggested these variants may be linked to pathogenesis of
genetic diseases such as schizophrenia and depression (Miquel et al., 2002; Kurzwelly et
al., 2004; Krzywkowski et al., 2007). The 5-HTsp gene, while sharing 41% homology
with 5-HTj3y, is differentially expressed in brain and intestinal tissue as a result of the
existence of tissue specific promoters (Barnes et al., 2009). The A subunit is required for
the formation of functional 5-HT; receptors and for assistance of trafficking of' B subunits
to the membrane surface (Barnes et al., 2009). Receptors composed of A-homomers and
A/B-heteromers have been reported to have functional significance in the central and
peripheral nervous systems (Reeves and Lummis, 2002).

Studies investigating expression and function of human A/C-, A/D- and A/E-
heteromers have reported that C subunits have an almost ubiquitous distribution, whereas
D and E subunits are largely expressed peripherally. Especially in the gastro-intestinal
tract. The C, D, and E subunits do not appear to be natively expressed in rodents, but are
present in other species, such as chimpanzee and dog (Niesler et al., 2007; Holbrook et
al., 2009). Subunits C and E possess similar structural features to those of subunits A and
B. However, subunit D was reported to lack the N-terminus, the signal sequence, and the

putative binding domain (Niesler et al., 2007). Subunits C, D, and E do not form



homomeric receptors. In two studies, the functional properties of A/C, A/D, and A/E
receptor have been investigated. The heteromeric receptors had similar 5-HT
concentration response curves, current-voltage relationships, and picrotoxin sensitivities
as the A homomer. In the absence of any electrophysiology measurements that delineate
a difference in biophysical properties of the A homomer and A heteromeric receptor
containing an A subunit and A, C, D or E subunit, the functional significance of C, D and
E subunits remains to be established.

Figure 1 Loops composing the principal and the complementary components of

the ligand binding domain of the 5-HT3 receptor.

Thompson et al., 2005

The ligand binding domain (LBD) of the 5-HT; receptor is located in the N-
terminus at the interface between subunits and consists of six loops: A, B, C, D, E, and F

(Fig 1). Loops A-C join to form the principal component of the I.BD, and Loops D-F



form the complementary component of the LBD (Fig 2), and the mechanism of activation
of LGIC’s 18 highly congerved among all members of this family. Crystallization of the
Acetylcholine Binding Protein (AChBP), a structural homolog of the N-terminus of the
nACh receptor (Breje 2001) used as a prototype for LGICs, has enabled researchers to

elucidate the role of individual residues in orthosteric ligand recognition.

. N Ligand
— -~ Binding

/ Domain

= Extracellular

C

Intracellalar

Figure 2 Schematic representation of a 5-HT5 receptor subunit

The 5-HT: receptor has an oligopentameric structure, similar to that of the
structure of nACh receptor. Electron microscopy of the affimty purified 5-HT; receptor
shows that the five subunits are arranged around a long cylindrical axis of 11 nM and the
external diameter of the ion channel is 8 nM. The ion channel opens at the external side

of the cell wall and the diameter of the open channel ig 2-3 nM (Boess et al., 1992; Boess



et al 1995). The intracellular loop connecting TM3-TM4 contains an amphipathic a helix,
named as the MA stretch or HA stretch, and presents multiple consensus sequences for
phosphorylation by various kinases (Unwin, 2005; reviewed in Peters et al., 2005).
Alignment of TM2 domain from the A subunit with that of the other members of
the ligand-gated ion channel superfamily reveals many similarities (Karlin and Akabas
19935), particularly with regard to the rings of negative charges that are localized at the
extracellular and intracellular borders of TM2 and the hydrophobic residue located at
position two of the channel (Thompson and Lummis, 2003). Furthermore studies using
substituted cysteine accessibility method (SCAM) have demonstrated the largely helical
structures of TM2 (Reeves et al., 2001), which is similar to the other members of the

superfamily.

D. Receptor Assembly and Trafficking

As with a number of proteins, the assembly of the 5-HT; receptor takes place in
the endoplasmic reticulum (ER), where it is thought to interact with a molecular
chaperone immunoglobulin heavy chain binding protein and with calnexin (Boyd et al.,
2002). Once assembled, A-homomers and A/B-heteromers are then transported to the
membrane surface where they are expressed. Studies looking at assembly and trafficking
of 5-HT3 A and B subunits in COS 7 and ts201 cells suggest that the level of expression
of the 5-HTj3 receptor is highly regulated by subunit retention in the ER and by assembly

(Boyd et al., 2002; Bovd et al., 2003).



Assembly affects trafficking, in that only receptors containing A subunits,
whether A-homomers or A/B heteromers, were successfully translocated and expressed
onto the cell membrane. Interestingly, the presence of A subunits was important for
expression even when constructed as a non-functional A subunit (Boyd et al., 2002),
further building a case of the critical role subunit A plays in receptor transport and
expression. One of the important features in 5-HT3 receptor stability is the presence of N-
glycosylation sites. Independent studies attempting to identify N-glycosylation sites in
both human and mouse homomeric receptors (5-HT34) have reported three potential N-
linked glycosylation sites at human positions N-104, 170 and 186, and mouse positions
N-209, 174, 190 (Boyd et al., 2002; Quirk et al., 2004). As for the human heteromeric
receptor (5-HTsamp), Boyd et al. (2002) reported this receptor has five potential
glycosylation sites at positions N-47, 91, 133, 163 and 198. Another study suggested four
potential N-glycosylation sites for the 5- HT34 homomer at N-5, 81, 147 and 163. These
residues appeared to play a very important role in membrane expression. When
individually mutated the ability of the receptor to translocate to the cell surface appeared
seriously impaired and mutated receptors were predominantly found in the intracellular
compartment. Furthermore, mutant receptors able to express on the cell surface had a
signicantly lower binding affinity for 5-HT and odansetron (Monk ¢t al., 2004). While N-
glycosylation is critical for 5-HT; receptor trafficking, other residues plan an important
role in translocation and expression on the cell surface. Studies investigating assembly
and trafficking of the mouse 5-HT; receptor reported Y50, Y91 and E235 play an

important role in receptor assembly (Schreiter et al., 2003; Price and Lummis, 2004).



Another player in the translocation of 5-HT; receptors to the membrane is tubulin.
A study by Ilegems et al. (2004) reported that in HEK295 cells treated with colchicine, a
microtubule depolymerizing agent, translocation of 5-HTj; receptors to the membrane was
significantly impaired. Another accessory protein reported to mediate 5-HT; receptor
translocation is the Resistance to Inhibitors of Cholinesterase-3 (RIC-3) protein. This
protein is thought to have differential effects on transport of varying ligand-gated ion
channels, i.e. while enhancing transport of certain subtypes of nACh receptors, the RIC-3
protein appeared to block trafficking of 5-HT; receptors to the membrane (Castillo et al.,
2006; review by Millar, 2007). A separate study, reported RIC-3 mediated enhancement
of 5-HT;4 homomeric receptor translocation to the membrane while the same protein

seemed to downregulate translocation of 5-HT; g heteromers (Cheng et al., 2007).

E. Molecular Dynamics of the Cys-loop Superfamily

The ligand-binding pocket, located on the interface of two adjacent subunits of all
cys-loop receptors, undergoes a conformational change upon orthosteric binding. This
conformational change induces channel opening and permeation of cations, in the case of
5-HT; and nACh receptors, and anions, in the case of Glycine, GABA, and GABAc
receptors (Absalom et al., 2004). Studies using molecular dynamic stimulation, disulfide
bond trapping, SCAM, and electron microscopy revealed the Cys-loop and the B1-p2
loop straddle opposite sides of the TM2-TM3 linker from the channel pore region with
ligand-binding inducing lateral rotation of this region resulting in a twisting motion at

TM2 allowing ion flow (Horenstein et al., 2001; Miyazawa et al., 2003; Absalom et al.,

10



2004). The pre-M1 region is also thought to be involved in agonist-binding coupling to
channel gating, as it contacts the Cys-loop (Bouzat et al., 2004). Sequence conservation is
high among different receptors with key differences thought to account for differential
ligand recognition and ionic flow. Electron microscopy of the Torpedo nACh receptor
shows rotational movement at the extracellular domain and channel pore as a result of
ligand-binding (Unwin 1998) and a study investigating the role Loop F in orthosteric
binding, suggests ligand-dependent movement of W195, and D204 residues of the 5-
HT; 4 receptor.

Members of the cys-loop family of LGICs are so named because of the presence
of a conserved signature disulfide loop in the extracellular region of the receptor. This
loop 1s of a hydrophobic nature enabling it to interact with the transmembrane domains of
the receptor (Schofield et al., 2003). Studies in the GABAAR using SCAM in conjunction
with assessment of the crystallized AChBP and refined electron micrograph of the nACh
receptor revealed that rotational rearrangements in TM2 induce channel opening
(Horenstein et al., 2001; Absalom et al., 2004). Molecular interactions involving the
TM2-TM3 loop have also been proposed to participate in a “pin and socket’ interaction
inducing a 15° clockwise rotation near TM2 followed by destabilization of the
hydrophobic girdle that composes the channel gate. Destabilization is thought to induce
opening of the channel and subsequent ion permeation (Miyazawa et al., 2003). In the
Glycine receptor, TM2-TM3 seems to perform different functions in different subunits
and mutations in this region of the receptor do not block channel gating (Shan ¢t al.,

2003). A recent breakthrough in the study of LGIC’s was the crystallization of the

11



extracellular domain of the mouse nACh receptor a1 subunit revealing for the first time
the cys-loop with the disulfide between Cys128 and Cys142 at the atomic level. This
crystal structure has also revealed the role of Lys145 and Asp200 in direct electrostatic
interaction with each other and the role of Thr202 in forming hydrogen bonds when the
nACh receptor is bound to an antagonist, in this case the a-bungarotoxin (Dellisanti et al.,
2007). A study using SCAM to probe the 5-HT; receptor pore identified water-accessible
residues in the TM2 region (Asp274, Gly276, Glu277, Ser280, Thr284, L.eu285, I.eu287,
Val291, Leu293, 11e294 and 11e295) in the presence of 5-HT, supporting the idea that

these amino acid residues participate in lining of the channel pore (Reeves et al., 2001).

F. The Use of Interspecies Studies

The ionotropic 5-HT; receptor shares a high degree of homology among its six
cloned species (80-95%). Nevertheless, this receptor is known to exibit significant
interspecies differential pharmacology. The use of interspecies studies is a powerful tool
in understanding the underlying mechanisms that govern distribution and function of the
5-HT; receptor. A study using human brain membranes confirmed that interspecies
differences in 5-HT; receptor expression include levels of expression in different regions
of the brain with the area postrema being the most abundant in 5-HT; receptors
(Marazziti et al., 2001), not unlike animal brains (Kilpatrick et al., 1987; Kilpatrick et al.,
1989; Jones et al., 1992). However high levels of expression found in the striatum seem

to be unique to human brains (Abi-Dargham et al., 1993; Marazziti et al., 2001).
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Another interesting difference in 5-HT; expression is the presence of 5-HTsc, 5-
HT;p, and 5-HT;g subunits in a number of mammalian species such as humans, dogs and
monkeys, and absence in rodents (Niesler et al., 2007, Holbrook ¢t al., 2009). Isoform
expression differences aside, actual pharmacological sensitivities such as differences in
potency of curare (Hope et al., 1999; Zhang et al., 2007), differential actions of 2-
OHMBA (Zhang et al., 2006), differential modulation by colchicine (de Oliveira-Pierce
et al., 2009), and different single channel conductance properties (Bares, 2005)
strengthen the case of the use of interspecies studies to further scientific knowledge of the
structure-function relationships-of the 5-HT; receptor.

It is important to point out that while A homomeric and A/B heteromeric
receptors are different in their biophysical properties, such as ratio of response (Dubin et
al., 1999), and kinetics of channel activation and desensitization (Hapfelmeir et al.,
2003), they have strikingly similar pharmacology within species. In a side by side
comparison of human 5-HTz;4 homomers and 5-HTzap heteromers, it was reported that
these receptors have curare ICsos of 3 uM and 14 uM, respectively (Davies et al., 1999).
Both the rat 5-HTs4 and the 5-HT34p receptors have comparable curare potencies of 14
and 28 nM (Hanna et al., 2000). Additionally, 2-OHMBA is an antagonist at both human
5-HTs4 and 5-HTs4p receptors, and a partial-agonist at both mouse 5-HTs4 and 5-HT5am
receptors. Unpublished data from studies conducted at this laboratory reveal that
sensitivities of curare and 2-OHMBA at both mouse and human 5-HT3am receptors are

close in sensitivity to their respective species A homomers.
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G. The 5-HT; Binding Site and the Role of Loop C

Residues in both the principal (L.oops A-C) and the complementary (Loops D-F)
interfaces of the binding site are important for ligand binding. Electrophysiology studies
show that T.oop C residues play a critical role in determining 5-HT and curare potencies,
with a 2,200-fold decreased curare 1Csy in mouse223human chimeras when compared to
mouse wild-type (Hope et al., 1999). In rats, affinity of m-chlorophenylbiguanide
(mCPBG) at 5-HT; receptors is ~13-fold higher than in humans. Human/rat interspecies
chimeras revealed specific residues in Loop C contribute to differential potency of this
agonist at the 5-HT;4 receptor (Mochizuki et al., 1999). Another study investigating
specific regions affecting differential sensitivities to mCPBG between human and guinea
pig, narrowed the region to 28 amino acids, including Loop C (Lankiewicz et al., 1998).
In line with previous studies, preliminary results for the present project identified specific
residues in Loop C as being important for interspecies differential pharmacology of both
2-OHMBA and curare.

In addition creation of interspecies chimeras, alanine scanning mutagenesis has
been widely used to identify the role of specific residues in the function of 5-HTsza
receptors. Suryanarayanan et al., (2005) and Thompson et al. (2005) investigated the role
of residues Phe226, 11e228, Asp229, 11230, and Tyr234 within Loop C using alanaine
cycling and reported that point mutant receptors had reduced affinities of [3H]-BRL-
43694 compared to MWT, and in some cases did not bind the antagonist. Furthermore,
residues Phe226, 11e228, and Tyr234 were reported to contribute to efficacy of 5-HT and

mCPBG in mouse receptors. Joshi et al., (2006) identified a region composed of Loops B,
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C and E of the 5-HT; receptor as critical for binding of BRIL-43694, with ablation of
binding at the point mutant receptor containing the S223 A substitution. In a study using
unnatural amino acid mutagenesis, changes to the Tyr234 residue affected binding of
BRI1.-43694, and 5-HT induced activation of the 5-HT; receptor (Beene et al., 2004).
Homology models indicate that there is direct ligand-receptor interaction at a number of
residues within Loop C (Suryanarayanan et al., 2003). Collectively, these data support an

important role for Loop C in binding and function of the 5-HTj; receptor.

H. The 5-HT; Binding Site and the Role of Loop F

Homology models using the AChBP, along with biochemical studies, have
identified important residues for ligand-binding on both the primary (Loops A-C) and the
complementary (Loops D-F) interfaces of the binding site (Fig 1 and Fig 2). Loop F has,
however, remained a challenge due to weak resolution of this loop in the crystallized
AChBP structure (Brejc et al., 2001). Studies using isothermal titration calorimetry found
that Loops A-E alone cannot account for differences in affinity, suggesting a critical role
for Loop F in ligand-binding (Celie et al., 2005). Espinoza-Fonseca et al. (2006) reported
direct contact between residues of Loops C and F in binding of B-amyloid peptide and
heptapeptide IQTTWSR to the a7 nACh receptor. Mutagenesis and molecular modeling
were used to assess specific residues at the 5-HTza receptor, with twenty-one
substitutions at or near Loop F. The results revealed significant ligand-dependent
differences in the orientation of Trp195 and Asp204 (Thompson et al., 2006). A previous

study investigating amino acids in both Loop F and Loop C identified residues
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responsible for differential pharmacology in mouse and human 5-HTza receptors with

Loop F playing a significant role (Zhang et al., 2007).

I. Loops A, B, D, and E of the 5-HT3 receptor

In addition to Loops C and F, a number of studies have been conducted
investigating the role of residues located in the remaining four loops that play a role in
binding and function of L.GIC’s. Photoaffinity labeling has enabled researchers to
identify Tryptophan residues in Loops A, B and D in the nACh receptor as putative
ligand binding residues (see review by Galzi and Changeux, 1995). More specific to the
5-HT; receptor, studies in which W90 (Loop D), W183 and WI185 (Loop B) were
mutated to tyrosine or serine residues revealed that these substitutions had a marked
effect on ligand binding and function (Spier and Lummis, 2000). A separate study by
Beene et al., (2002) reported that W183 is the cation-rn binding site that interacts with the
quaternary ammonium moiety of serotonin. Yan et al., (1999) identified two other amino
acid residues that are important for binding and function of the 5-HT34 receptor, R92 and
Y94, both located in Loop D. These residues had differential effects on affinity of 5-HT
and other 5-HTj34 receptor ligands, suggesting different ligands have different points of
interaction with the receptor. Mutation of Loop A residue E129 to the negatively charged
Asp or to the polar, but uncharged Asn, reportedly decreased affinity of selective 5-HT34
receptor antagonists and agonists (Boess et al., 1997), while mutation of the adjacent
residue, F130, caused a reduction in affinity of 5-HT and a slowing of activation kinetics

of maximal inward currents (Stweard et al., 2000). In summary, while this study focuses
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on Loops C and F of the 5-HTs, receptor, it is important to keep in mind that Loops A, B,

D, and E are also important for binding affinity and ligand recognition.

J. Double-mutant Thermodynamic Cycle Analysis

Double-mutant thermodynamic cycle analysis involves a wild-type and two point
mutant proteins, as well as two drugs that vary in a functional group or domain. This
technique is useful in isolating energetic contributions between a functional group and an
amino acid residue of interest, allowing for pair-wise comparisons (Horovitz, 1996). The
use of double-mutants in ligand-gated ion channel studies has provided critical insight
into the orientation of specific ligands at their respective binding sites (Malany et al.,
2000; Yan et al, 2005; Yan et al, 2006; Zhang et al., 2007). In the present study double-
mutant cycles were used to evaluate the pairwise affinity interactions between residues in
Loops C and F of the 5-HTs3a receptor and benzylidene-anabaseine analogs. This
approach has been successfully used to investigate specific interactions between the
Asn128 in the mouse receptor and the 2°N curare, providing data that led to the creation
of molecular models for the docking of curare at the mouse 5-HT; receptor (Yan et al.,
2006). Calculation of direct interaction between an amino acid residue and a functional
group uses the Kg or Kj values obtained in binding assays and the following formula:
(Kw 11/ Kwr2)/(Kapi/Kamrz), where M is the wild-type protein, W is the mutant protein
and L1 and 1.2 correspond to the mutant ligands. The result is an interaction coefficient

(Q); a Q value significantly different than 1 indicates a direct interaction between the
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amino acid residue of the receptor and the functional group of the ligand (Malany et al,

2000; Yan et al, 2005; Yan et al, 2006).

K. Preliminary Data
In addition to studies described in appendix A investigating the role of Loops C
and F in interspecies differential pharmacology of colchicine at the 5-HTs, receptor, (de
Oliveira-Pierce et al., 2009), the following preliminary studies provided a wealth of data
confirming the importance of these loops in conferring differential pharmacological
sensitivities to two additional chemical compounds: curare and benzylidene analogs of
anabaseine. Compounds that bind at the ligand binding domain, 3-(2-hydroxy, 4-
methoxybenzylidene)-anabaseine (2-OHMBA), Curare, and Serotonin (5-HT) were used.
Wild-type (WT) and mutant receptors were expressed in Xenopus laevis oocytes. As
described in more detail in the upcoming chapters, receptor response was recorded from
days 2-7 following injection of WT or mutant cRNA in a 100 pl recording chamber.
Clamping currents were measured with a Warner Instruments Model OC-725B or C two-
electrode voltage clamp.
Response to curare was used due to 140-fold increased potency of this drug in the
MWT receptor when compared to the HWT receptor regardless of receptors sharing 86%
amino acid identity (Zhang et al., 2007). Response to 2-OHMBA was used due to its
differential pharmacological effects on the human and mouse receptors to identify

residues critical for agonist-induced channel opening in the 5-HT; receptor. In the mouse
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receptor, 2-OHMBA functions as a partial-agonist and in the human receptor it functions

as an antagonist (Machu et al., 2001; Zhang et al., 2006).

a) Characterization of the Differential Actions of Curare at the Mouse and the
Human 3-HT;4 Receptors:

Curare has differential potencies at mouse and human 5-HTs, receptors (Hope et
al., 1999; Zhang et al., 2007). Experiments focusing on the distal 1/3 of the N-terminus of
the receptor were conducted to further identify the region where critical residues for 140-
fold increased potency of curare in MWT (ICsp of 13 nM) when compared to HW'T (ICsg
of 1800 nM) receptors are located. The region that the chimera H176M244H (ICsy of 8
nM) has in common with MWT is the distal 1/3 of the N-terminus, and in this chimeric
receptor, curare potency increases significantly. Results revealed that reciprocal
substitutions of the distal 1/3 of the N-terminus were sufficient to confer mouse-like
curare potency at human chimeric receptors and vice-versa with the M181H239M having
an ICsp of 1.7 uM and H176M244H having an ICsy of 8 nM (Zhang et al., 2007).
Individual point-mutations at the human receptor with mouse orthologs result in
enhanced curare potency at the mutant receptor, with each additional substitution yielding
further increases in potency. This stepwise effect was not observed with systematic
introduction of human residues in the mouse background. Rather, individual substitutions
appear to significantly contribute to curare potency at the mouse receptor (Hope et al.,

1999). Therefore, the human 5-HTj34 receptor background was chosen for these studies.
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To further investigate the location of critical residues for curare potency, chimeras
in which Loop C and the non-conserved residue between Loop C and TM1 were changed
(Loop C+1) or in which Loop F and the non-conserved residue immediately N-terminal
to Loop F and the two non-conserved residues between Loop F and C have been changed
(Loop F+3) in the human receptor were tested. Both chimeras had greater curare
potencies than HW'T, with a 22-fold increase for Loop F+3 and a 45-fold inerease for

Loop C+1 (Zhang et al., 2007).

Point Mutant Curare I1Csy (nM)
Loop F+3*

H-S188T 2010
H-1.192S 1600
*H-K195E 546
H-K197R 1700
H-R200K 2200
*H-V2021I 255.7
H-M2041 2140
H-G213E 1670
H-1.215F 1300
*H-K195E, V2021 133
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Loop C+1

H-Y217Q 1100
*H-R219K 660
*H-M2231 930.2
H-E224D 8917
H-S225]1 2100
H-Y228S 920
*H-217, 219, 223, 228 100
*H-217, 223, 224, 228 34

Table 1 Testing of the 16 residues that differ between mouse and human in the
distal 1/3 of the N-terminus shows that K195, V202 in Loop F and R219 in Loop C
contribute to a significant increases in curare potencies; * indicates data taken from
Zhang et al., (2007). Increased potency nears that of MWT receptor when Loop C

mutants Y217Q, R219K, M2231 or E224D, and Y2288 are combined.

b) Characterization of the Differential Actions of 2-OHMBA at Mouse and

Human 3-HTs4 Receptors:
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The anabaseine analog, 2-OHMBA, functions as a partial agonist at the mouse 5-
HT; 4 receptor and as an antagonist at the human 5-HT;, receptor. Substitutions of the
entire N-terminus of mouse and human 5-HTj; 4 receptors with species reciprocal residues
were sufficient to confer partial agonist or antagonist activity of this compound. In order
to further identify the region in which critical residues for pharmacological differentiation
are located, experiments focusing on the distal 1/3 of the N-terminus of the receptor were
conducted (Zhang et al., 2006). Partial agonist activity of 2-OHMBA was maintained in
the chimeric receptor containing substitutions of human residues in the distal 1/3 of the
N-terminus with mouse ortologs, H176 M244H, with an ECsg of 5.0 uM. A loss of partial
agonist activity of 2-OHMBA was observed in chimeras containing the reciprocal
substitutions in the human distal 1/3 of the N-terminus, M181H239M, with an I1Csy of 3.0
uM.

Given that our studies revealed the importance of the distal 1/3 of the N-terminus,
our next set of experiments were designed to identify critical residues for 2-OHMBA
function in Loops C and F of the 5-HT; receptor. Preliminary studies reveal that
substitution of either Loop C or Loop F in the mouse receptor result in loss of partial
agonist activity and gain of antagonist activity of 2-OHMBA (Fig. 2). In human
receptors, both loops must be substituted with mouse residues in order for partial agonist
activity of 2-OHMBA to be observed (data not shown). Therefore, the mouse receptor

was chosen as the background for the point-mutant studies.
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Fig. 2 To further investigate the location of critical residues conferring agonist or
antagonist activity chimeras where Loop C and the non conserved residue between Loop
C and TM1 were changed (Loop C+1) or where Loop F and the non-conserved residue
immediately N-terminal to Loop F and the two non-conserved residues between Loop F
and C have been changed (Loop F+3) in the mouse receptor were created. In both cases
there is a loss of agonist activity and a gain in antagonist activity.

Having demonstrated that critical residues that confer differential sensitivities
between human and mouse 5-HT; receptors are located within Loop C and Loop F

regions, point-mutants corresponding to each of the differing residues in this region were

created (Table 1).
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Point Mutant % Kfficacy Point Mutant % Efficacy
Loop F+3 Loop C+1

M-T1938 38.59+8.41 M-Q222Y 41.93+5.01
M-S197L. 39.42+6.27 M-K224R 51.26+3.50
M-E200K 57.89+4.82 *M-1228M —
M-R202K 58.18+£5.22 M-D229E 43.70+6.08
M-K205R 62.70+6.74 M-12308 51.27+ 3.05
*M-1207V — M-S8233Y 35.80+£6.94
*M-1209M 10.37+2.62 M-1242V 56.40+3.97
M-E218G-F220L 29.37+£7.04

Table 2 Testing of each of the Loops C and F residues that differ between mouse and
human in the distal 1/3 of the N-terminus shows that M-1207V, M-1209M, and M-1228M

play a critical role in coffering partial-agonist activity to 2-OHMBA.

L. Hypothesis and Specific Aims

This project was based on the aforementioned preliminary studies and literature
review. Both sets of data identify specific amino acid residues within Loops C and F as
playing an important role in the interspecies differential pharmacology of at the 5-HT;3,
receptor. In the present study, the contribution of individual amino acid residues to
binding affinity was assessed, thus further defining the ligand-binding domain for each
specific compound. In addition, the present study identified physicochemical properties
of residues required for gating of the 5-HT34 receptor by 2-OHMBA. Additionally, this

study has identified amino acids required for binding. It is hypothesized that residues in
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Loops C and F play a critical role in direct ligand-5-HT34 receptor interaction accounting
for differences in pharmacological sensitivities to 2-OHMBA and curare between mouse
and human receptors. In order to test this hypothesis a combination of site-directed
mutagenesis, two-electrode voltage clamp electrophysiology and radioligand binding

studies were implemented to address the following specific aims:

Specific Aim 1: Identify residues within Loops C and F of the 5-HT;4 receptor that are

directly involved in binding of curare.

The ligand binding domain of the 5-HT; receptor is located in the N-terminus
(extracellular) region of the receptor. Substitution of the human distal N-terminus with
residues from the mouse receptor and vice-versa result in a complete shift in potency of
curare mimicking that of the other species. Loops C and F are the only regions within the
one-third distal N-terminus. Other loops are in the first two-thirds, and while there are
three differences between species in Loop E, they do not appear to play a role in the
differential pharmacology of curare at mouse and human 5-HT;, receptors (Zhang et al.,
2007). Electrophysiology experiments have revealed specific residues in interspecies
differential pharmacology, however binding studies are needed to further determine if
these differences are due to changes in binding, gating or both. In this specific aim,
residues previously identified as being critical for 140-fold increase in curare potency in
the MWT receptor, when compared to the HWT receptor, were probed using competition

radioligand binding assays.
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Specific Aim 2: Characterize physico-chemical properties of residues within Loops C and

F of the 5-HT;, receptor critical for 2-OHMBA function and interspecies differential
pharmacology.

Loss of agonist activity and gain in antagonist activity for 2-OHMBA was
observed in mouse chimeric and point mutant receptors in which Loop C and the non
conserved residue between Loop C and TM1 (Loop C+1) were changed. The same was
observed in chimeric receptors in which Loop F and the non-conserved residue
immediately N-terminal to Loop F and the two non-conserved residues between Loop F
and C were changed (Loop F+3). Additionally, studies using reciprocal point-mutations
in mouse and human 5-HTs, receptors revealed mouse 1207, 1209 and 1228 (human
orthologs V202, M205 and M223) are responsible for differential pharmacology of 2-
OHMBA. Based on these preliminary results, it is proposed that these residues not only
play a role in interspecies differences, but also that specific physico-chemical properties
of amino acids at these positions are required for maintenance of 2-OHMBA function.
Therefore, in this specific aim, representatives of varying classes of amino acids, i.¢.:
hydrophobic, hydrophilic, charged etc were systematically introduced into positions 207,
209 and 228 of the mouse receptor. This was followed by assessment of functional

expression using electrophysiology.

Specific Aim 3: Establish whether Loops C and F residues of the 5-HTs4 receptor critical

for interspecies differential pharmacology play a direct role in binding, gating, or both.
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Activation of LGIC’s is regulated by ligand binding, however actual molecular
mechanisms underlying coupling of the two events remain unclear. Residues within Loop
C have to be mouse-like for 2-OHMBA to function as a partial agonist, thus supporting
homology models in which the -OH group in the agonist ligand directly interacts with
Loop C residues in the ligand binding pocket (Suryanarayanan et al., 2005). 3-[2, 4-
dimethoxybenzylidene] anabaseine (DMXBA) is a selective a7nAch receptor partial-
agonist that differs from 2-OHMBA only in that it has a -OCH3 group instead of a -OH
group in the 2” position. Nevertheless, DMXBA functions as an antagonist at both, mouse
and human 5-HT; receptors (Machu et al., 2001). In this specific aim, point-mutants
previously shown to play a role in function of the receptor were further investigated to
determine whether they directly interact with the 2°-OH group of 2-OHMBA. This
assessment was done with radioligand binding assays where 2-OHMBA and DMXBA
displaced [3H]-BRL-43694. Furthermore, 2-OHMBA and DMXBA were assessed for
reactivity with MWTA, M-1207V, M-1228M and M-D229E/A by means of double-

mutant cycle analysis.
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CHAPTER II

LOQP C IS THE MAJOR DETERMINANT OF DIFFERENTIAL 4-TUBOCURARINE

AFFINITY IN HUMAN 3-HYDROXYTRYPTAMINE;4 RECEPTORS

PREFACE

Structure-activity-relationships of drug-receptor interactions are commonly used,
in conjuction with interspecies studies, to identify amino acid residues responsible for
key pharmacological differences in drug response. Using electrophysiology, individual
residues in Loops C and F of the 5-HT;4 receptor have been identified as critical for
conferring curare potency in mouse and human receptors. Functional data is not,
however, sufficient to determine whether residues play a role in binding, gating or both.
This chapter describes both, the electrophysiological studies, as well as the radioligand
binding experiments designed to further assess the role of Loop C residues in binding and
function of curare at the 5-HT;s4 receptor, thus addressing the first specific aim of this

dissertation project.
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(AChBP); ligand-gated ion channels (LLGICs); ligand binding domain (LBD); mouse
wild-type 5-hydroxytryptamine;, receptor (MWT); human wild-type 5-
hydroxytryptamines 5, receptor (HWT); 1-Methyl-N-[(3-endo)-9-methyl-9-

azabicyclo[3.3.1]non-3- yl]-1H-indazole-3-carboxamide hydrochloride (BRI.-43694).
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ABSTRACT

Mouse and human 5-Hydroxytryptamines;, receptors (5-HT34R’s) share 84%
amino acid identity. Nevertheless, the competitive antagonist, d-tubocurarine (curare),
has 100-fold greater potency at mouse (MWT) than human (HWT) wild-type 5-HTsa
receptors.. Previously, we reported that Loops C and F of the ligand binding domain play
a role in conferring differential curare sensitivities of MWT (IC5o = 13 nM) and HWT
(ICso = 1,817 nM). The human receptor containing six mouse substitutions in, and one
near, Loop C (H-Loop C+1), had a curare potency of 40 nM, similar to the MWT
receptor. In the present study, we probed residues in or near Loop C by substituting the
human receptor residues with mouse receptor orthologs and then assessing the mutants
with two-clectrode voltage clamp electrophysiological recordings and radioligand
binding assays. None of the seven single point-mutant receptors conferred mouse-like
curare potency, with ICsy’s ranging from 30-fold to 700-fold higher than MWT. A series
of chimeras were constructed, and the chimera H-Y217Q/M2231/E224D/Y228S (ICsy =
35 nM) had the same curare potency as H-Loop C+1. In radioligand binding assays
curare displaced the competitive antagonist [[H]-BRL-43694 with rank order affinities
(Ki) of MWT (8.3 nM) = H-Y217Q/M2231/E224D/Y 2288 (6.4 nM) > HWT (2600 nM) >
H-E224D (432,000 nM). These results suggest that the functional effects of curare at 5-
HT34R’s are due to ligand-binding and gating and that the role of H-E224 is significantly

altered by other Loop C residues.
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INTRODUCTION

The ionotropic serotonin type 3 receptor (5-HT3R) is a member of the cys-loop
superfamily of ligand-gated ion channels (LGIC’s) which contains muscle and neuronal
nicotinic acetylcholine receptors (nAChR’s), y-aminobutyric A receptors (GABAAR’s),
glycine receptors (GlyR’s) and 5-HT3R’s. In recent years, this receptor has emerged as a
potential target for a number of therapeutic agents (Thompson and Lummis, 2006;
Akhondzadeh et al., 2008). The 5-HT; receptor is found in the central nervous system,
peripheral nervous system, gut, lymphocytes, monocytes, and fetal tissue (Fiebich et al.,
2004). Of the five 5-HT; subunits (A-E) cloned to date, A and B subunits have been
shown to have functional significance in the central or peripheral nervous systems (Hope
et al., 1999; Davies et al., 1999).

Subunits are composed of a long extracellular N-terminus, four transmembrane
domains (TM1-TM4) and an extracellular C-terminus. The ligand binding domain (LBD)
is located in the N-terminus at the interface between subunits and consists of six loops: A,
B, C, D, E, and F. Loops A-C are located in the principal component of the LBD, and
Loops D-F are located in the complementary component of the LBD (Reeves and
Lummis, 2002). The 5-HT34R and the nAChR share a great deal of homology, and their
mechanism of activation is highly conserved (Reeves and Lummis, 2002). Subsequently,
much of the research done on LGIC’s has been based on structural details obtained from
crystallization of the acetylcholine binding protein (AChBP), a homolog of the N-

terminus of the nAChR (Brejc et al., 2001), electron microscopy of the Torpedo nAChR
a7



(Unwin, 1998), and crystallization of the extracellular domain of the mouse nAChR al
subunit (Dellisanti et al., 2007).

D-Tubocurarine (curare), a toxic alkaloid best known for its neuromuscular
blocking actions at the nAChR, acts as a competitive antagonist at both mouse and
human 5-HT;, receptors. However, potency of curare is markedly greater at the mouse
wild-type receptor than at the human wild-type receptor (Hope ¢t al., 1999). Studies
investigating differential pharmacology of curare (Hope et al., 1999; Zhang et al., 2007)
and other compounds such as 3-(2-hydroxy, 4-methoxybenzylidene)-anabaseine (2-
OHMBA) (Zhang et al., 2006), colchicine (de Oliveira-Pierce et al., 2009) and m-
clorophenylbiguanidine (Mochizuki et al., 1999; Yan et al., 1999), indicate that relatively
small differences in amino acid sequence play a critical role in determining differential
actions of these compounds at the 5-HT;, receptor.

Previously, we reported that Loops C and F of the human and mouse 5-HTs,a
receptors play a role in conferring curare potency. We identified two residues in Loop F
of the human receptor (K195 and V202) which when mutated to their respective mouse
orthologs, were sufficient to confer curare potency attributable to the mouse TLoop F
(Zhang et al., 2007). A previous study reported that single substitutions of Loop C of the
mouse receptor with human receptor orthologs resulted in modest changes in curare
potency (Hope et al., 1999). The failure to produce a substantial shift in curare potency in
the mouse point mutant receptors in this study may be due the participation of multiple
Loop C residues in curare binding as well as a contribution of Loop F (Zhang et al.,

2007). In the present study, we examined the role of residues in Loop C and the non-
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conserved residue between Loop C and the first transmembrane domain in determining
curare potency and affinity in the human 35-HT;, receptor. Using site directed
mutagenesis, two electrode voltage-clamp electrophysiology, and radioligand binding, we
identified four critical residues in Loop C of the human receptor (Y217, M223, E224, and
Y228), which when simultaneously mutated to mouse orthologs, resulted in a receptor
with mouse-like curare potency. Furthermore, the point-mutation, H-E224D had a lower
potency and affinity than HW'T, suggesting a unique interaction of E224 with other Loop
C residues. Identification of Loop C residues that contribute to binding of competitive
antagonists at the ligand recognition site may promote further developments in

therapeutics targeting the 5-HT; receptor.
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EXPERIMENTAL PROCEDURES

Construction of Chimeric and Point Mutant Receptor ¢cDNA’s and c¢RNA’s. Mouse and
human 5-HTj;, receptor cDNA’s, provided by Drs. D. Julius and A. Miyake, respectively,
were subcloned into pBluescript KS™ and pCR-Script Amp SK(+) (Stratagene, La Jolla,
CA). Two unique restriction enzyme cleavage sites, Spe I, and Nar I, were introduced in
both mouse and human 5-HT;,R cDNAs by site-directed mutagenesis (U.S.E. mutagenesis
kit, Pharmacia Biotech Inc., Piscataway, N.J.) of the nucleotides encoding the conserved
residues: Thr 181 and Arg 244 in the mouse receptor cDNA and Thr 176 and Arg 239 in the
human receptor cDNA, respectively (Fig. 1). Numbering of the amino acids in the two
receptors began with the initiating methionine. Both receptor cDNA’s were digested with
the restriction enzymes, and the appropriate fragments were ligated to generate chimeric
receptors in which the distal one-third of the N-termini containing Loops C and F were
swapped.  Chimeras containing Loop C, Y217Q/M2231/E224D/Y228S, or
Y217Q/M2231/E224D/Y2285+V 2021 substitutions were generated with multiple rounds of
mutagenesis, in which one to three substitutions were made simultaneously. Chimeric and
point mutant receptor cDNA’s were confirmed by dideoxynucleotide sequencing at the
Biotechnology Core Facility at Texas Tech University, Lubbock, TX. The ¢cDNAs were
transcribed with the T3 mMESSAGE mMACHINE (Ambion, Austin, TX), and oocytes

were microinjected with cRNA’s.

Receptor Expression and FElectrophysiological Recordings. Xenopus oocytes were

subjected to chemical separation and defolliculation as previously described (Machu et
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al., 2001). Oocytes were incubated at room temperature in ND96 media, containing (in
mM) NaCl 96, KCI 2, CaCl, 1.8, MgCl, 1, and HEPES 5 (pH 7.5), plus 10 mg/l
streptomycin, 50 mg/l gentamicin, 10,000 units/1 penicillin, 96 mg/1 sulfamethoxazole, 19
mg/1 trimethoprim, 0.5 mM theophylline, and 2 mM sodium pyruvate.

5-HT-elicited currents were recorded in the two-electrode voltage clamp
configuration in oocytes 2-7 days following injection (Machu et al., 2001). Serotonin and
curare were obtained from Sigma (St. Louis, MO) and were dissolved in modified
Barth’s Solution (MBS) containing (in mM) NaCl 88, KCI 1, NaHCO; 2.4, HEPES 10,
MgS0O4 0.82, Ca(NO;); 0.33, and CaCl, 0.91 (pH 7.5). Serotonin was applied in the
absence or presence of curare at 2 ml/min for 30-60 s.
Membrane Purification. Oocytes were injected with 100 ng HWT or MWT c¢cRNA and
tested for expression using two-voltage clamp electrophysiology on day three. Qocytes were
homogenized with a hand-held glass Potter-Elvehjem homogenizer (~50 Xenopus laevis
oocytes per preparation) in ice-cold vesicle dialysis buffer (VDB) containing (in mM) NaCl
96, MOPS 10, EDTA 0.1, and 0.02% NaN3 (pH 7.5), 0.1 ml per oocvte + 10 ul of protease
inhibitor cocktail set IIT (Calbiochem, La Jolla, CA). The homogenate was centrifuged for
10 min at 800 g. The supernatant was collected, the pellet was resuspended in VDB (0.1
ml/oocvte) and re-centrifuged at 800 g for 10 min. Supernatants were then combined and
centrifuged for 1 hour at 38,800 g. The membrane pellet was re-suspended in VDB (2-16 ml
depending on expression) and divided into several batches for storage at -80 °C. Protein

content was measured with the Lowry assay (Lowry et al., 1951).
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Radioligand Binding Assays. For Ky determinations, membrane homogenate was
incubated at 37 °C for 2 hours with [’H]-BRL-43694 (0.1 nM — 23 pM). For K;
determinations, aliquots of membrane were incubated at 37 °C for 2 hours with curare
(0.1 nM — 10 mM) and [3H]-BRL-43694 at its Kq4. [Q: do you h Non-specific binding was
measured with MDI.-72222 (3-tropanyl-3, 5-dichlorobenzoate), a 5-HT3,R competitive
antagonist. Following incubation with the radioligand, membranes were harvested by
washing with VDB (pH 7.5). Bound radioligand was transferred to Whatman GF/B filters
(Whatman, Clifton, NJ) by rapid vacuum filtration. Filters were individually incubated in

3 ml of Econo-Safe™ scintillation cocktail (Research International Products, Mt
Prospect, I1.) and quantified for radioactivity via scintillation spectrometry.

Data Analysis. In all electrophysiology experiments, the control values were obtained by
averaging the 5-HT mediated response before and after the response to 5-HT or 5-HT plus
curare. For generation of 5-HT concentration response curves, currents were expressed as a
percentage of the maximal 5-HT (25 uM) responses. For antagonism by curare, percent
inhibition was calculated by subtracting the current obtained from 5-HT plus curare from
the average current obtained with 5-HT alone; the difference was divided by the average 5-
HT mediated current, and the quotient was multiplied by 100.

Graphpad Prism (San Diego, CA) was used to calculate ECsgs, ICsps, Ky's, Ki's
and Hill coefficients. The equation used to calculate ECsy’s and 1Csy’s was Ilegpere =
L/[1+[D/E(DCso] "], where I is current, ILeonwo is the control current, D is the drug
concentration, ECsy is the concentration of drug that produces 50% of the maximal

response, 1Csg is the concentration of drug that produces 50% inhibition of the response,
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and 7 1s the Hill coefficient. Specific binding was calculated as X*Bpay /(KgtX), where X
is the radioligand concentration, By, 1s the maximum specific binding/mg protein, and
K4 is the dissociation constant of the radioligand. Values for the equilibrium dissociation
constants (K;-s) were calculated from the ICsy’s using the Cheng-Prusoff relationship
(here’s the reference:)) K; = (ICsq)/(1+([ligand]/Ky)), where ICs; is the concentration of
unlabeled drug needed to block 50% of the specific binding, Kg is the affinity of the
radioligand for the receptor, and [ligand] is the concentration of the unlabeled drug, One-
way analysis of variance (ANOVA) and Tukey-Kramer post-hoc analyses were
performed by Instat (San Diego, CA).

In the double mutant thermodynamic cycle analysis, the change in Gibbs free

energy (AG) was calculated using AG = -RT In (ICs¢ receptor), where R is the gas
constant and T is the temperature in Kelvin degrees (Ackers and Smith, 1985). It should
be noted that the ICsy value determined in functional experiments is not a pure measure
of antagonist affinity (Colquhoun, 1998), so that changes in ICsy may not have a 1:1
correspondence to changes in affinity.
Molecular Modeling and Ligand Docking. A structural model of the extracellular domain
of the mouse 5-HT35R was generated using version 9v6 of the program MODELLER
(Sali and Blundell, 1993), using the X-ray structure of the antagonist methllycaconitine-
bound form of the Aplysia AChBP (Protein Data Bank ID: 2ZBYR, (Hansen et al., 2005)
as the template as described previously (Yan and White, 2005; Yan et al., 2006).

Curare was docked to each binding site in the model using Autodock Vina

(http://vina.scripps.edu). AutoDock Vina is significantly faster than AutoDock 4.0
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(http://autodock.scripps.edu), and returns essentially similar docked conformations (data

not shown). Protein and ligand coordinate pdb files were converted to pdbqt format files
using AutoDock 4.0. The docking was performed on a 30x30x40 A grid that covered the
entire ligand-binding site. The size of the grid gives sufficient freedom for the ligands to
be docked in all possible orientations while not permitting them move outside of the

binding site. Images were produced using PyMOL (http://www.pymol.org).
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RESULTS

The majority of the amino acid differences between human and mouse 5-HT;,
receptors are located in Loops C and F in the distal one-third of the N-terminal domain
(Fig. 1A). We reported that in electrophysiological studies both T.oops C and F account
for the differential sensitivity of curare at human and mouse 5-HT3, receptors (Zhang et
al., 2007). In the present study, we further investigated the role of Loop C in conferring
curare potency and affinity of the 5-HTsa receptor. There are six differences between
Loop C and one difference in the distal segment between Loop C and TM1 in the mouse
and human 5-HT;, receptors. A series of human receptor chimeras were constructed in
which single or multiple residues were replaced with the corresponding mouse amino
acids (Fig 1A). All receptor constructs were expressed in Xenopus oocvtes, and two-
clectrode voltage clamp electrophysiological recordings were performed. Mutant receptor
ECsy values ranged from 820 nM to 6,320 nM (Table I). Although some of the ECs
values for point-mutant and chimeric receptors were significantly different than that of
the HWT, the largest fold change was 4.3. These results suggest that these substitutions
do not greatly alter the mechanisms underlying coupling of ligand binding to channel
gating at the 5-HT3, receptor.

Previously we reported that the chimera in which all seven residues in this region
were changed to the corresponding mouse ortholog (H-Loop C+1) had a curare ICsg of 41
nM (Zhang et al., 2007). Our first approach in identifying specific residues in H-Loop

C+1 that contribute to curare potency was to assess the contribution of all seven amino
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acids individually as single point mutations (Fig. 1B). None of the seven point mutants
had curare potency equal to that of the H-Loop C+1 chimera. The highest potency (380
nM) was observed with a substitution at H-V2371, the amino acid between Loop C and
TM1. The H-E224D receptor had an ICsy of 8,900 nM, corresponding to a five-fold
decrease in curare potency compared to the HWT receptor (ICsy = 1,817 nM). The
mouse point mutant receptor containing the reciprocal substitution, M-D229E, had a
curare ICsg of 42.1 nM, which is only three-fold more than that of the MWT (13 nM) and
is comparable to previously reported studies (Hope et al., 1999). The presence of E or D
at position 224 is not sufficient to determine curare potency, as ferret (Mochizuki et al.,
2000), rat (Mair et al., 1998), dog (Jensen et al., 2006) and guinea pig (Lankiewicz et al.,
1998) 5-HT; 4 receptors all have E at this position, and curare has been reported to have
high affinity for ferret, rat and dog receptors but low affinity for the guinea pig receptor
(Fig. 1C).

Given that none of the individual point mutant receptors had curare potencies
equal to that of the H-Loop C+1 chimera, we created a series of smaller chimeras (Fig.
2A). The first chimera H-Loop C which does not contain the V2371 substitution, had a
curare ICsy of 40 nM, suggesting that the V2371 substitution is not required. The five
point mutant chimera, H-Y217Q/R219K/M2231/S2251/Y228S, had a curare ICso of 103
nM, which is significantly greater than that of the H-Loop C chimera, suggesting that the
E224D substitution is partially required for high potency. The four point mutant chimera,
H-Y217Q/M2231/E224D/Y228S, had an ICsy of 35nM, suggesting that neither the

R219K nor the S2251 substitutions are required to confer curare potency.
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We further assessed the role of the Y217Q, M2231, E224D, Y2288 substitutions
in all possible two and three point mutant chimeric receptors containing the E224D
substitution (Fig. 2B and 2C). The H-M2231/E224D/Y228S receptor had an 1Csy (121
nM) four-fold lower than H-Y217Q/M2231/E224D (ICso of 456 nM). Curare potency was
the highest at the H-Y217Q/E224D/Y228S receptor (IC5y = 104 nM). The three point
chimeras in which E224D and Y228S were present together, produced the lowest ICsq’s,
suggesting a potential interaction between the two. Of the two point mutant chimeric
receptors tested, the H-E224D/Y228S had the lowest 1Csy value (271 nM). The H-
M2231/E224D and the H-Y217Q/E224D chimeras had IC50°s of 1,300 nM and 1,400
nM, respectively, thus having little effect on curare potency when compared to the HWT
(ICso = 1,817 nM). These results confirm the important role of a serine residue in position
228 for determining curare potency at the human receptor. Furthermore, results confirm
all four substitutions are required to confer mouse-like curare potency at the human
chimeric receptor.

The E224D mutation by itself lowers curare potency, yet its presence is required
in the context of three other mouse-like substitutions to confer curare potency equal to
that of H-T.oop C+1. To examine the effect of mutating the other three residues in the
absence of an E224 mutation, we created a single three point mutant chimera and a single
two point mutant chimera (Fig. 2C and 2D). The H-Y217Q/M2231/Y228S chimera had a
three-fold lower curare potency (ICsy of 175 nM) than the four point chimera, H-
Y217Q/M2231/E224D/Y2288. The H-Y217Q/Y228S chimera possessed an ICsy of 353

nM, a three-fold decrease in potency compared to H-Y217Q/E224D/Y228S (Fig. 2D).
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Furthermore, mutant thermodynamic analysis supports the existence of a significant
interaction between residues 217, 223, and 228 with 224 with regard to function of the 5-
HT; 4 receptor, with a AAG;y = -1.84 keal/mol (Fig. 2E).

To confirm the combined role of specific Loop C and F residues in conferring
curare potency at human and mouse receptors, we tested a chimera, H-
K195E/V2021/Y217Q/M2231/E224D/Y228S, containing the four critical Toop C
substitutions and the two Loop F substitutions identified in our previous study (Zhang et
al., 2007) as being important for curare potency. This six point mutant human chimeric
receptor had a mouse-like curare potency (ICsp = 6 nM) (Fig. 3A). Given that H-V2371 is
the point mutant receptor with the highest curare potency, we tested the hypothesis that
the V2371 mutation could substitute for the E224D mutation and maintain curare potency
equal to that of H-Toop C (ICsy of 41 nM). The chimera, H-
Y217Q/R219K/M2231/Y2288S, had a curare ICsy of 101 nM, and the addition of the
1237V mutation decreased curare potency (ICsy of 152 nM). The mutant, H-219K/V237I,
was tested, since H-R219K had the second lowest ICsy of the seven point mutant
receptors (Fig. 1B). This two point mutant chimera had a significantly higher 1Csq (856
nM) (Fig. 3B) than either of the two receptors containing single mutations. This result
suggests that in the context of other human/mouse substitutions, neither mutation is
required to confer mouse-like potency at the human receptor.

Changes in curare ICsy’s in functional studies in wild-type versus mutant
receptors may be a result of either mutation induced changes in binding and/or gating of

the receptor. Thus, the next step was to investigate the role of these residues in binding of
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curare at the 5-HTs4 receptor. All binding assays were carried out in oocyte membranes
enriched with 5-HT;, receptors. Saturation binding experiments were performed in a
selected number of 5-HT;, receptor constructs in order to measured binding affinity of
[3H]-BRL-43694 and displacement of [3H]-BRL-43694 by curare (Table 1). K;values for
H-V202I (7.01 nM), H-E224D/Y228S (7.25 nM) and H-Y217Q/M2231/E224D/Y 2288
(12.6 nM) were significantly different from both MWT (3.53 nM) and HWT (2.6 nM)
receptors. However, even the largest difference, which occurred between HWT and H-
Y217Q/M2231/E224D/Y 2288 +V2021 receptors (five-fold), was modest and not likely to
account for differences in curare’s displacement of [’H]-BRL-43694 at the 5-HTip
receptor.

In order to establish whether there is a correlation between functional effects of
Loop C substitutions (Y2170Q, M2231, E224D and Y228S) and binding affinity of curare
at the 5-HTsa receptor, we performed competition binding experiments with curare
displacement of [°’H]-BRL-43694 binding. Overall, the results correlated well with those
of the functional studies, with a few differences (Table 2). There was a 314-fold
difference in curare affinities for MWT (K; of 8.3 nM) and HWT (2,608 nM) 5-HTsa
receptors. However, while in functional studies substitutions in both Loops C and F are
required to confer mouse-like curare potency, in binding studies, substitutions in Loop C
(Y217Q/M223T/E224D/Y228S) alone are sufficient to confer mouse-like affinity of
curare in human 5-HTs4 receptors (Tables 1 and 2). Another difference between binding
and functional data was the effect of the addition of Y228S to the H-E224D background.

While the K; value (2,873 nM) for the two point mutant chimera (H-E224D/Y228S) was
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significantly lowered relative to H-E224D (K of 432,000 nM), it was not lower than that
of HWT (K; of 2,608 nM). In electrophysiological recordings, the curare ICs, for H-
E224D/Y228S (271 nM) was less than that of the HWT (1,817 nM). The point mutant
receptor H-E224D had decreased curare affinity (K; of 432,000 nM) when compared to
HWT (K; = 2,608 nM). The reciprocal mutations at the mouse receptor (M-E229D)
resulted in a very modest change in receptor affinity to curare (Table 2).

Surprisingly, contrary to functional studies, the human mutant receptor containing
the Loop F V202I single substitution had a 17-fold decreased curare affinity (K; = 44,200
nM) when compared to the HWT (K; = 2,608 nM) . In functional studies this substitution
yielded a receptor with seven-fold increased curare potency when compared to the HWT.
The reciprocal mutation at the mouse receptor (M-1207V) did not significantly alter
curare affinity. However, when V2021 is combined with the Y217Q, M2231, E224D and
Y228S substitutions in the human receptor, the resulting chimera had a 1,524-fold
decreased curare K; of 29 nM, when compared to the receptor containing the single
V2021 substitution. Furthermore, the curare K; of 29 nM is ~ 3.5 fold higher than that of
MWT (8.3 nM). We used mutant thermodynamic analysis (Fig. 3C) to further investigate
the coupling of H-Y217Q/M2231/E224D/Y228S and V202I. The results of the mutant
thermodynamic analysis (AAGiy = -1.93 kcal/mol) indicate there is indeed an interaction
between the four residues in Loop C and the one residue in Loop F. Morcover, results
suggest that the presence of a valine residue in position 202 is critical for both the
maintenance of mouse-like affinity at the H-Y217Q/M2231/E224D/Y228S chimera as

well as maintenance of characteristic curare affinity at the HW'T receptor.
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DISCUSSION

In previous studies, we demonstrated that both Loops C and F play a significant
role in curare potency at the 5-HT;4 receptor, with substitution of either loop in the
human receptor with mouse orthologs greatly enhancing potency of curare (Zhang et al.,
2007). Loop C residues have been implicated in function of a number of receptors in the
cys-loop family (Suryanarayanan et al.,, 2005; Zhang et al., 2006; Venkatachalan and
Czajkowski, 2008). In this study, we identified four amino acid residues in Loop C that
play a role in determining interspecies differences in curare potencies in human 5-HT;,
receptors. Changes in free energy calculated with mutant thermodynamic cycle analysis
suggest interaction between amino acid residue at position 224 and residues at positions
217, 223 and 228, as well as an interaction between V202, in Loop F, with Loop C
residues in conferring curare potency at the human 5-HT;, receptor.

Inhibition of 3-HT currents by curare was enhanced in human chimeric 5-HT35
receptors containing all four substitutions in Loop C (H-Y217Q/M2231/E224D/Y2288S).
These residues played a similar role in binding affinity, with the H-
Y217Q/M2231/E224D/Y 2288 receptor having mouse-like curare affinity. Additionally, a
number of chimeras containing substitutions not limited to Y217Q, M2231, E224D,
Y228S had a curare potency under 200 nM, thus supporting the existence of interactions
between multiple Loop C residues. In line with our observations, others have reported a
mechanism that implicates multiple amino acids in determining binding affinity at ligand-

gated ion channels, i.e., pairwise analysis of amino acids in the a and the y/6 subunits of
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the nACh receptor suggest an interaction of three amino acids in the Naja mossambica
mossambica a-neurotoxin with several amino acids in the receptor subunits (Ackerman et
al., 1998; Quiram et al., 2000). Other studies investigating actions of curare at nACh and
5-HT; receptors (Fu and Sine, 1994; Sine et al., 1995; Prince and Sine, 1996; Yan et al.,
2006) point to the presence of critical intramolecular interactions. Moreover, alignment
of amino acid residues in the 5-HT; receptor from different species, shows that relative
curare potencies are not solely dependent on the presence of a glutamate or an aspartate
at position 224 (Mair et al., 1998; Lankiewicz et al., 1998; Mochizuki et al., 2000; Jensen
¢t al., 2006). Thus, while the identity of residue 224 is important, the role of this amino
acid in receptor function is significantly affected by neighboring residues. As for the
specific role of these residues, the intermolecular interactions are difficult to dissect given
that there is also little overall consistency with the residues at the three remaining Loop C
positions (217, 223, 228) across the species with respect to high and low curare potency
(Mair et al., 1998; Mochizuki et al., 2000; Jensen et al., 2006).

The combination of the E224D and Y228S substitutions was particularly effective
in increasing potency and binding affinity of the H-E224D 5-HTsa receptor chimera.
Both of these residues, 224 and 228, have been previously implicated in 5-HT;
structure/function studies (Hope et al., 1999, Mochizuki et al., 1999; Schreiter et al.,
2003). We found a modest difference between results of electrophysiological and
radioligand binding assays; the H-E224D/Y228S chimera had a curare ICs; value
significantly lower than that of the HWT receptor (271 nM and 1,817 nM, respectively),

while Ki values at H-E224D/Y228S (2,873 nM) were slightly higher when compared to
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the HWT (2,608 nM). These differences could be due to mutation-induced changes in
gating. It is also possible that the E224-Y228 interaction has a more pronounced role in
gating than in binding affinity. Further evidence of interactions between residues
differentially affecting affinity and function is seen with the single substitution, H-V2371.
Of all Loop C point mutants, H-V237] had the greatest effect on curare potency;
however, this substitution was not required to confer potency or affinity of curare in the
context of other Loop C residues. Moreover, it is important to remember that residue 237
is not technically in the binding domain, rather it is in the pre-TM1 domain, a region of
the receptor critical to coupling of ligand binding to channel gating (Hu et al., 2003), thus
further confirming a link between curare potency and residues important for gating of the
5-HT; receptor.

The most striking difference between functional and binding results was the
curare Ki at H-V2021. This point mutant had a 17-fold greater curare K; (44,240 nM) than
the HWT receptor. Moreover, addition of the V2021 mutation to the four point chimera,
H-Y217Q/M2231/E224D/Y 2288, had the opposite effect on curare affinity than it did on
potency. In functional studies, Loop F residues contributed to increased curare potency
when added to the H-Y217Q/M223T/E224D/Y228S background. In binding assays,
addition of the V202I substitution to H-Y217Q/M2231/E224D/Y 2288, resulted in a
chimera with a 3.4-fold decreased curare affinity (29 nM). Thus, Loop F, while not
contributing to mouse-like curare affinity at the human receptor, does play a role in both
binding and function of the receptor. Other studies have reported that Loop F

contributions to function of antagonists at the 5-HTj; receptor are significant and that
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electrostatic interactions involving Loop F residues may further stabilize docking (Yan et
al., 2006; Thompson et al., 2005). Additionally, Pless and Lynch, (Pless and Lynch,
2009) reported that mutations in Loop F resulted in small but significant changes in
antagonist affinity at the Glycine receptor.

There are a number of possible explanations for the differences in functional and
binding results. First, structure/function studies have shown that the Loop F is a flexible
loop that is likely important both binding and function of ligand-gated ion channels
(Brejc et al., 2001; Newell and Czajkowski, 2003; Zhang et al., 2006; Padget and
Lummis, 2008). The flexible Loop F is thought to undergo conformational changes that
facilitate transition between the different states (bound to unbound, closed to open) in
ligand-gated ion channels (Grutter et al., 2005). Moreover, it is know that curare exerts
both antagonist and weak partial agonist functions in nACh receptors (Takeda and
Trautmann, 1984; Morris et al., 1989; Steinbach and Chen, 1995), and displacement of
[’H]-BRL-43694 by curare could shift the state to a higher affinity desensitized state. As
such, different states of the receptor may be assessed: closed to open and closed to
desensitized in the functional and binding studies, respectively. Second, there is a
possibility that the actual mutations may be altering the gating process to such an extent
that the curare ICsg is altered as a function of gating and not binding. Third, curare is
displacing 5-HT in the functional assay and BRI1.-43694 in binding assays. The amino
acids contributing to binding of 5-HT and [’H]-BRL-43694 may be different, and the
mutations might affect the binding of each of these differently, independently of their

effects on curare. Furthermore, the latter explanations may explain why amino acid
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substitutions and interactions affect binding or function independently of where residues
are located, whether they are in Loop C, Loop F or the pre-TM1 region.

We have created a number of mutant cycles to identify potential interactions
between residues that confer high curare potency (Table 3). A free energy of interaction
(AAGjy) 18 considered to be consistent with a direct physical interaction if its absolute
value is greater than 1.0 kcal/mol. Fersht and co-workers (Schreiber and Fersht, 1995)
have shown that |AAG;,| values greater than 1.0 kcal/mol are consistent with close
proximity (< 4 A) of the residues in question. Using a cut-off value of |AAGyy,/> 1.0
kcal/mol as our criterion, we find that all of the data are consistent with E224 making a
direct physical interaction with Y217 and Y228

Homology models have been widely used to predict points of interaction between
5-HT; receptors and their respective ligands (Morris et al., 1998; Newell and Czajkowski,
2003; Joshi et al., 2006; Yan et al., 2006; Zhang et al., 2007; Padget and Lummis, 2008)
as well as interactions of ligands and other cys-loop receptors (Schreiter et al., 2003;
Grutter et al., 2005; Dutertre and Lewis, 2006). Models are based on the structure of the
acetylcholine binding protein (AChBP), a structural homolog of the N-terminus of the
nicotinic acetylcholine receptor (nAChR) (Brejc et al., 2001). The similarities between
ligand-gated ion channels and the AChBP have been confirmed with the recent
crystallization of the N-terminal domain of the a1 subunit of the nAChR (Dellisanti et al.,
2007).

In constructing a structural model for the orientation of curare at the binding

pocket of the 5-HT3a receptor (Fig. 4), we used data from a previous study implicating
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residues R92, E236, and N128 in curare-receptor interactions (Morris et al., 1998).
Taking into consideration calculations from mutant thermodynamic cycle analysis, we
propose a model of binding of curare at the 5-HTs4 receptor where the 2N group of the
ligand sits between residues N128 and W90 of the human 5-HTj34 receptor and the 2°N
group of the ligand directly interacts with residue E224. The role of W90 has been
previously shown in binding of both BRL-43694 and curare (Morris et al., 1998; Yan et
al., 2006). An electrostatic interaction between negatively charged amino acid residues in
Loop C of the 5-HTj; receptor and the amino group of the ligand has been proposed to
stabilize docking at the binding pocket (Czajkowski et al., 1993; Boess et al., 1997) and
E224 could serve this role. Moreover, the idea of a direct interaction between the ligand
and residue 224 is corroborated by a previous study by Schreiter et al., (2003) in which
fluorescence studies implicated residue 224 in both binding and possibly gating of the 3-
HT; receptor. One area in which the model seems to differ from the experimental data is
in regards to intramolecular interactions between Y217, Y228 and E224. Mutant
thermodynamic cycle analysis gives strong evidence of a critical interaction between
these residues. While this interaction i1s not as clear in the molecular model, it is
important to keep in mind that homology models are based on static states
(apo/antagonist or agonist) and may not accurately represent the dvnamic nature of amino
acid side chains. Thus, while invaluable to better understanding underlying interactions
between ligands and their respective targets, models must be taken as close estimations in

the context of additional experimental data.
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Summary—Our experimental results support the hypothesis that interspecies
differences in Loop C of the 5-HT;, receptor are critical for conferring curare
sensitivities at mouse and human receptors. Moreover, we identified four amino acid
residues in the human receptor that when substituted with the mouse ortholog (Y217Q,
M2231, E224D, and Y228S), are sufficient to confer mouse-like curare binding affinity at
the human receptor. Our electrophysiology data shows that these same substitutions when
coupled with the V2021 substitution (in Loop F), produce a receptor with mouse-like
curare potency. This suggests a critical role for Loop C in interspecies differences in both
binding and gating, with a more pronounced effect on binding. The data also confirms
our previous report (Zhang et al., 2007) of the importance of V202 in conferring curare
potency at the human receptor. Finally, the study provides a more detailed picture of the
molecular interactions that determine differences in pharmacological sensitivities of

curare at human and mouse 5-HTs, receptors.
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Table 1 3-HT and Curare Potencies at Wild-Type, Chimeric, and Point Mutant Mouse and

Human 5-HT;,4 Receptors

Receptor

MWT*
H-K195E/V2021,
Y217Q/M2231/E224D/ Y2288

H-Loop C+1°

H-T.oop C
H-Y217Q/M2231/E2241D/Y2288
H-Y217Q/R219K/M2231/Y2288

H-Y217Q/R219K/M2231/52251/
Y2288
H-Y217Q/E224D/Y2288

H-M223IVE224D/Y2288

H-Y217Q/R219K/M2231/Y2285/
V2371
H-Y217Q/M2231/Y2288

H-Y217Q/Y2288
H-Y217Q/M2231/E224D
H-R219K/NV2371
H-M2231I/E224D
H-Y217Q/E224D
H-E224D/Y2288
HWT®
H-Y217Q
H-R219K
H-M2231
H-E224D
H-$2251
H-Y228S
H-V2371

S'HT ECSO
{mean + S.E.)
uh

1.02 = 0.07
1.3 +0.04

3.3+0.12%

1.72 +£0.06
2.94+0.14°
1.54 4 0.13
0.91 +0.09

3.47+0.1°
6.32+0.7°
0.82 +0.06

2.51+0.14°
2.15+0.18
1.56 + 0.08
1.57 +0.07
2.25+0.13
2.59 +0.03%!
5.04 +0.09>
1.46 = 0.04
1.79 + 0.09
1.29 +0.1
1.92 +0.04
2.68 +0.11>
2.05+0.17
2.95+0.16>"
2.65+0.15"!

5-HT Hill
Slope

{(mean + S.E.)

2.23+ 037
2.28+0.16

232+ 021

2.53 + 0.26
247 £ 0.3
1.25 + 0.12
1.7 + 0.36

3.72 £ 0.42
1.92 + 0.36
3.06 + 0.85

1.86 + 0.19
1.77 + 0.26
2.03 +0.2

1.89 + 0.14
1.97 + 0.21
2.23 + 0.14
2.19 + 0.2

3.42+ 031
2.13 + 0.28
1.47 + 0.18
2.15 + 0.15
2.07 + 0.16
1.78 + 0.24
1.63 +0.16
1.72 + 0.14

Curare IC,,
{mean + SE.)
nM

12.99 + 0.77
6.49 + 0.49 ¢

40.77 £ 2.52

40.27 + 2.53
3531 +3.1

101.03 +3.1°¢
102.82 +8.2°¢

1042 +29°
1213 +7.12°8
1525+ 731"

175+ 7.80°¢
3534+23°¢
456.5 + 28921
8759+ 46.3 ¢
1305+ 68.81°
1400 + 45.131
270.8 +3.31%¢
1817 + 92.36
1147 +23.8
658.63 +15°
92572+ 56 °
8982 + 514 °
2150 + 100
9152+ 70°¢
3809+ 92.12"

Curare Hill
Slope
(mean £
S.E)

1.17 = 0.09
1.15+0.1

1.26 £ 0.08

1.15+0.09
1.01 £ 0.09
137 £ 0.05
0.99 + 0.08

135+ 0.05
132+0.1
1.57 £ 0.11

1.49+0.1
137+0.11
1.13 £ 0.07
1.45+0.13
1.15 £ 0.04
132+0.1

1.40 + 0.04
1.19 = 0.08
1.56 + 0.05
1.48 + 0.05
1.14 + 0.09
1.21+0.09
131+0.1

1.23+0.12
0.96 + 0.07

* taken from Zhang et al., 2007
® p < 0.001 compared to HIWT;  p < 0.05 compared to HWT; ¢ p < 0.01 compared to HWT; € p <
0.001, compared to H-Loop C; p < 0.001, compared to H-Y217Q/M223/E224D/Y2288S; ¢ p <
0.05, compared to H-Y271Q/E224D/Y228S; " p < 0.01 compared to H-Loop C, Student Newman
Keul’s post hoc analysis. One-way ANOV As are described in the Results or Figure Legends.

'p <0.001, compared to MWT, Student’s t-test.
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Table 2 Comparison of Curare K;s for displacement of ["H]-BRL-43694 at wild type, point mutant, and chimeric 5-HTs4Rs

5-HT;4R [PH]-BRI-43694 Curare Ccfj;e Sri‘id i‘g;;e Kfl fold
Construct Kd (nM) Ki (nM) MgWT Hg\;Tr om
MWT 3.53£0.32 833+ 06° | 314
HWT 2.58 £ 0.61 2,608 £225° 1314
H-Y217Q/M2231/E224D/Y228S 431+ 0.06 6.42+0.63° 1.3 | 407
H-E224D, Y2288 7.25405%° 2,873 £422° 1346 1.1
H-E224D 5.76 = 0.4 432,000 + 42,975 »° 152,048 1165
M-D229E 6.90 + 0.92 11.82+1.01° 1.4 1221
H-V2021 7.01+041%° 44,240 £ 6,473 %° 15,330 116
M-1207V 6.20 + 0.5 17.73+2.1° 12.1 1147
H-Y217Q/M2231/E224D/Y2288 + V2021 12.60+£02%° 29.01 +3.6>° 13.4 190

ANOV A was performed, and it was significant, p < 0.05; *p < 0.006 compared to MWT; °p < 0.006 compared to HWT, two-tailed

unpaired t-test with a Bonferroni correction factor.
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Table 3 Double Mutant Thermodynamic Cycle Analysis for Residues in Loop C of the 5-HT; 4 Receptor.

Receptor A Receptor B Receptor C Receptor D Cyclel | Cycle2 AAGy,
AG AG

Y217Q Y217Q/M2231/Y228S Y217Q/E224D Y217Q/M2231/E224D/Y 2288 1.10 2.14 -1.03*
Y217Q Y217Q/M2231/E224D Y217Q/Y2288 Y217Q/M2231L.E224D/Y228S 0.53 1.31 -0.78
M2231 Y217Q/M2231/Y228S M2231/E224D Y217Q/M2231/E224D/Y 2288 1.00 2.09 -1.09%
E224D Y217Q/E224D/Y 22885 M2231/E224D Y217Q/M2231/E224D/Y 2288 2.67 2.09 0.58
E224D M2231/E224D/Y 22885 Y217Q/Y2288 Y217Q/M2231/E224D/Y 2288 2.58 2.14 0.44
E224D Y217Q/M2231/E224D E224D/Y228S Y217Q/M2231.E224D/Y 2285 1.78 1.15 0.63
Y2288 M2231/E224D/Y 2285 Y217Q/Y228S Y217Q/M2231.E224D/Y 2285 1.22 1.31 -0.09
Y2285 Y217Q/M2231/Y228S E224D/Y228S Y217Q/M2231/E224D.Y 2285 1.00 1.15 -0.15

Cycles are Receptors A =B (Cycle 1) and Receptors C = D (Cycle 2). AAGy,= AGp-AG,-(AGp-AGe).

(*) Indicates intramolecular interaction.




Figure 1. Role of individual amino acid substitutions in conferring curare potency at

human and mouse S-HT;,Rs. A: Sequence alignment of residues in Loop € and Loop F

of mouse and human 5-HTj;, receptors. Bold letters indicate differences in amino acids in
the two receptors, and (*) indicates Loop F residues previously reported to play a role in
curare potency (2). B: Concentration-response curves for curare were generated in
oocytes expressing HWT, H-Loop C+1 chimera, and human-mouse point mutations
corresponding to six interspecies differences in Loop C and one difference between Loop
C and TM1 (n=4-7). Curare (1-100,000 nM) was co-applied with 5-HT (EC,,) for 30 s.
C: Panel shows glutamate is a conserved residue in a number of species but does not
appear to have a direct effect on curare potency as indicated to the right of the amino acid

sequences.
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Figure 2. Characterization of the role of residues in Loop C. Following analysis of the
seven point-mutant chimera, a series of smaller chimeras were created to assess the role
of combined Loop C substitutions in conferring mouse-like curare potency at the human
5-HT3; receptor. Concentration-response curves for curare (1-100,000 nM) were
generated in oocytes expressing human-mouse chimeric 5-HT35Rs (n=4-7). A: Curare
inhibition of 5-HT-induced currents in a series of H-Loop C chimeric receptors compared
to results from the H-Loop C+1 chimera. B: Curare inhibition of 5-HT-induced currents
for three point mutant H-Loop C chimeras containing the E224D substitution. C: Curare
inhibition of 5-HT-induced currents in the H-M2231/E224D/Y228S chimeras and in a
series of two point mutant H-Loop C chimeras compared to results from the H-
Y217Q/M2231/E224D/Y228S chimera. D: Panel shows that the two and three point
chimeras that had the highest curare potencies were those containing both E224D and
Y228S. E: Mutant thermodynamic cycle analysis for 53-HT;, chimeric receptors with and

without the E224D substitutions.
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Figure 3. Loops C and F play a role in conferring mouse-like curare potency at the
human receptor. Concentration-response curves where generated for curare (1-100,000
nM). Curare was co-applied with 5-HT (EC,,), for 30 s (n=4-7). A: Curare inhibition of
5-HT-induced current in chimeras with and without Loop F amino acid substitutions
(K195E and V202I). B: Testing of five, three and two point Loop C chimeras containing
the V2371 and/or the R219K substitutions. C: Mutant thermodynamic cycle analysis
using Ki values obtained from radioligand binding assays for 5-HT3a receptor chimeras

containing residue substitutions in Loop C and/or Loop F.
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Figure 4. Molecular model of docking of curare at the human S-HTj3s receptor
ligand binding domain. Shown are several residues previously shown to be important
for binding of curare at the mouse receptor (R92, E236, and N128) (21), along with

residues E224, Y217, and Y228 characterized in the present study.
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CHAPTER III

PHYSICOCHEMICAL REQUIREMENTS OF AMINO ACIDS IN THE 5-
HYDROXYTRYPTAMINE:4, RECEPTOR FOR BINDING OF
AND GATING BY BENZYLIDENE ANALOGS

OF ANABASEINE

PREFACE

Analogs of benzylidene-anabaseine (BA) have different actions at human and
mouse 5-HT;4 receptors. The BA analog containing a hydroxyl group at the 2” position,
3-(2-hydroxy,4-methoxybenzylidene)-anabaseine (2-OHMBA), acts as a partial agonist
at the mouse receptor and as an antagonist at the human receptor. The previous chapter
discussed how specific residues in Loops C and F of the 5-HT;4 receptor ligand binding
domain affect binding affinities of ¢-Tubocurarine (curare) between the species. In the
present chapter, the role of residues in the same region of the receptor will be investigated
regarding the differential pharmacology of 2-OHMBA at mouse and human receptors.
Not surprisingly, the studies described in this chapter demonstrate that some of the same
residues identified as critical for differences in curare sensitivities also play a significant

role in differential pharmacology of 2-OHMBA at mouse and human 5-HTs4 receptors.
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Hydroxytryptamines, receptor (MWT); human wild-type 35-Hydroxytryptaminesa
receptor (HWT); 3-(2-hydroxy,4-methoxybenzylidene)-anabaseine (2-OHMBA); 3-(2,4-
dimethoxybenzylidene)-anabaseine  (DMXBA),  1-Methyl-N-[(3-endo)-9-methyl-9-
azabicyclo[3.3.1]non-3-yl]- 1H-indazole-3-carboxamide  hydrochloride (BRI.-43694),

Benzylidene-anabaseine (BA).
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ABSTRACT

In previous reports, we demonstrated that 3-(2-hydroxy,4-methoxvbenzylidene)-
anabaseine (2-OHMBA) is a partial agonist at the mouse (5-Hydroxytryptaminesa) 5-
HT};4 receptor and a competitive antagonist at the human receptor. Through site-directed
mutagenesis, we identified two residues (1207 and 1228) in the ligand binding domain of
the mouse receptor, which when mutated to the corresponding human receptor amino
acids, resulted in loss of partial agonist activity and gain of competitive antagonist
actions. Mutation of a third residue, 1209, resulted in reduced potency. We also reported
that a —OH at the 2’ position of the benzylidene ring was necessary for optimal partial
agonist activity. In the present study we used two-electrode voltage clamp
clectrophysiological recordings and radioligand binding assays to determine the
physicochemical requirements of amino acids in the mouse receptor at positions 207,
209, and 228 for gating by 2-OHMBA, and the amino acid with which the 2-OH moiety
interacts. Of the 28 point mutant receptors tested, 16 exhibited 5-HT mediated currents.
Of the 16, only M-I1207L, M-1209M/1., and M-1228A/1. were gated by 2-OHMBA.
ECsgs ranged from 0.43 to 28.8 uM and efficacies range from 10% to 1,231%. In all the
remaining mutant receptors, 2-OHMBA inhibited 5-HT mediated currents. We
performed double mutant thermodynamic cycle analysis, pairing a mutated mouse
receptor at residue 207, 209, or 228 with substitution of -OCH3 and -OH at the 2°

position of the benzylidene-anabaseine (BA) compound and measured displacement of
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[3H]-BRL-49364. Results suggest that the 2—OH interacts directly with 1228, a residue in

Loop C of the LBD, to effect gating in the mouse 5-HT; 4 receptor.
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INTRODUCTION

The 35-Hydroxytryptamines receptor (5-HT3R) is a cationic ligand-gated ion
channel that mediates fast synaptic neurotransmission (Ropert and Guy, 1991; Ronde and
Nichols, 1998; Thompson and Lummis, 2006). This receptor is a member of the cys-loop
family of ligand-gated ion channels (LGIC’s) (Maricq et al., 1991) along with the
nicotinic acetylcholine (nAChR), y-aminobutyric acidy, (GABA#R), glycine receptors
(GlyR) (Grenningloh et al., 1987; Schofield et al., 1987) and Zn"" regulated ion channels
(Davies et al., 2003). Five 5-HT3 receptor subunits have been cloned (A-E) (Belelli et al.,
1985; Maricq et al., 1991; Niesler et al., 2007). Receptors forming A-homomers or A/B-
heteromers have been shown to have functional significance in the central and peripheral
nervous systems (Thompson and Lummis, 2006). Receptors containing subunits C-E are
found predominantly in the gastrointestinal tract and in dorsal root ganglia; however,
their function remains poorly understood (Holbrook et al., 2009). The ligand binding
domain (I.BD) for all LGICs is located in the N-terminus at the interface between
subunits and congists of six loops (A-F). Loops A-C form the principal component of the
LBD and Loops D-F form the complementary component of the LBD (Thompson and
Lummis, 2006).

Anabaseine is a toxic compound extracted from the nemertine worm that acts
primarily as an agonist at central and peripheral nAChR’s (de Fiebre et al., 1995; Kem et

al., 1997). A derivative of anabaseine, 3-(2,4-dimethoxybenzylidene)-anabaseine

2

(DMXBA), acts as an antagonist at both human and mouse 5-HT3, receptors with ICsqs
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of 3.1 £ 0.2 uM and 15.7 = 0.9 uM, respectively (Machu et al., 2001; Zhang et al., 2006).
BA analogs have been used previously to probe binding and function of the a7 nAChR
receptor (Papke et al., 2005), and residues in Loops C and F have been reported to play a
significant role in differential pharmacology of these compounds across species (Stokes
et al., 2004). An analog of DMXBA in which the 2’ position of the benzylidene ring is
replaced with -OH, 3-(2-hydroxy, 4-methoxybenzylidene)-anabaseine (2-OHMBA), acts
as a potent antagonist at the human receptor with an ICsy of 1.5 = 0.1 uM. However,
despite the fact that human and mouse 5-HTs4 receptors share 84% amino acid identity,
2-OHMBA acts as a partial agonist at the mouse receptor with an ECsg of 2.0 + 0.3 uM
(Machu et al., 2001). Previously, we reported that the distal 1/3 of the N-terminus of the
5-HT;4 receptor plays a critical role in interspecies differential pharmacology of 2-
OHMBA (Zhang et al., 2006) and that residues 1207, 1209 and 1228 are critical for partial
agonist activity at the mouse receptor (Machu et al., 2009).

In the present study, we further investigated the physicochemical properties of
residues required for partial agonist activity of 2-OHMBA by substituting the Ile at 207,
209 and 228 with amino acids of different hydropathies, polarities and molecular
volumes. Mouse 5-HTj34 point mutant receptors were tested using two-electrode voltage
clamp electrophysiology in order to determine which amino acid substitutions are capable
of maintaining partial agonist activity of this BA analog in the mouse receptor. Another
part of our experiments builds on structure-function studies that have identified a
pharmacophore required for coupling of ligand binding to channel gating of the 5-HT;

receptor. This pharmacophore is thought to consist of a hydrogen bond acceptor, an
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amine group, an aromatic group and a charged group (Daveu et al, 1999). We
demonstrated that the —OH in the 2" position of 2-OHMBA is likely involved in the
formation of a hydrogen bond with the receptor. Substitutions with —-F or —CHj
abolished partial agonist activity of the BA compound and created antagonist activity at
MWT. We used double-mutant thermodynamic cycle analysis to determine whether the
2’ -OH directly interacts with residues 207, 209 or 228. Double-mutant thermodynamic
cycle analysis has been previously used to establish orientation and points of interaction
between ligands and amino acids in cys-loop receptors, e.g., d-Tubocurarine and nACh
(Pedersen and Papineni, 1995; Willcoxson et al., 2002) and 5-HT; receptors (Yan et al.,
2006), granisetron and 5-HT3;Rs (Yan and White, 2003), and a-Neurotoxin and nAChRs
(Malany et al., 2000). In the present study, we present evidence of an interaction between

the 2° -OH of 2-OHMBA and residue 228 in Loop C of the mouse 5-HT;,R.
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EXPERIMENTAL METHODS

Analogs of 3-Benzylideneanabaseine. Syntheses of DMXBA and its analogs were
performed as previously described in Kem et al. (2004). Stock solutions of 1-10 mM
were made with water, were aliquoted, and stored at -20 °C. Prior to use, compounds
were diluted to desired concentrations in modified Barth’s solution (MBS) containing (in
mM) NaCl 88, KCI 1, NaHCO3 2.4, HEPES 10, MgSO4 0.82, Ca(NO3)2 0.33, and
CaCl2 0.91 (pH 7.5) for electrophysiology studies, or in vesicle dialysis buffer (VDB)
containing (in mM) NaCl 96, MOPS 10, EDTA 0.1, and 0.02% NaN3 (pH 7.5)VDB for
radioligand binding studies. Compounds were not exposed to strong light due to the light
sensitivity of BA analogs.

Isolation of Xenopus laevis Oocytes. X. laevis frogs were kept in tanks of
dechlorinated tap water on a 12-h light/12-h dark cycle at 18 °C and fed a diet of
Xenopus Express sinking frog food once per week. Frogs were anesthetized by
immersion for 20 min. in ice cold 0.12% 3-aminobenzoic acid ethyl ester solution, pH
6.5-7.5, adjusted with sodium bicarbonate. Ovarian tissue was removed through a small
incision in the frog’s abdomen and placed in MBS. Tissue was manually separated into
smaller clumps and subjected to chemical dissection and defolliculation by gently
rocking the clumps in a medium containing 2 mg/ml Collagenase Type 2 and in (mM)
NaCl 83, KCl 2, MgCl2 1, and HEPES 10 (pH 7.5) for 2 hours. Chemical dissection
was repeated using new media and new Collagenase solution. Oocytes were washed with

MBS and stored in incubation media composed of ND 96, containing (in mM) NaCl 96,
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KCl 2, CaCl12 1.8, MgCl2 1 and HEPES 5 (pH 7.5), plus 10 mg/1 streptomycin, 50 mg/1
gentamycin, 10000-units/l penicillin, 96 mg/l sulfamethoxazole, 19 mg/l trimethoprim,
0.5 mM theophylline, and 2 mM sodium pyruvate.

Construction of Chimeric Receptors. Mouse and human 5-HT;4 receptor cDNAs,
provided by Drs. D. Julius and A. Miyake, respectively, were subcloned into pCR-
Script ™ Amp SK(+) (Stratagene, La Jolla, CA) or pcDNA 3.1() (Invitrogen, Carlsbad,
CA). Introduction of restriction enzyme cleavage sites, digestion of c¢cDNAs, and
subsequent ligation of appropriate fragments were performed as previously described
(Zhang et al., 2007). Mutant cDNAs were confirmed by dideoxynucleotide sequencing at
the Biotechnology Core Facility at Texas Tech University, Lubbock, TX.

Transcription of ¢DNA to cRNA. The wild-type and mutant 5-HT3;,R cDNAs
were linearized with Notl, extracted with phenol-chloroform, precipitated with sodium
acetate and ethanol, and re-suspended in diethyl pyrocarbonate (DEPC)-treated water.
The c¢cDNAs were then transcribed with the T3 or T7 mMESSAGE mMACHINE
(Ambion, Austin, TX).

Microinjection of QOocytes with 5-HT3 Receptor ¢RNA. Aliquots of cRNA were
centrifuged at 15,000g, and the ethanol was removed with a tuberculin syringe. Pellet was
air dried and resuspended in DEPC-treated water to yield concentrations of 25-100 ng of
cRNA/50 nl. The cRNA was drawn up into a micropipette (10-20 um tip size). A volume
of 50 nl, cRNA was injected into the animal/vegetal pole equator of each oocyte. Qocytes

were stored in incubation medium in Corning cell well plates (Corning Glass Works,
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Corning, NY) at room temperature. Electrophysiological recordings took place during 2-7
days following injection.

Electrophysiological Recordings. Qocytes were perfused (2 ml/min) in a 100 ul
volume recording chamber with MBS via a roller pump (Cole-Parmer Instrument, Co.,
Chicago, IL). Oocytes were then impaled with two glass electrodes (1.2 mm outside
diameter and 1-10-megaohm resistance) filled with 3 M KCl. A Warner Instruments
Model OC-725B or OC-725C oocyte clamp (Hamden, CT) was used to voltage clamp
oocytes at -70 mV, and clamping currents were plotted on a strip chart recorder (Cole
Parmer Instrument, Co., Chicago, IL). To examine agonist or partial agonist effects, 5-HT
or BA analogs were diluted to desired concentration in MBS and applied to oocytes for
30 s. To examine antagonist effects, BA analogs were also diluted in MBS and co-applied
with 5-HT. Applications of 5-HT, BA analogs, or 5-HT plus BA analogs were performed

every 5 min.

Membrane Purification. Oocytes were injected with 100 ng HWT or MWT ¢RNA

and tested for expression with two-clectrode voltage clamp electrophysiology on day two.

Oocytes were homogenized with a hand-held glass potter (~50 Xenopus laevis oocytes) in

ice-cold VDB, 0.1 ml per oocyte + 10 ul of protease inhibitor cocktail set III (Calbiochem,

La Jolla, CA). The homogenate was centrifuged for 10 min at 800 g. The supernatant was

collected, the pellet was re-suspended in VDB (0.1 ml/oocyte) and re-centrifuged at 800 g

for 10 min. Supernatants were combined and centrifuged for 1 hour at 38,800 g. The

membrane pellet was re-suspended in VDB (2-8 ml depending on expression) and divided
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into several batches for storage at -20 °C. The Lowry assay (Lowry et al., 1951) was used to
measure protein concentration.

Radioligand Binding Assays. Membrane homogenate (~ 8-15 pg/tube) was

incubated at 37 °C for 2 hours with [3H]-BRL-43694 (0.1 — 30 nM) for K, determination.
Kj values were determined by incubating aliquots of membrane at 37 “C for 2 hours with
the BA analog (1 nM — 2 mM) and [’H]-BRL-43694 at the respective K. Non-specific
binding was measured with 50 uM MDI.-7222 (3-tropanyl-3, 5-dichlorobenzoate), a 5-
HT;4 receptor competitive antagonist. Membranes with bound radioligand were
transferred to Whatman GF/B filters (Whatman, Clifton, NJ) and washed with VDB (pH
7.5) by rapid vacuum filtration. Filters were individually incubated in 3 ml of Econo-
Safe™ scintillation cocktail (Research International Products, Mt Prospect, 1), and
radioactivity was measured via scintillation spectrometry.

Data Analysis. Control values for electrophysiology experiments were obtained by
averaging the 5-HT mediated response before and after the response to BA analog or 5-HT
plus BA analog. For generation of concentration response curves for 5-HT or BA analog,
currents were expressed as a percentage of the maximal 5-HT (25 uM) response. Inhibition
by BA analogs was calculated by subtracting the current obtained from 5-HT plus BA from
the average current obtained with 5-HT alone; the difference was divided by the average 5-
HT mediated current, and the quotient was multiplied by 100.

Graphpad Prism (San Diego, CA) was used to calculate ECsys, ICsps, Kgs, Kps
and Hill coefficients. The equation used to calculate ECses and ICses was Ilcoprol =

1+ D/E(DCso] rl], where 1 is current, ool 1S the control current, D is the drug
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concentration, ECsy is the concentration of drug that produces 50% of the maximal
response, 1Csg is the concentration of drug that produces 50% inhibition of the response,
and n is the Hill coefficient. Specific binding was calculated as X*Bmax /(Kz+X), where
X is the radioligand concentration, Bmax is the maximum specific binding/mg protein,
and K; is the dissociation constant (-1/slope). Values for the equilibrium dissociation
constants (Kps) were calculated from the ICsps and equation was K; =
(ICso)/(1+([ligand])/Ky)), where ICso is the concentration of unlabeled drug needed to
block 50% of the specific binding, K, is the affinity of the radioligand for the receptor,
and [ligand] is the concentration of the unlabeled drug, One-way analysis of variance
(ANOVA) and Tukey-Kramer post-hoc analyses were performed by Instat (San Diego,
CA).

In the double mutant thermodynamic cycle analysis, the interaction coefficient
() was calculated using the equation: Q = (Kwr1/Kw 12)/(KnmLi/Kaurz), where K is the
dissociation constant obtained from radioligand binding assays, W is the wild-type
receptor, M is the mutant receptor, and L1 and L2 are the BA compounds being
compared. A Q value significantly different from 1 suggests a direct interaction between
the amino acid residue in the receptor and the functional group of the ligand (Yan et al.,

2006).
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RESULTS

Analogs of benzylidene-anabaseine have differential actions at mouse and human
5-HT3aR’s (Machu et al., 2001; Zhang et al., 2006). In previous studies we reported that
the 27 functional groups in these compounds play a critical role in partial agonist function
and in efficacy of the BA analogs in the mouse receptor and that both the 2° and 4°
groups are important determinants of potency in apparent competitive antagonism of the
BA analogs in the human receptor (Machu et al., 2001; Zhang et al., 2006). Results of the
present study confirmed that the 2° —OH group is required for partial agonist function of
2-OHMBA at the mouse receptor. Substitution of the 2° —OH with —F or —CHj; resulted in
loss of agonist function and gain in antagonist activity (Fig. 1). A —CH; group has a
similar molecular volume as —OH, whereas —F is a hydrogen bond acceptor, but not a
hydrogen bond donor. The observation that substitution with —-CH3 or —F caused loss of
partial agonist activity suggests that size at the 2” position is not the critical determinant.
Furthermore, the —OH is likely a hydrogen bond donor to an amino acid in the LBD that
effects gating.

We identified two Ile residues in the mouse 5-HTsa receptor, one in Loop F
(1207) and one in Loop C (1228), which when individually mutated to the corresponding
human receptor amino acids, resulted in loss of partial agonist activity and gain of
antagonist function of 2-OHMBA in the mutant receptor (Machu et al., 2009). In the
present study, we assessed the physicochemical properties of amino acids at each of the

three positions in the mouse receptor that confer partial agonist activity of 2-OHMBA.
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We systematically substituted 1207 with all other 18 amino acid residues. All receptor
constructs were expressed in Xenopus oocytes, and two-electrode voltage clamp
clectrophysiological recordings were performed. All mutant receptors were first tested for
function with 5-HT (25 puM) and 2-OHMBA (25 uM). Of the 19, 11 were neither gated
by 5-HT nor 2-OHMBA. Serotonin concentration response curves were performed in the
remainder (Fig. 2B). Serotonin ECsy values ranged from 0.52 uM to 31.8 uM. Some of
the ECsy values were significantly different than that of MWT, with the largest fold
change of 23.4, occurring with M-1207A. Testing for 2-OHMBA function revealed that
most substitutions, with the exception of the 1207L, resulted in loss of partial agonist
activity and gain in antagonist activity of this BA analog (Fig. 2C and 2D). Potencies for
antagonist function of 2-OHMBA at the point mutant receptors ranged from 1.65 uM to
7.33 uM. In M-I209L, there was a significant but moderate decrease in both potency
(ECsp of 6.2 uM) and efficacy (44%) when compared to MWT (ECsg of 2.0 uM and 63%
efficacy) (Fig. 2D).

For 1209, we substituted amino acids with different hydrophobicities, molecular
volumes and polarities: Ala, Leu, Met, and Tyr. Serotonin evoked currents in M-
[12091/A/M and 2-OHMBA evoked currents in evoked currents in the 12091, and M
point-mutant receptors. The M-I209Y receptor did not respond to either 5-HT or 2-
OHMBA. Functional receptors had 5-HT potencies ranging from 0.73 uM to 4.53 uM
(Fig. 3A). Interestingly, 2-OHMBA maintained partial agonist activity at most point
mutants tested, albeit with significantly decreased potency (ECsq of 12.2 uM) and <10%

efficacy for M-1209M (Fig. 3B). Both 5-HT and 2-OHMBA e¢licited currents at the M-
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12091, point-mutant with ECsy’s of 4.53 and 6.64 uM, respectively (Fig. 3A and 3B).
Another interesting result was the fact that the M-I209A point mutant responded to 5-HT
with increased potency (ECsg of 0.73 uM) (Fig. 3A) when compared to the MWT (ECsg
of 1.36 uM), while 2-OHMBA concentrations (4-25 uM) had significantly decreased
efficacy (<20%) (data not shown). Functional tests using higher 2-OHMBA
concentrations (100 uM) must be conducted to confirm these results and accurately
calculate potency.

We examined the effect of mutations in position 228, in Loop C. As with 1209
point-mutants, we substituted 1228 for amino acids with different hydrophobicities,
molecular volumes and polarities: Ala, T.eu, Gln, and Cys. The mutant receptors M-
1228A and M-12281. responded to 5-HT and 2-OHMBA. M-1228Q and M-1228C did not
respond to either 5-HT or 2-OHMBA. While most of the ECsy values for point-mutant
receptors were different than that of the MWT, the M-12281, substitution appeared to
have the most significant effect on 5-HT potency with an ECsy of 27.84 uM (Fig. 4A).
This result was surprising given the fact that the Ile-Leu substitution was the most
conserved mutation tested. As for the effect of the 12281, mutation on the function of 2-
OHMBA, in agreement with the 12071, and 12091 substitutions, partial agonist activity
was maintained with a moderate decrease in potency (ECso of 14.1 uM), when compared
to the MWT (2.0 uM), and with no apparent changes in efficacy. Similar to the Ile-Met
substitution in position 207, a previous testing of M-1228M reported loss of partial

agonist activity and gain in antagonist activity of 2-OHMBA with an 1Csy of 11.3 uM

(Machu et al., 2009) (Fig. 4C). However, unlike the 1207A, the 1228 A point mutation had
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a surprising effect on agonist function. While ECsy values for 2-OHMBA between M-
1228A and MWT were not significantly different (2.1 pM and 2.0 pM, respectively),
efficacy of 2-OHMBA was 18.6 fold greater at M-1228A than at the MWT. Thus, 5-HT
appears to function as a partial agonist at this mutant receptor (Fig. 4D).

We further examined residues 207 and 228 as likely candidates for direct
interactions with the -OH. We also assessed D229, given that possible interactions
between residue D229 and 5-HT; receptor ligands have been previously reported,
(Thompson et al., 2005; Suryanarayanan et al.., 2005). Binding studies were done with M-
1207V, M-1228M, D228E, and D229A point-mutant receptors using 2-OHMBA AND
DMXBA. Mutations were paired with changes in the BA analog, 2°-OH or 2°-OCH3,
respectively. In radioligand binding studies, affinities for [’H]-BRI-43694 ranged from
2.58 nM to 15.8 nM (Table 2). Most were significantly different from MWT (K of 3.53
nM).  However, the largest fold-change was 4.5 and not likely to greatly impact
displacement by 2-OHMBA or DMXBA. The K; values for MWT, HWT, M-1207V, M-
1228, M-D229E, and M-D229A ranged from 12.1 nM to 1,200 nM for DMXBA and 40.2
nM to 726.2 nM for 2-OHMBA, respectively, with most values being significantly
different from MW'T. Using double-mutant thermodynamic cycle analysis, we compared
changes in interaction coefficients between the BA analog having a —OH at the 2°
position and the analog having a —OCH3 in the 2” position. BA analogs had an Q value of
0.4 between MWT and M-I207V receptors, indicating there is no direct interaction
between the Ile-207 residue and the 2° —OH (Fig. 5A). The analysis for Loop C residue

lle-228 on the other hand, indicates this Ile residue plays a critical role in direct
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interaction between the 2° —OH and the MWT with an € value of 32.7 (Fig. 5B). Results
for residue 229 also indicate a possible interaction with the 2° —OH group, as the Q for
the DMXBA/2-OHMBA/MWT/D229E cycle had a value of 1.8 (Fig. 5C). However,
given the Q value of 32.7 for 1228, a Q value of 1.8 indicates the D229 residue 1s likely

not as critical in direct interactions with —OH.
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DISCUSSION

The 2°-OH moiety at 2-OHMBA 1is critical for partial agonist function of this
compound at the mouse 5-HT;4 receptor, with substitutions of the BA analog with -F or -
CH3 producing no partial agonism, but instead inhibition of 5-HT elicited currents (Fig.
1). These results are in agreement with previous reports that DMXBA, a BA analog with
a 2°-OCH3, did not elicit currents at MW'T, but did antagonize 5-HT mediated currents.
Also reported was that 4-OHMBA, a BA analog with a 4’-OH group, while capable of
activating MWT receptors, had decreased efficacy (~24%) when compared to 2-OHMBA
(~63%) (Machu et al., 2001). Substitution with a —CH3 at the 2° position created a
compound with no agonist function at the MWT, suggesting that the similar molecular
weight between the —OH and the —CH3 groups is not sufficient to confer partial agonist
function to this compound. Based on previous studies, the existence of a hydrogen bond
between 5-HT3Rs and their ligands is required for binding of both agonists and
antagonists (Daveu et al., 1999). Considering we have demonstrated that the 2°-OH is
critical for gating of this receptor by BA, we propose that this group functions as a
hydrogen bond donor, as substitution of the 2° —OH moiety with —F, a hydrogen bond
acceptor, created a BA analog that did not gate the MWT receptor.

Another interesting finding of this study was that the 2° moiety of the BA analog
appears to be involved in direct interaction with residues in Loop C of the mouse 5-
HT;4R, with an € value for 1228M of 32.7 (Fig. 5B). The identity of the amino acid in

position 228 was not only critical for direct interaction with the 2°-OH, but also for
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partial agonist activity of 2-OHMBA. The substitution with Leu maintained partial
agonist activity of 2-OHMBA, and the Ala substitution affected function of 5-HT,
turning this otherwise potent full agonist compound into a partial agonist at the mouse
receptor. These results are similar to those observed in a study by Suryanarayanan et al.,
(2005), in which the 1228A mutation caused a significant increase in 5-HT ECsy and
converted 5-HT into a partial agonist with lower efficacy than 2-methyl-5-HT. These
results further confirm that residue 228 is critical for gating by 2-OHMBA and binding at
the MWT receptor.

Double mutant thermodynamic cycle analysis of residue D229 of the mouse 5-
HT; 4 receptor suggested that while this residue is not as critical for direct interaction with
the 2°-OH of 2-OHMBA, given its Q value of 1.8 when substituted with Ala, and a Q
value of 0.05 when substituted with Glu, it does have a significant role in binding of the
drug. A substitution with the human reciprocal mutant, D229E, caused a decrease in
affinity of ["H]-BRL-43694 (~2-fold), DMXBA (~2.5-fold), and 2-OHMBA (~4.3-fold)
when compared to MWT (Table 2). Substitutions with Ala also caused decreased affinity
of these compounds with the highest decrease being ~17.2-fold for DMXBA. These data
are comparable to results from a previous study reporting that the D229A substitution
decreased affinity of both 5-HT (~140-fold) and [*H]-BRL-43694 (~8-fold) at the MWT
5-HT; receptor (Suryanarayanan et al., 2005). Another study with similar changes in
affinity as a result of Ala substitution was done by Thompson et al. (2005); they reported
an ~12.3-fold decreased affinity for ['H]-BRL-43694. Additionally, homology models

suggest that residues 229 and 230 at the mouse receptor are important for stabilization of
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the ligand binding domain and may underly inherent differences in intramolecular
interactions in mouse and human 5-HT;, receptors (Reeves et al., 2002; Thompson et al.,
2005). Collectively, these results indicate an important role for an Asp residue in position
229 of the mouse receptor for actions of a number of 5-HT; ligands, including BA
analogs.

In addition to further establishing the role of Loop C in both function and binding
of BA analogs at the 5-HTj;4 receptor, this study enabled us to demonstrate that even
though residues in Loop F do not appear to directly interact with the 2°-OH moiety, the
presence of an Ile at this position, as well as at position 209, are critical for function of 2-
OHMBA. At residue 207, the only substitution capable of maintaining partial agonist of
2-OHMBA was the Ile to Leu mutation. This suggests that specific physicochemical
characteristics are required for partial agonist function of this compound. Side chains of
Ile have been previously implicated in trafficking of both, nAChR’s and 5-HT3R’s
(Castillo et al., 2005), and in creating hydrophobicity at the binding pocket (Chang and
Weiss, 1998). Furthermore, since Ile and Leu have nearly identical molecular weights
(MW), it is possible that MW in addition to hydrophobicity play an important role in
gating of 5-HT;. One way in which our data differs from a previous report by Thompson
et al.. (2005), in which it was suggested that 1207 forms a hydrogen bond with [II]-BRL-
43694, is that double-mutant thermodynamic cycle analysis using radioligand binding
data produced an Q of 0.4. This would indicate no direct hydrogen bond between the 2°-
OH group of 2-OHMBA and 1207. This data does not, however, eliminate the possibility

that this group forms a hydrogen bond with another moiety of this compound. Another
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important point is that while residues 207 and 209 may not be directly interacting with
the 2°-OH group of 2-OHMBA, they do play a critical role in gating as substitution of Ile
with most amino acids ablated agonist function of this compound. Additionally, it is
possible that a direct interaction between —OH and the amino acid is not taking place, but
rather that 2°—OH interacts with a keto group, and that absence of an Ile or a Leu induces
a conformational change. This change could be responsible for steric hindrance of the
molecule and subsequent ablation of gating by anabaseine. Thus, these residues may play
a role in the overall conformational changes that couple binding with activation of the 5-
H'T34 receptor.

Actions of 2-OHMBA at the mouse receptor were altered by point-mutations at
residue 209, with the only substitution to maintain partial agonist activity with
comparable efficacies being Ile to Leu. Once again, the physicochemical properties of
these amino acids appear to play a critical role in the function of this compound. One
difference between these two residues (207 and 209) was that the Ile to Met substitution
at the 207 position changed the actions of 2-OHMBA from partial agonist to antagonist,
while at the 209 receptor, partial agonist activity was maintained, albeit with < 10%
efficacy. In summary, our data supports involvement of both Loops C and F in gating of
the mouse 5-HT;as receptor by 2-OHMBA while identifying Loop C as the critical

component in formation of a hydrogen bond with the 2°-OH group of this BA analog.

109



Table 1 Testing of mouse 5-HT3, point mutant receptors for pharmacological effects of

5-HT and 2-OHMBA.

Point Mutant SHT 2-OHMBA
ECso(uM) | ECso(uM) | ICso (uM)
*12071, 0.52 6.01 N/A
1207M 0.78 N/A 6.83
1207C 2.17 N/A 2.22
207V 2.88 N/A 3.93
1207Q 3.64 N/A 1.52
1207T 7.02 N/A 1.82
1207K 19.71 N/A 1.96
1207A 31.8 N/A 1.35
*"1209M 4.45 12.23 N/A
*1209L 4.53 6.24 N/A
*1209A 0.73 N/A —
*1228A 0.43 0.21 N/A
*12281. 1.8 14.12 N/A
1228M 3.54 N/A 11.33
1228C N/A N/A N/A
12280 N/A N/A N/A
N/A = not applicable
MWTA ECs for S-HT = 1.36 pM and ECs; for 2-OHMBA = 2.0 pM
*Maintenance of 2-OHMBA partial agonist activity.
*A dditional testing with higher 2-OIMBA concentrations required in
order to calculate an accurate 1Cx.
"Taken from Machu et al., 2009.

110



1T

Table 2 Binding affinities for displacement of [3H]-BRL-43694 by BA analogs in wild-type and point mutant 5-HT3,R’s.

5-HT34R Construct [’H]-BRL-43694 K, (nM) | DMXBA K; (nM) 2-OHMBA K;
MWT 3.53+03 33.7+3.91° 58.8+43"
HWT 2.58 + 0.61 1200+ 112 * 726.2 + 94.42 1
M-1207V 623+0.52"" 5832+ 6.83 " 40.23+3.9"
M-1228M 5.82+02*° 12.12+ 1.8 * 690.5 + 51.02 "
M-D229E 6.9+091° 83.13 +12.02° 25572 +16.6 ™"
M-D229A 15.8+0.32*" 578.8 + 38.71 " 51.72+7.01°"

ANOVA was performed, and it was significant p < 0.03. *p < 0.01 compared to MWT; bp < 0.01

compared to HWT, two-tailed unpaired t-test with a Bonferroni correction factor.




Figure 1. —OH is required for partial agonist activity of BA at MWT 5-HT;35R’s.
MWT 5-HT34R inhibition of 5-HT (ECso) by BA analogs in which the 2° “OH has been
substituted with —F or —CH3. Insert shows concentration response curve for 2-OHMBA

(n=4-7).
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Figure 2. Actions of 5-HT and 2-OHMBA at MWT and M-1207X point mutant 5-
HT;4Rs. A: Residues in or near Loops C and F of the mouse and human 5-HT;4R’s are
aligned. (*) indicate the 1207, 1209, 1228 and D229 residues in the mouse and human
orthologs V202, M204, M223 and E229. B: 5-HT concentration response curves for
MWT and functional M-1207X point mutant 5-HT;,R’s (n=4-7). M-1207V is the human
reciprocal mutant. C: Inhibition of 5-HT by 2-OHMBA at M-1207X point mutant 3-
HT;4R’s. 2-OHMBA (0.5-100 puM) was co-applied with 5-HT (ECsg) for 30 s. D: 2-
OHMBA concentration response curve for MWT and M-1207L 5-HT;,R’s (n=4-7). M-

12071, was the only 1207X point mutant to maintain partial agonist activity of 2-OHMBA.
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Figure 3. Actions of 3-HT and 2-OHMBA at MWT and M-1209X point mutant 3-
HT34R’s. A: Concentration-response curve for 5-HT were generated in oocytes
expressing MWT and M-1209X 5-HT3aR’s (n=4-7). M-1209M is the human reciprocal
mutant. The M-1209Y point mutant receptor did not respond to 5-HT concentrations (0.5-
25 uM). B: 2-OHMBA concentration response curve for MWT, M-1209L and M-1209M
5-HT34R’s (n=4-7). M-1209Y/A did not respond to 2-OHMBA concentrations (0.25-100

uM). M-1209M maintained partial agonist activity but with efficacy < 10%.
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Figure 4. Actions of 3-HT and 2-OHMBA at MWT and M-I1228X point mutant 3-
HT;3sR’s. A: Concentration-response curve for 3-HT were generated in oocytes
expressing MWT and M-1228X 5-HT3aR’s (n=4-7). M-1228M is the human reciprocal
mutant. M-1228C/Q did not respond to 5-HT concentrations (0.5-25 uM). B: 2-OHMBA
concentration response curve for M-I228L 5-HT;,R showing maintenance of partial
agonist activity of 2-OHMBA with the same efficacy, but lower potency when compared
to MWT (n=4-7). 2-OHMBA (0.25-100 uM) response is calculated as a percentage of
maximal response to 5-HT (25 puM). C: Inhibition of 5-HT by 2-OHMBA at the M-
1228M point mutant 5-HT3,R. 2-OHMBA (0.5-100 uM) was co-applied with 5-HT
(ECsg) for 30 s. D: Concentration response curve for M-1228A shows this substitution
produced a receptor with very strong agonist activity of 2-OHMBA with similar potency,

but much higher efficacy than 5-HT.
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Figure 5. Double Mutant Thermodynamic Cycle Analysis using K; values obtained
from radioligand binding assays where 2-OIIMBA or DMXBA displaced [3H]—BRL—
43694. Analysis of interaction between residues in the mouse 5-HT3;aR with the 27
functional group of BA analogs. B: Analysis of interaction between residues of the mouse 5-
HT; 4R with the 27 functional group of BA analogs. (A) residue 207, (B) residue 228, (C and

D) residue 229.
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CHAPTER IV

FINAL CONCLUSIONS

Agonist binding at the 5-Hydroxytryptamines; (5-HT3) receptor induces opening
of a cationic channel permeable to Na', K~ and Ca™ (Yang, 1990; Rondé and Nichols,
1998; Panicker et al., 2002). However, the specific molecular rearrangements associated
with gating mechanisms are largely unknown. Investigation of the architecture and
intramolecular interactions of the 5-HT; receptor is vital to developing a better
understanding of coupling of ligand binding to channel gating.

The bulk of the present work was done to identify key amino acids in Loops C
and F of the ligand binding domain that account for differential that account for
differential pharmacology of curare and 2-OHMBA in mouse and human receptors, as
well as to define points of interaction between 2-OHMBA and the 5-H'T3, receptor.
Studies were conducted using chimeric and point-mutant receptors, and results
demonstrated the importance of Loops C and F in the N-terminus in pharmacological
function of curare and analogs of benzylidene-anabaseine (de Oliveira-Pierce,
unpublished; Zhang et al., 2006; Machu et al., 2009). The study also identified specific
residues responsible for interspecies differences in binding and function. In all
experiments described in this dissertation in which whole N-terminal switches between

mouse and human receptors were done, altered function of 2-OHMBA and curare was
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observed. The end result was the creation mouse chimeric receptors with human like
sensitivities and vice-versa. These results are in agreement with other studies that
reported residues in the N-terminus are directly related to ligand recognition at the
binding site (Karlin and Akabas, 1998; Brejc et al., 2001).

One important finding of these studies was that amino acid residues identified in
chapters 2 and 3 overlap, e.g., mouse 207 (Loop F), 228and 229 (Loop C), (human
orthologs 202, 224 and 225). Furthermore, in a previous study, a potential domain within
Loop C was identified as responsible for interspecies differences in m-CPBG for human
and rat 5-HT; receptors (Mochizuki et al., 1999). These results suggest some degree of
commonality in the overall conformational changes and molecular interactions associated
with binding and function of the ligands studied.

Residues 207 and 209 in Loop F of the mouse receptor were identified as critical for
partial agonist function of 2-OHMBA. Results suggest these residues do not directly
interact with the 2°-OH moiety of 2-OHMBA, however, as with curare, they appear to be
partially responsible for interspecies pharmacological differences. This is likely occurring
due to downstream conformational changes triggered by ligand binding.

Another important finding of this study was the identification of residue 228 in Loop
C of the mouse receptor as the residue likely interacting with the 2°-OH group of 2-
OHMBA. Furthermore, the only amino acids in position 228 that resulted in maintenance
of partial agonist activity of 2-OHMBA as well as full agonist activity of 5-HT were Leu

or Ile, suggesting physicochemical properties in the side chain of these isomers promote
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conformational changes that enable formation of a hydrogen bond between ligand and
receptor.

In summary, the data collected for both studies has further enabled the
development of a better molecular model for ligand binding at the 5-HT34 binding
domain. Residues implicated in this model are shared with residues involved in binding
of other 5-HT; ligands (Yan and White, 2005; Yan et al., 2006), supporting the idea of
overall commonality in molecular interactions between the receptor and different ligands.
Findings of this body of work will likely improve our understanding of the underlying
molecular interactions of a number of potentially therapeutic compounds targeting the 5-
HT; 4 receptor. One specific example of where this knowledge would be helpful is the use
of Tropisetron (ICS 205-930) for the treatment of pain disorders. Serotonin plays a role in
nociceptive input regulation. Platelets, mast cells and serotonergenic nerve endings
(located in the amygdala, hippocampus and other brain regions) (van Hooft et al., 2000)
release 5-HT activating primary afferent fibers. The end result of this process being the
sensation of pain. While tropisetron has proven effective in blocking this process, it also
interferes with GABAA function (Eglen et al., 1996; Thompson et al., 2007). A better
understanding of the underlying mechanisms of the 5-HTj; receptor would allow us to
develop more specific antagonists and potentially eliminate some of the unwanted side-

effects associated with this drug.
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The actions of colchicine were examined with the two-electrode voltage clamp
technique and radioligand binding assays in mouse and human 5-HT34Rs expressed in
Xenopus oocytes. Colchicine inhibited 5-HT evoked currents in oocytes expressing mouse
5-HT34Rs, with an ICsg0of 59.5 + 3 uM. In contrast to the mouse receptor, co-application of
colchicine with 5-HT (< 1 uM) strongly enhanced 5-HT-evoked currents in oocytes
expressing human 5-HTs4Rs. Colchicine applied alone did not induce detectable current.

In the presence of 0.5 uM 3-HT, the potentiation was concentration dependent and reached
the maximum (~ 100%) when 750 uM colchicine was applied. However, colchicine-
dependent inhibition can be observed at 5-H'T concentrations > 1 uM. In oocyte membranes
expressing mouse or human receptors, binding studies with colchicine (25 nM — 1 mM)
revealed no displacement of [3H]- BRI.-43694, suggesting that actions of colchicine do not
occur at the ligand binding domain. Functional effects of colchicine on both receptors
occurred in the absence of preincubation and after cold temperature incubation, suggesting
that the microtubule depolymerizing effects of colchicine play no role in modulation of
receptor function. Studies with interspecies chimeric receptors demonstrated that the distal
one-third of the N-terminus is responsible for the bi-directional modulation by colchicine.
Collectively, these results suggest that colchicine modulates receptor function through

Loops C and/or F through a gating mechanism.
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INTRODUCTION

The 5-Hydroxytryptamines receptor (5-HT3R) belongs to the superfamily of ligand-
gated ion channels (LGICs) (Maricq et al., 1991) and shares a number of structural, and
functional homologies with other members, such as the nicotinic acetylcholine receptor
(nAChR), y-aminobutyric acidy receptor (GABAAR) and glycine receptor (GlvR)
(Grenningloh et al., 1987, Schofield et al., 1987). To date, five 5-HT3 receptor subunits
have been cloned (A-E) (Maricq et al., 1991; Belelli et al., 1995; Niesler et al., 2007).
Receptors composed of A-homomers and A/B-heteromers have been shown to have
functional significance in the central and peripheral nervous systems, (see review by
Thompson and Lummis, 2006) and a recent study reported expression of functional A/C-,
A/D- and A/E- heteromers (Niesler et al., 2007). The ligand binding domain (LBD) is
located in the N-terminus at the interface between subunits and consists of six loops: A- F.
Loops A-C form the principal component of the LBD, and Loops D-F form the
complementary component of the LBD (reviewed by Thompson and Lummis, 2006).
Homology models using the AChBP and biochemical studies have identified important
residues for ligand-binding on both the primary (Loops A-C) and the complementary
(Loops D-F) interfaces of the binding site (Schreiter et al., 2003; Thompson et al., 2005).

The homomeric 5-HT34R is a good model system for exploring the ligand
recognition sites of LGICs. Significant homology exists between the 5-HT34Rs among the
six cloned species (80% to 95%). Interestingly, these small differences in amino acid
composition are responsible for striking interspecies variation of responses to numerous

drugs which act at the 5-HT recognition site, including curare (Miyake et al., 1995; Zhang et
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al., 2007), 2-methyl 5-HT (Maricq et al., 1991; Belelli et al., 1995), 1-phenylbiguanide
(PBG) (Maricq et al., 1991), and benzylidene analogs of anabaseine (Zhang et al., 2006).
Loops C and F have been implicated in interspecies differential potency of curare and m-
clorophenylbiguanidine (Mochizuki et al., 1999; Hope ¢t al., 1999; Zhang ¢t al., 2007), and
agonist function of 2-OHMBA (Zhang et al., 2006). The differential sensitivity of these
drugs among interspecies 5-HT34Rs can be used to localize ligand binding domain(s) or
gating residues through the use of interspecies chimeras and point mutations.

An important feature of all LGICs is the allosteric regulation of receptor function by
various compounds. For example, PNU-120596 potentiates (Bertrand et al., 2008), while
steroids either potentiate or inhibit the function of neuronal nAChRs ( Paradiso et al., 2001).
More allosteric modulators have been found for GABA 4Rs than for any other LGIC. Such
ligands include barbiturates, picrotoxin, progesterone metabolites, as well as
benzodiazepines (BZDs) and non BZDs, which act at the BZD recognition site (review by
Sigel and Buhr, 1997 and Da Settimo et al., 2007). Tropeines allosterically modulate the
activity of GlyRs (Maksay et al., 2008).

The 5-HT;4R is allosterically modulated by numerous drugs. Most of these drugs
fall in the class of alcohols and anesthetics, and therefore, are not selective for the 5-HT54R.
Examples of drugs that potentiate 5-HT35R-mediated currents include trichloroethanol
(Lovinger et al., 2000), and volatile anesthetics (Machu and Harris, 1994). However, to
date, 5-hydroxyindole and its analogues (van Hooft, et al., 1997) are the only reported
selective allosteric modulators of 5-HT34R function, albeit with weak potentiating actions

effective only in the millimolar concentration range.
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Colchicine 1s a microtubule depolymerizing agent that competitively antagonizes
GABARs (Bueno and Leidenheimer, 1998) and GlyRs (Machu, 1998). In the present
study, we determined the actions of colchicine on 5-HT34Rs. We found that colchicine
inhibits the mouse 5-HT3,4R with a similar potency to that observed in the GABAAR and a2
GlyR (Bueno and Leidenheimer, 1998, Machu, 1998). Radioligand binding assays show
colchicine does not displace ['H]-BRL-43694, a competitive antagonist that binds at the 5-
HT;4R agonist recognition domain. More importantly, we found that colchicine potentiates
the function of the human 5-HT34R at low 5-HT concentrations and antagonizes the
receptor at higher 5-HT concentrations. By constructing interspecies chimeras, we
identified 63 amino acid fragments within the distal one-third of the N-termini of the

receptors that confer colchicine's potentiating actions.
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METHODS
Isolation of Xenopus laevis oocytes

X. laevis frogs were kept in tanks of dechlorinated tap water on a 12-hr light/dark
cycle at 19 °C and fed a diet of dehydrated liver in Xenopus I chow three times per week.
Frogs were anesthetized by immersion in cold 0.12% 3-aminobenzoic acid ethyl ester for 20
minutes. After removal through a small surgical incision in the frog’s abdomen, ovarian
lobes were placed in modified Barth’s Solution (MBS) containing (in mM) NaCl 88, KCI 1,
NaHCO; 2.4, HEPES 10, MgS0O, 0.82, Ca(NO3); 0.33, and CaCl, 0.91 (pH 7.5).

Ovarian lobes were manually dissected into clumps of four to ten oocytes and were
then subjected to chemical separation and defolliculation. Clumps of oocytes were placed
in medium containing 2 mg/ml collagenase Type 2 and (in mM) NaCl 83, KCI 2, MgCl; 1,
and HEPES 10 (pH 7.5) and gently rocked for two hours. Oocytes were then removed to
fresh collagenase medium and rocked gently for an additional two hours. Lastly, oocytes
were rinsed with MBS and stored in incubation media composed of ND96, containing (in
mM) NaCl 96, KC1 2, CaCl, 1.8, MgCl, 1, and HEPES 5 (pH 7.5), plus 10 mg/1
streptomycin, 50 mg/l gentamicin, 10,000 units/1 penicillin, 96 mg/l sulfamethoxazole, 19
mg/1 trimethoprim, 0.5 mM theophylline, and 2 mM sodium pyruvate.

Construction of Chimeric Receptors:

Mouse and human 5-HT3,R ¢DNAs, provided by Drs. D. Julius and A. Miyake,
respectively, were subeloned into pCR-Seript'™ Amp SK(+) (Stratagene, La Jolla, CA).
Three unique restriction enzyme cleavage sites, Nru I, Spe I, and Nar I, were introduced in

both mouse and human 5-HT34R ¢cDNAs by site-directed mutagenesis (U.S.E. mutagenesis
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kit, Pharmacia Biotech Inc., Piscataway, N.JI.) of the nucleotides encoding the conserved
residues: Thr 181 and Arg 244 in the mouse receptor cDNA and Thr 176 and Arg 239 in the
human receptor cDNA, respectively. Numbering of the amino acids in the two receptors
began with the initiating methionine. Primers were used to introduce Spe I and Nar I, and
selection pressure for the mutagenesis was performed as previously described in Zhang et
al., (2006). Chimeric ¢cDNAs were confirmed by dideoxynucleotide sequencing at the
Biotechnology Core Facility at Texas Tech University, Lubbock, TX.

Transcription of cDNA to cRNA.

The wild-type and chimeric cDNAs were linearized with BamH I, extracted with
phenol-chloroform, precipitated with sodium acetate and ethanol, and resuspended in
diethyl pyrocarbonate (DEPC) treated water. The cDNAs were then transcribed with T3
mMESSAGE mMACHINE (Ambion, Austin, TX).

Microinjection of oocytes with S3-II'T; receptor cRNAs

An aliquot of cRNA was centrifuged at 15,000 x g and the e¢thanol removed with a
tuberculin syringe. After air-drying, the pellet was resuspended in a volume of DEPC water
to yield a concentration of 5-30 ng of cRNA/50 nl. The ¢cRNA was drawn up into a
micropipette (10-20 um tip size). Fifty nl of cRNA were injected into the animal/vegetal
pole equator of each oocyte. Oocytes were stored in incubation medium in Corning cell
well plates (Corning Glass Works, Corning, N.Y.) at room temperature. Incubation medium
was changed daily. Oocytes were recorded from day two through day seven following
injection.

Electrophysiological recordings
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Oocytes were perfused in a 100 pl volume chamber with MBS via a roller pump
(Cole-Parmer Instrument, Co., Chicago, I1.). Oocytes were impaled with two glass
electrodes (1.2 mm outside diameter and 1-10 megaohm resistance) filled with 3 M KCL.
Oocytes were voltage clamped to -70 mV with a Warner Instruments Model OC-725C
oocyte clamp (Hamden, CT). Clamping currents were plotted on a strip chart recorder
(Cole Parmer Instrument, Co., Chicago, IL). Serotonin, in the absence or presence of
colchicine, was dissolved in MBS and applied to the oocytes for 30 s. For the cold
temperature experiments, oocytes were incubated at least two hours prior to recording and
were continuously perfused with ice-cold MBS during recording.

Membrane Purification

Oocytes were injected with 100 ng HWT or MWT ¢RNA and tested for
expression using two-voltage clamp electrophysiology on day three. Oocytes were
homogenized with a hand-held glass potter (~50 Xenopus laevis oocytes) in ice-cold
vesicle dialysis buffer VDB containing (in mM) NaCl 96, MOPS 10, EDTA 0.1, and
0.02% NaN3 (pH 7.5), 0.1 ml per oocyte + 10 ul of protease inhibitor cocktail set III
(Calbiochem, La Jolla, CA). The homogenate was centrifuged for 10 min at 800 g. The
supernatant was collected, the pellet was resuspended in VDB (0.1 ml/oocyte) and
recentrifuged at 800 g for 10 min. Supernatants were then combined and centrifuged for
1 hour at 38,800 g. The membrane pellet was resuspended in VDB (2-8 ml depending on
expression) and divided into several batches for storage at -80 °C. Protein content was
measured with the Lowry assay (Lowry et al., 1951).

Radioligand Binding Assays
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For Kd determinations, membrane homogenate was incubated at 37 °C for 2
hours with [3H]-BRI1.-43694 (0.1 nM — 23 gM). Specific binding was calculated as
X*Bmax /(Kd+X), where X = radioligand concentration, Bmax = maximum specific
binding/mg protein, and Kd = dissociation constant (-1/slope). For Ki determinations,
aliquots of membrane were incubated at 37 °C for 2 hours with colchicine (25 nM — 1
mM) and [3H]-BRI.-43694 at the Kd of MWT (3.5 nM) and HWT (2.6 nM) respectively.
Non-specific binding was measured with MDIL-7222 (3-tropanyl-3, 5-dichlorobenzoate),
a 5-HT;, receptor competitive antagonist.

Data Analysis

Graphpad Prism (San Diego, CA) was used to calculate Kd, Ki, Bmax, ECsy and

ICsg values, and Hill coefficients. Graphpad Instat was used to perform t-tests, one-way

analysis of variance (ANOVA), Student’s t-test and post-hoc tests.
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RESULTS

Colchicine Inhibits 5-HHT-Evoked Currents in Xenopus Qocytes Expressing
Mouse S-HT34 Rs. Figure 1A illustrates typical responses of the mouse 5-HT;34R to
colchicine. In the absence of preincubation, colchicine clearly inhibited 5-HT-mediated
responses in oocytes expressing the mouse 5-HT3,R. Colchicine quickly washed out, as a
baseline response was obtained with the next application of 5-HT alone. A colchicine
concentration response curve was generated in oocytes expressing the mouse 5-HT;4R (Fig.
1B). When co-applied with 0.5 uM 5-HT, which generates 10% of the maximum current
(ECyp), colchicine inhibited 5-HT-mediated currents in a concentration dependent manner at
concentrations ranging from 3 to 300 uM. The colchicine concentration that reduced 5-HT
mediated currents by 50% (ICsp) was 59.5 + 3 uM. To examine whether microtubule
depolymerization was involved in the colchicine inhibitory action at the mouse 5-HT34R,
the temperature sensitivity of the colchicine effect was measured (Table 1). For at least 2 h
prior to recording, oocytes were incubated in ice-cold MBS, which completely
depolymerizes oocyte microtubules (Gard, 1991). Colchicine at 50 and 200 uM inhibited 5-
HT mediated currents by 43% and 82% in oocytes incubated at 4°C for 2 h (Table 1), which
is virtually identical to that observed in oocytes maintained at room temperature (43% and
80%, respectively).

Antagonism by Colchicine at Mouse S-HT34Rs. In order to determine the
mechanism(s) through which colchicine inhibits mouse 5-HT;,Rs, we performed additional
electrophysiological experiments, as well as radioligand binding experiments. In the first
set of experiments, we recorded 5-HT (0.25 - 500 uM) concentration response curves in the

145



JPET #146522

presence of increasing concentrations of colchicine, 200, 1000, and 10,000 uM (Fig. 2). In
the presence of increasing concentrations of competitive antagonists, 3-HT concentration
response curves shift rightward, with increases in 5-HT ECs;’s; maximal current amplitudes
are achieved in the presence of sufficient concentrations of 5-HT. In contrast, non-
competitive antagonists reduce the maximal response to 5-HT, even at very high 5-HT
concentrations, and cause no shift in the 5-HT ECsy’s. In Fig. 2A, the 5-HT concentration
response curves were shifted to the right as concentrations of colchicine increased.
However, the inhibitory effect of colchicine (1000 and 10,000 uM) was not completely
overcome as 3-HT concentrations were increased. Therefore, it is not possible to determine
from these experiments the mechanism(s) through which colchicine inhibits receptor
function. The ECsp of 5-HT was 0.93 + 0.04 pM in the absence of colchicine. In the
presence of colchicine, 200, 1000 and 10,000 uM, the ECsy’s for 5-HT were 3.7 £ 0.3, 13.4
+ 2.4, and 81.4 = 3.3 uM, respectively.

To determine whether colchicine has any competitive action at the ligand binding
domain for 5-HT, we performed radioligand binding assays, Fig 2 and Table 2. In Fig. 2B,
saturation binding experiments were performed with the 5-HT3R competitive antagonist,
[3H]-BRI.-43694; a Kd of 3.53 = 0.3 nM was obtained. In Fig. 2C, colchicine (25 nM to
ImM) did not displace [3H]-BR1.-43694 (3.5 nM). These results suggest that colchicine
does not act at the 5-HT recognition site.

Allosteric modulation of ligand-gated ion channels produce shifts in agonist
concentration response curves, resulting in altered agonist ECsy’s in electrophysiological
studies and in binding studies (Sigel and Buhr, 1997). For example, benzodiazepine
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agonists such as diazepam produce shifts in the GABA or GABA agonist, muscimol,
concentration response curves of the GABA, receptor to the left, and benzodiazepine
inverse agonists produce rightward shifts of the GABA or muscimol concentration response
curves. Benzodiazepines produce these changes by altering the affinity of GABA and other
GABA agonists at their recognition site. To determine whether colchicine alters the affinity
of 5-HT, we measured the displacement of [3H]-BRL-43694 by 5-HT (0.25 nM — 500 uM)
in the absence and presence of colchicine (300 and 1000 uM) (Table 2). A similar approach
has been used to examine PNU-69176E s allosteric modulation of 5-HT displacement of
[3H]-mesulergine at the 5-HT recognition site of the 5-HT2C receptor (Im et al., 2003). We
reasoned that if colchicine decreases the affinity of 5-HT at the 5-HT recognition site in the
mouse receptor, then the potency of 5-HT in displacing [3H]-BRL-43694 would be reduced.
In the absence of colchicine, the 5-HT K was 311 £+ 0.5 nM. Colchicine (200 and 1000
uM) significantly increased the K; values of 5-HT to 406 +0.37 and 1250 + 150 nM,
respectively (Table 2). These results suggest that colchicine acts at an allosteric site to
modulate mouse 5-HT34 receptor function.

Effects of Colchicine on 5-HT-Evoked Currents in Xenopus Qocytes Expressing
Human S-HT34Rs. In contrast with the mouse receptor, colchicine (300 uM) enhanced
currents evoked by 5-HT (0.5 pM), an ~ ECs (Fig. 3A) in the human 5-HT34 receptor. The
ECsg for 53-HT is 1.39 + 0.06 pM. Stimulation occurred in the absence of preincubation.
Colchicine quickly washed out, as a baseline response was observed with the next

application of 5-HT (0.5 uM). To further explore the potentiating effects of colchicine on
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human 5-HT;34R function, a colchicine (10 uM to 1000 uM) concentration response curve
was generated in the presence of 0.5 uM 5-HT (Fig. 3B). Colchicine enhanced 5-HT-
evoked currents at concentrations as low as 25 uM, and the potentiation reached the
maximum when the colchicine concentration was increased to 750 uM (~ 100%). A
colchicine ECsg of 226.6 + 25.1 uM was obtained. Colchicine (200 pM or 10 mM) in the
absence of 5-HT produced no detectable current in oocytes expressing the human 5-HT34R
(data not shown). Therefore, colchicine enhances human receptor function at a site other
than the 5-HT recognition site.

Potentiating Effect of Colchicine at the HHuman 3-HT;34R is S-HIT-Concentration
Dependent and Microtubule Independent. Figure 3C shows the percent change induced
by colchicine (300 uM) of 5-HT (0.5- 10 uM) mediated currents. Colchicine enhanced 0.5
uM 5-HT mediated currents, but had no effect on 1 uM 5-HT (~ ECyp) evoked currents. At
3 and 10 uM 5-HT, colchicine had inhibitory actions. As a putative positive allosteric
modulator, colchicine’s enhancement of receptor function would be predicted to decrease as
5-HT concentrations increased. As probability of opening is increased with higher 5-HT
gating concentrations, there is less ability of a positive allosteric drug to increase it further.
The inhibition of human receptor function at high concentrations of 5-HT is likely due to an
additional inhibitory site on the receptor. We predict that this site has a lower affinity for
colchicine than the positive allosteric site. At high concentrations of 5-HT, the positive
allosteric modulation of colchicine (300 uM) would be masked, leaving the inhibitory

effects to predominate.
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To further examine the putative stimulatory and inhibitory colchicine sites on the
human 5-HTjs4 receptor, we performed binding assays. In Fig. 4A, saturation binding
experiments were done with the 5-HT3R competitive antagonist, [3H]-BR1.-43694; a Kd of
2.58 £ 0.6 nM was obtained. In Fig. 4B, colchicine (25 nM to 1mM) did not displace [3H]-
BRL-43694 (2.6 nM). These results also suggest that colchicine does not act at the 5-HT
recognition site of the human receptor. We next examined the ability of colchicine to alter
the displacement of [3H]-BRI.-43694 by 5-HT (Table 2). In the absence of colchicine, the
5-HT K; was 1530 + 230 nM. Colchicine (300 uM) significantly decreased the K; value of
5-HT to 738 + 0.64 nM. In contrast, colchicine (1000 uM) increased the K; value of 5-HT
to 2940 + 240 nM. These results suggest that colchicine acts at two possible allosteric sites
on the human 5-HT; 4 receptor.

To test whether colchicine potentiates the function of the human receptor through a
microtubule dependent mechanism, oocytes were incubated in ice-cold MBS for at least 2 h
prior to recording (Table 1). Colchicine (300 uM) enhanced 0.5 uM 5-HT-mediated
currents by 90.3 + 4.3%, which is not significantly different than that (79.3 + 8.7%)
recorded in oocytes at room temperature. Likewise, colchicine (300 uM) induced inhibition
of 10 mM 5-HT mediated responses was similar between oocytes incubated for 2 hours on
ice (39 + 7.9%) and oocytes maintained at room temperature (34 + 5.1%).

The Species-Selective Colchicine Actions on Mouse and Human S5-HT;34Rs are
Conferred by Their N-terminal Extracellular Domains. We have determined that
colchicine is both a positive allosteric modulator and inhibitor of the human receptor, while
it is an antagonist of the mouse receptor. Studies using nACh/5-HT3 receptor chimeras
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have shown that the ligand binding domains of the receptors are in the N-terminus (Eiselé et
al., 1993; Craig et al., 2004). To correlate species-differential colchicine actions to defined
structural domains of 5-HT34Rs, we constructed four chimeric receptor cDNAs as
previously published (Zhang et al., 2006). The first chimera was designated H239M and
contains the entire N-terminal domain of human receptor cDNA and the balance of the
mouse 5-HT32R ¢cDNA. The second chimera, M244H , is a mirror image of the first and
consists of the entire N-terminal domain of mouse receptor cDNA and the balance the
human receptor cDNA. The third chimera, M181H239M is the mouse receptor cDNA in
which the distal one-third of the N-terminus is replaced by human receptor cDNA, and the
fourth corresponding human receptor chimera is H176M244H, in which the distal one-third
of the human receptor cDNA is replaced by mouse receptor cDNA.

These chimeric receptors, along with their parental receptors, mouse wild-type
receptor (MWT) and human wild-type receptor (HW'T), were expressed in Xenopus oocytes,
and the responses to 5-HT (0.5 uM) or 5-HT (0.5 pM) plus colchicine (300 uM) were
measured. Serotonin concentration response curves were performed, and ECs; values and
Hill coefficients for each receptor construct are listed in Table 2. Percent change induced
by colchicine is represented in Fig. 5. In receptors containing the human receptor N-
terminus, colchicine enhanced 5-HT evoked currents. Potentiation of 64.3 + 3.5 and 52.8 +
5% were observed in HW'T and H239M receptors, respectively. Potentiation of 35.3 + 3.3%
was measured in M181H239M receptors, which suggests that the distal one-third of the N-
terminus is sufficient to confer positive allosteric modulation by colchicine. However, the

enhancement produced by colchicine was significantly less in the M181H239M than the
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HWT receptor, suggesting that residues in the other two-thirds of the human receptor N-
terminus may play a role in determining colchicine’s efficacy. Inhibition by colchicine (300
nM) was produced in receptors containing the mouse receptor N-terminus. Inhibition of
91.7+ 1.8, 83.4 + 2.6, and 91.7 + 1.1% were determined in MWT, M244H, and
H176M244H receptors, respectively. Thus, replacement of the distal one-third of the
human receptor with that of the mouse receptor was sufficient to confer colchicine-induced
inhibition.

The Distal One-Third of the N-termini of 5-HT;4Rs Confer Positive Allosteric
Modulation in the Human Receptor and Competitive Antagonism in the Mouse
Receptor. To characterize further the role of the distal one-third of the N-terminus in the
species-selective colchicine action, we performed colchicine concentration response curves
in MWT, HWT, H176M244H, and M181H239M receptors. In Fig. 6A, colchicine
concentration response curves were conducted in the presence of 0.5 uM 5-HT, an ECy, for
both MWT and H176M244H receptors. Colchicine inhibited 0.5 uM 5-HT mediated
currents with the same potency in both receptor constructs, suggesting that replacement of
the last one-third of human receptor with that of the mouse receptor is sufficient to generate
a receptor that is virtually identical to the MWT receptor in its direction of modulation by
and sensitivity to colchicine. In Fig. 6B, a representative tracing of the inhibitory action of
colchicine (300 uM) at the H176 M244H receptor is shown.

The actions of colchicine at the MWT receptor were compared with that at the
M181H239M receptor (Fig. 7A). A 1 uM 5-HT concentration, which represents ~ an
ECs; for both receptor constructs, was used. An ECs, concentration of 5-HT was chosen
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for two reasons. Inthe MWT receptor, 1 uM 5-HT mediated currents were predicted to
be inhibited in a concentration dependent manner. Secondly, in the human receptor, an
ECsy concentration of 5-HT would not be predicted to produce currents that could be
enhanced by colchicine, given that 1 pM 5-HT (ECy) in the human receptor was
unaffected by colchicine (Fig. 3C). If anything, the actions of colchicine on 1 pM 5-HT
mediated currents in M181H239M might be predicted to be slightly inhibitory, given the
inhibition of 45% and 27% of 3 uM (ECss) and 10 uM (ECjg0) 5-HT in HWT receptor
(Fig. 3C). In Fig. 7A, the MWT receptor is inhibited by colchicine with an ICsp of 96.5 +
6 uM, whereas the M181H239M receptor was unaftected by colchicine (10-500 uM).
These results demonstrate that replacement of the distal one-third of the mouse receptor
with that of the human receptor is sufficient to remove the inhibitory actions of
colchicine in the mouse receptor.

A full concentration response curve was generated in the M181H239M receptor
in Fig. 7B. Colchicine (25- 1000 uM) enhanced 5-HT mediated currents in the chimeric
receptor, with an ECsp of 296.4 + 97.4%, with a slightly smaller potency and less efficacy
than that seen in the HWT receptor. Thus, in the 5-HT3 4R, if the distal one-third of the
N-terminus is human-like, potentiating actions of colchicine will be observed. However,
amino acids in the first two-thirds of the N-terminus may play a role in determining
colchicine efficacy. Figure 7C is a typical tracing of the allosteric modulatory actions of

colchicine (300 uM) in the M181H239M receptor.
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DISCUSSION

A number of studies investigating the relationships between members of the
superfamily of 1.GICs and cytoskeleton intermediary proteins suggest that their associations
play an important role in receptor distribution and function (review by Chen and Olsen,
2007, Antolik et al., 2007; Sun et al., 2008). In the present study we investigated
colchicine, a chemical compound more commonly known for its microtubule-
depolymerizing actions. Previous studies reported that colchicine acts as a competitive
antagonist at the Gly a1 and a2 receptors (Machu, 1998) and at GABA4Rs (Bueno and
Leidenheimer, 1998). The antagonism at these receptors was independent of the
microtubule depolymerizing function of colchicine. Results from the present study show
that colchicine inhibits 5-HT currents at the mouse 5-HT;,R, while at the human 5-HT3 4R,
both potentiation and inhibition are observed. Furthermore, the potency of colchicine at the
mouse 5-HT3R is similar to that seen at the GABAJR and slightly higher than that at the
GlyR 2.

Concordant with results reported for the GlyRa2 and the GABA 4Rs, the actions of
colchicine at the 5-HT34R are independent of microtubule depolymerization.
Depolymerization of microtubules with colchicine takes at least 1.5 h to reach equilibrium
at 30 °C (Owellen et al., 1972). Therefore, colchicine would not be expected to produce an
immediate effect on the function of 5-HT34Rs if it were working through a microtubule
dependent mechanism. As predicted, colchicine's inhibition of mouse 5-HT54R function
occurred in the absence of preincubation. Other evidence that colchicine acts directly at the

mouse 5-HT34R include experiments conducted under cold temperatures. Qocyte
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microtubules are known to be completely depolymerized after 2 h of incubation at 4 °C
(Gard, 1991). Additionally, microtubule depolymerization induced by colchicine does not
occur at cold temperatures (Wilson et al., 1974). No significant change in colchicine-
induced inhibition was observed in 5-HT-mediated currents in oocytes incubated on ice for
2 h. Furthermore, both potentiating and inhibitory effects of colchicine on the human 5-
HT;4R were preserved in oocvtes incubated on ice for 2 h. Our results do not exclude the
possibility that microtubules play a role in the synaptic localization of LLGICs, rather they
demonstrate a direct effect of this microtubule-depolymerizing agent on yet another member
of the LGIC family.

Another major finding of the present study is that colchicine acts in a dissimilar
manner at mouse and human 5-HT3,Rs, despite the fact that they share 84% amino acid
identity. In the human receptor, colchicine enhances 5-HT mediated currents at low 5-
HT concentrations and inhibits function at higher 5-HT concentrations. In contrast,
colchicine has inhibitory actions at the mouse receptor. Colchicine did not displace [3H]-
BRI 43694 binding in mouse or human 5-HT;4 receptors, and therefore does not act at
the ligand recognition site. In agreement with the binding experiments, colchicine
applied in the absence of 5-HT did not produce any detectable currents in mouse or
human receptors. We suggest that colchicine acts at an allosteric site to produce
opposing actions in human and mouse receptors, i.e., as an agonist and inverse agonist,
respectively. Results of our radioligand binding assays strengthen this hypothesis. When
colchicine (300 uM and 1000 uM) was co-applied with 5-HT, a significant decrease in

the potency of 5-HT at the MWTA receptor was observed. However in the HWTA
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receptor, 300 uM co-application of colchicine resulted in a significant increase in 5-HT
potency while 1000 uM co-application of colchicine led to a significant decreased in 5-
HT potency (table 2). These findings parallel the bi-directional modulation of GABAAR
function by ligands binding to the BZD recognition site (reviewed in Sigel and Bubhr,
1997). BZD analogs are agonists, antagonists, or inverse agonists, but we are unaware of
any single compound subserving a function as agonist in one GABA4R subunit
combination and inverse agonist in another.

Further examination of the potentiating actions of colchicine at the human 5-
HT; 4R revealed that potentiation decreased as the concentration of co-applied 5-HT
increased, which is similar to results obtained with BZD agonists at the GABA R,
However, unlike BZD’s actions at the GABAJR, when co-applied with 5-HT
concentrations >1 uM, colchicine acted as an inhibitor at the human receptor, thus
suggesting that a second inhibitory allosteric site may exist in the human 5-HT3,R. If a
second site exists in the mouse receptor, it would have a lower affinity than the human
receptor for colchicine, based on the lack of inhibitory action of colchicine (10 — 500
uM) at mouse chimeric receptor M181H239M. Such a putative site could exist in any
part of the receptor, but a channel binding domain is doubtful, given that the
transmembrane (TM) two domains which contain the pore lining residues are identical
between the two species.

A major goal of the present study was to investigate the amino acid domains
responsible for the switch between positive allosteric modulation in the human 5-HT34R

and inverse agonism in the mouse receptor by colchicine. The agonist binding domain of
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cys-loop receptors is located in the N-terminus at the interface of two subunits. Loops A,
B, and C are in the principal component of the LBD, and Loops D, E, and F are on the
complementary face of the binding domain (Brejc et al., 2001). In addition to agonist
ligands, allosteric modulators are also known to bind to the N-terminus domain of cys-
loop receptors, with the best known example being BZDs, which bind to the interface of
oy subunits of GABA,Rs (Siegel, 2002). Loops C and F have been reported to play a
critical role in differential pharmacological actions of drugs on both 5-HT;4 and
GABAARs (Zhang et al., 2006, Zhang et al., 2007; Padgett and Lummis, 2008). There
are 16 differences between mouse and human receptors in the distal third of the N-
terminus, seven in Loop C and nine in or within proximity of Loop F. To explore the N-
terminus as the potential location for the colchicine binding site, we created mouse-
human and human-mouse chimeric receptors. The first set of chimeras consisted of
whole N-terminal substitutions. The function of the mouse-human chimera, in which the
N-terminus was mouse-like, was inhibited by colchicine. In contrast, the function of the
mirror image human-mouse chimera receptor was enhanced by colchicine. The distal
one-third of the N-terminus was substituted in the second set of chimeras. Substitution of
the distal one-third of the human receptor with that of the mouse yielded a chimera,
H176M244H, whose function was inhibited by colchicine in the presence of 0.5 uM 3-
HT; the IC50s were similar for H176 M244H and MWT. The converse effects were
observed in the mirror image chimera, M181H239M, in which the distal one-third of the
N-terminus of the mouse receptor was replaced with that of the human receptor. These

results suggest that the site responsible for colchicine’s allosteric modulation of function
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at low gating concentrations of 5-HT is located in the distal one-third of the N-termini of
mouse and human 5-HT3,4 receptors.

The underlying mechanism through which Loops C and/or F determine the
direction of allosteric modulation of colchicine in mouse and human 5-HT;,Rs remains
to be determined. Our binding and electrophysiological studies demonstrated that
colchicine does not compete with [3H]-BRL-43694 and 5-HT, respectively, at the 5-HT
recognition site. Since every subunit interface is identical in the 5-HT34R, colchicine and
BRI1.-43694 would be expected to compete, should they both bind at the junction of two
subunit interfaces. Thus, these results strongly suggest that amino acid differences in the
N-terminus of mouse and human 5-HTz,Rs exert their differential actions by affecting
gating, not binding. These loops have also been shown to play a significant role in
modulation of GABA-induced currents by BZDs and other drugs binding at the BZD
binding site on the GABA,R (Sancar et al., 2007; Padgett and Lummis, 2008). The role
of Loops C and F in the GABA-BZD modulatory mechanism differs from the proposed
role of these loops in colchicine modulation in that Loops C and F likely induce
conformational changes that affect gating of the 5-HT;,R. In the GABA,Rs these loops
are thought to not only affect gating, but also play a direct role in stabilization of BZD
binding site. The binding site(s) for colchicine in the mouse and human 5-HT; 4 receptors
could be in regions of the N-terminus that do not form the ligand binding domains or in
the transmembrane domains. Residues in TM1 and TM2 domains of the &7 nAChR have
recently been identified as strong candidates for binding of positive allosteric modulators

(Young et al., 2008).
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A number of clinical compounds targeting the 5-HT; 4R are currently in use (see
review by Thompson and Lummis, 2007). A better understanding of the mechanisms
underlying binding, gating, and allosteric modulation of this receptor can potentially
advance drug development. The data from this study further supports existing evidence
of a critical role for Loops C and F in function of the 5-HT;4R and introduces colchicine
as a powerful tool in dissecting the molecular interactions in the 5-HT34R that are

responsible for receptor modulation.
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LEGENDS FOR FIGURES

Figure 1. Antagonist potency of colchicine at the mouse S-HT34R. A: Representative
tracings of currents produced in a single oocyte expressing mouse 5-HT34Rs. Serotonin,
0.5 uM was applied for 30 s to obtain a baseline current. Serotonin, 0.5 uM, was applied
in the absence or presence of colchicine (300 uM) for 30 s. An inhibition of ~92 % of
the 0.5 uM 5-HT induced baseline current was observed for the receptor. Washout of
colchicine inhibition was observed with the next application of 5-HT five min later. B: A
concentration-response curve for colchicine was generated in oocytes expressing mouse
5-HT34Rs (n=4-7). Colchicine (1-300 uM) was co-applied with 0.5 uM 5-HT for 30 s.

An ICsp of 59.5 =3 uM was obtained. The Hill coefficient was 1.3 + 0.08.

Figure 2. Colchicine antagonizes mouse S-HT33Rs. A: Concentration-response
curves for colchicine were generated in oocytes expressing the mouse 5-HT34R (n=3-3).
Serotonin concentration response curves were generated in the presence of colchicine 0,
200, 1000 and 10,000 pM. The ECsgs generated for each of the curves were 0.93 + 0.04,
3.7+0.3,13.4 + 2.4, and 81.4 + 3.3 uM, respectively. B: ["H]-BRL-43694 binding to
MWTA 5-HTj34 receptor rich membranes. Membranes were incubated for 2 hours with

increasing concentrations of ["’H]-BRL-43694 (0.1 nM — 23 nM). Total ( ¥ ), specific (

B) and non-specific (4 ) binding. Non-specific binding was measured with MDI1.-7222
(3-tropanyl-3, 5-dichlorobenzoate), and specific binding was calculated by subtracting

non-specific from total binding. Scatchard plot of the binding data shown. The Kd (3.5 +
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0.3 nM) was calculated as the negative reciprocal of the slope of three separate
experiments. C: Colchicine displacement of [’H]-BRL-43694 binding to MWTA 5-
HT; 4 receptor rich membranes. Membrane was incubated (2 hours) with increasing
concentrations of colchicine (25 nM — 1 mM) and [3H]-BRL-43694 at the Kd = 3.5 nM.
Total ( ¥ ), specific ( ™) and non-specific (4 ) binding. Non-specific binding was
measured with MDL-7222 (3-tropanyl-3, 5-dichlorobenzoate), and specific binding was
calculated by subtracting non-specific from total binding. No displacement of the

radioligand was observed.

Figure 3. Interaction of colchicine with the human S-HT;4R. A: Colchicine enhances
currents evoked by 0.5 uM 5-HT in oocytes expressing the human 5-HT;34R. Serotonin,
0.5 uM was applied for 30 s to obtain a baseline current. Colchicine (300 uM) was co-
applied with 5-HT, 0.5 uM, for 30 s. A potentiation of ~75 % of the baseline current was
observed in this receptor. Washout of colchicine-induced potentiation was observed with
the next application of 5-HT five min later. B: A concentration-response curve for
colchicine (10-1000 nM) was generated in oocytes expressing human 5-HT34Rs (n=4-5).
An ECs for colchicine of 226.6 + 25.1 uM and a Hill coefficient of 2.38 + 0.64 were
determined. C: The potentiating actions of colchicine at the human 5-HT54R is 5-HT-
concentration dependent and microtubule independent. Colchicine, 300 uM, was co-

applied with 5-HT, 0.5, 1, 3, or 10 uM for 30 s (n=3-4). The effect of colchicine was
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expressed as a percent of the baseline current produced by the respective concentration of

5-HT alone.

Figure 4. Colchicine action at the human 5S-HT3ARs. A: [3H]-BRI1.-43694 binding to
HWTA 5-

HT3A receptor rich membranes. Membranes were incubated for 2 hours with increasing
concentrations of [3H]-BRL-43694 (0.1 nM — 23 nM). Total ( ), specific ( ) and non-
specific () binding. Nonspecific binding was measured with MDL-7222 (3-tropanyl-3, 5-
dichlorobenzoate), and specific binding was calculated by subtracting non-specific from
total binding. Scatchard plot of the binding data shown. The Kd (2.58 + 0.5 nM) was
calculated as the negative reciprocal of the slope of three 3-5 separate experiments. B:
Colchicine displacement of ['H]-BRL-43694 binding to HWTA 5-HT; receptor rich
membranes. Membrane was incubated (2 hours) with increasing concentrations of
colchicine (25 nM — 1 mM) and [3H]-BRL-43694 at the Kd = 2.58 nM. Total ( ¥),
specific ( M) and non-specific (4 ) binding. Non-specific binding was measured with
MDL-7222 (3-tropanyl-3, 5-dichlorobenzoate), and specific binding was calculated by

subtracting non-specific from total binding. No displacement of the radioligand was

observed.

Figure 5. Amino acid domains in the N-termini are involved in species-selective
colchicine actions on the mouse and human 5-HT;34Rs. Responses of the wild-type or

chimeric receptors to colchicine (300 uM) in the presence of 0.5 pM 5-HT were
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measured. The schematic representations of the chimeric receptors tested are shown at
the bottom of the diagrams. Oocytes expressing wild-type or chimeric receptors were
perfused with 5-HT in the absence or presence of colchicine (300 uM). The bar graphs
represent percent change by induced by colchicine (300 uM), n=4-21. One-way
ANOVA demonstrated a significant effect of mutation (/' (s 39y = 244.94, p < 0.0001).
Student-Newman-Keul's post-hoc test revealed that the colchicine-induced modulation in
MI181H239M, H176M244H, M244H, and MWT receptors was significantly different

than that in the HWT receptor (p < 0.001).

Figure 6. The distal one-third of the N-termini of the mouse 5-HT3sR confers
colchicine’s inhibitory effects. A: A colchicine concentration response curve in the
H176M244H receptor was generated and compared with that obtained for the MWT
receptor. Serotonin mediated currents were measured in the absence and presence of
colchicine (1-500 uM) (n=3-9). A colchicine ICsq of 45.72 + 2.28 uM, and a Hill
coefficient of 1.12 + 0.07 were obtained for the H176M244H receptor, which is similar to
that obtained in the MWT receptor. B: Representative tracings of currents produced in a
single oocyte expressing H176M244H 5-HT35Rs. Serotonin, 0.5 uM was applied for 30
s to obtain a baseline current. Serotonin, 0.5 uM, was applied in the presence of
colchicine (300 uM) for 30 s. An inhibition of ~93 % of the 0.5 uM 5-HT induced
baseline current was observed for the receptor. Washout of colchicine inhibition was

observed with the next application of 5-HT five min later.
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Figure 7. The distal one-third of the N-termini of the human 3-HT;4Rs confers
colchicine’s stimulatory effects. A: The actions of colchicine, 1-500 uM, were
compared in the MWT and M181H239M receptors. In both constructs, 1 pM 5-HT was
used; this concentration is ~ an ECsg for both. Replacement of the distal one-third of the
N-terminus of the mouse receptor with that of the human receptor is sufficient to remove
inhibitory effects of colchicine (1-500 pM). An ICso 0f 96.5 + 6 uM, and a Hill slope of
1.4 + 0.12 were obtained for the MWT receptor. B: A colchicine concentration response
curve in the M181H239M receptor was generated and compared with that obtained for
the HWT receptor. Serotonin mediated currents were measured in the absence and
presence of colchicine (1-1000 uM) (n=4-21). A colchicine ECsy 0of 296.4 + 97.4 uM,
and a Hill coefficient of 1.09 + 0.59 were obtained for the M181H239M receptor. C:
Colchicine enhances currents evoked by 0.5 uM 5-HT in oocytes expressing the
M181H239M 5-HT;4R. Serotonin, 0.5 uM was applied for 30 s to obtain a baseline
current. Colchicine (300 uM) was co-applied with 5-HT, 0.5 uM, for 30 s, and
potentiation of 5-HT-mediated currents was observed. Washout of colchicine-induced

potentiation was observed with the next application of 5-HT five min later.
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Table 1. Effect of temperature on colchicine modulatory actions on human and mouse 5-HT34Rs

5-HT34R MWT HWT
Colchicine S0 uM 200 uM 300 pM 1000 uM
Temperature 22°C 4°C/2hrs 22°C 4°C/2hrs 22°C 4°C/2hrs 22°C 4°C/2hrs

% Change 429+ 50 434+30 804+60 3B15+25 793+ 87 903143 -390+ 79 -343+ 5.0

171



JPET #146522

Table 2. Colchicine effects on 5-HT potency at both MWTA and HWTA receptors.

5-HT;34 Construct MWTA HWTA
[’H]-BRL-43694 Kd (nM) 35303 2.58+0.6
Colchicine Ki (nM) N/A N/A
5-HT Ki (nM) 311+ 0.5 1530 + 230
5-HT + 300 uM Colchicine Ki (nM) 406 + 0.37* 738 + 0.64°
5-HT + 1000 pM Colchicine Ki (nM) 1250 + 150° 2940 + 0.15

ip < 0.05 and ®p < 0.01 compared to 5-HT Ki for MWTA; °p < 0.05 and ‘p <
0.01 compared to 5-HT Ki for HWTA, Student's t-test.
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Table 3. Serotonin Concentration Response Curve Values for Human and Mouse 5-HT34Rs

5-HTs4-R MWT M244H  MI81H239M H176M244H H239MHWT
5-HT ECso(uM) ~ 0.92:0.06 1.22:0.05 1.21+0.03 1.65:0.34 3.940.21.39:0.06
Hill Number 2.8 2.1 3.2 1.8 2.6 2.7
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