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ABSTRACT

There is increasing evidence for a role of 5-hydroxytrypta-
mine-6 (5-HTg) receptors in cognitive function. In the rat and
human brain, 5-HT4 receptors are widely expressed and highly
enriched in the basal ganglia. However, in the mouse brain, only
very low levels of 5-HT4 receptor mRNA and receptor protein,
measured by TagMan reverse transcriptase-polymerase chain
reaction and selective radioligand binding, could be detected,
with no evidence of enrichment in the basal ganglia. The mouse
receptor was cloned and transiently expressed in human em-
bryonic kidney 293 cells to characterize its pharmacological
profile. Despite significant sequence homology between hu-
man, rat, and mouse 5-HTg receptors, the pharmacological
profile of the mouse receptor was significantly different from
the rat and human receptors. Four amino acid residues, con-

served in rat and human and divergent in mouse receptors,
were identified, and various mutant receptors were generated
and their pharmacologies studied. Residues 188 (tyrosine in
mouse, phenylalanine in rat and human) in transmembrane
region 5 and 290 (serine in mouse, asparagine in rat and hu-
man) in transmembrane region 6 were identified as key amino
acids responsible for the different pharmacological profiles.
Molecular modeling of the receptor and docking of selective
and nonselective compounds was undertaken to elucidate the
ligand receptor interactions. The binding pocket was predicted
to be different in the mouse compared with rat and human
5-HT4 receptors, and the models were in excellent agreement
with the observed mutation results and have been used exten-
sively in the design of further selective 5-HT4 antagonists.

The 5-hydroxytryptamine-6 (5-HTg) receptor is one of 14
distinct mammalian 5-HT (serotonin) receptors expressed in
the central nervous system through which 5-HT exerts a
wide variety of physiological and behavioral effects. The rat,
human, and, more recently, mouse 5-HT, receptors have
been cloned and are positively coupled to adenylyl cyclase
when expressed in cell lines (Monsma et al., 1993; Ruat et al.,
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1993; Kohen et al., 1996, 2001). The 5-HTy receptor has a
unique pharmacological profile, including a high affinity for
both typical, such as chlorpromazine and amoxapine, and
atypical, such as clozapine and olanzapine, antipsychotics
(Monsma et al., 1993; Roth et al., 1994; Kohen et al., 1996).
Radiolabeled analogs of 5-HT receptor antagonists have now
been developed and characterized; both [*H]Ro 63-0563 and
[12°T]SB-258585 have been shown to selectively label native
5-HT, receptors (Boess et al., 1998; Hirst et al., 2000). These
tools have allowed the pharmacology of the 5-HTy receptors

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine; RT-PCR, reverse transcriptase-polymerase chain reaction; ECL2, second extracellular loop; HEK,
human embryonic kidney; [®HILSD, [N-methyl-3H]lysergic acid diethylamide; LSD, lysergic acid diethylamide; TM, transmembrane; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; 5-MeO-T, 5-methoxytryptamine; SB-271046, 5-chloro-3-methyl-benzo[b]thiophene-2-sulfonic acid
(4-methoxy-3-piperazin-1-yl-phenyl)-amide; SB-258510, 5-chloro-N-[4-methoxy-3-(4-methylpiperazin-1-yl)phenyl]-3-methyl-2-benzothiophene-
sulfonamide; SB-258585, 4-iodo-N-[4-methoxy-3-(4-methyl-piperazin-1-yl)-phenyl]-benzenesulfonamide; SB-214111, 4-bromo-N-[4-methoxy-3-
(4-methyl-piperazin-1-yl)-phenyl]-benzenesulfonamide; SB-357134, N-(2,5-dibromo-3-fluorophenyl)-4-methoxy-3-piperazin-1-ylbenzenesulfon-
amide; BRL-34849, trans-4a,5,6,7,12,12c-hexahydro-5-methyl-4H-5,7a-diazabenzo[5,6]cyclohepta[1,2,3,4-def]fluorine; BRL-34969, trans-
1,2,3,3a,4,5,9,14a-octahydro-3-methyldibenzo[bef]-pyrazino[3,2,1-jk][1]benzazepine; Ro 04-6790, 4-amino-N-(2,6 bis-methylamino-pyrimidin-4-
yl)-benzene sulfonamide.
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in the striatum to be fully characterized and compared with
the recombinant receptors expressed in cell lines (Boess et
al., 1998; Hirst et al., 2000).

In the rat brain, 5-HTg receptor mRNA, detected by North-
ern blot analysis, in situ hybridization, or RT-PCR, has been
localized to the olfactory tubercle, nucleus accumbens, stria-
tum, hippocampus, and cerebral cortex (Monsma et al., 1993;
Ruat et al., 1993; Ward et al., 1995; Gerard et al., 1997;
Grimaldi et al., 1998). Immunocytochemistry at the light and
electron microscope levels have shown 5-HTg receptor-like
immunoreactivity to be associated with dendritic processes
in both the striatum and hippocampus of adult rats (Gerard
et al.,, 1997; Hamon et al., 1998). These data are largely
supported by a recent autoradiographic study with the use of
the selective radioligand [*2°T]SB-258585 (Roberts et al., 2002).

The distribution of the 5-HTg receptor in human brain is
less well characterized. Northern blot analysis revealed high-
est expression levels of 5-HT receptor mRNA in the caudate
nucleus (Kohen et al., 1996), whereas a more recent study
using receptor autoradiography investigated the distribution
of 5-HT4 receptors in postmortem samples from schizo-
phrenic and normal patients and showed a distribution pat-
tern similar to that in the rat brain (East et al., 2002).

The physiological role of 5-HT4 receptors in the brain is not
yet clearly understood. However, localization of 5-HTg recep-
tors to both basal ganglia and limbic structures suggests that
this receptor may participate in the serotonergic control of
motor function, mood-dependent behavior, depression, and
cognition. Before the development of selective 5-HTq receptor
antagonists, studies using antisense oligonucleotides to re-
duce the number of receptors suggested that the 5-HTg re-
ceptor may be involved in the modulation of cholinergic neu-
ronal function (Bourson et al., 1995), in increased 5-HT
release induced by conditioned fear stress (Yoshioka et al.,
1998) and in anxiogenic behavior (Hamon et al., 1998). Re-
ports on the selective 5-HTg receptor antagonist Ro 04-6790
(Sleight et al., 1998; Bentley et al., 1999) suggest that this
antagonist elicits behavioral effects similar to those de-
scribed by the same group when they administered antisense
oligonucleotides to the 5-HT receptor (Bourson et al., 1995).
In addition, studies with the selective 5-HTg receptor antag-
onists SB-271046, SB-357134, and Ro 04-6790 (Sleight et al.,
1998; Bromidge et al., 1999, 2001; Routledge et al., 2000;
Stean et al., 2002) support a role for 5-HTy receptors in
cognitive function (Meneses, 2001; Rogers and Hagan, 2001;
Woolley et al., 2001).

The present study was initiated after preliminary experi-
ments in mouse brain homogenates suggested that there was
no specific binding of the selective radioligand ['2°I]SB-
258585 to 5-HTg receptors. We therefore compared the dis-
tribution of 5-HTg receptor protein and mRNA in discrete
regions of mouse, rat, and human brain. In addition, we
cloned the mouse receptor and demonstrated that its phar-
macological profile was markedly different from that of the
other species. Site-directed mutagenesis studies were then
performed to identify which of the few amino acid residues
that differed between the species could be responsible for this
pharmacological divergence. In addition, radioligand binding
data on the wild-type and mutant receptors were used to
explore the three-dimensional structure of the 5-HTg recep-
tor. A preliminary account of some of the data have been
presented in abstract form (Hirst et al., 2002).

Materials and Methods

Materials. [N-methyl-*H]lysergic acid diethylamide ([*H]LSD)
was purchased from Amersham Biosciences UK, Ltd. (Little Chal-
font, Buckinghamshire, UK). [1?°T]SB-258585 was synthesized, un-
der contract, by Amersham Biosciences as described previously
(Hirst et al., 2000). Lysergic acid diethylamide (LSD), 5-HT, mian-
serin, and methiothepin were from Sigma Chemical (Poole, Dorset,
UK). SB-271046, SB-258510, SB-258585, SB-214111, SB-357134,
BRL-34849, BRL-34969, and Ro 04-6790 were synthesized by Glaxo-
SmithKline (Harlow, Essex, UK). The structures of these compounds
are shown in Fig. 1. Cell culture reagents were obtained from In-
vitrogen (Paisley, UK). All other reagents were obtained from Sigma
or Merck-BDH (Lutterworth, Leicestershire, UK) and were of ana-
lytical grade.

Membrane Preparation and Radioligand Binding. Striatal
tissue from adult male rats (Sprague-Dawley, 200-250 g; Charles
River, Margate, Kent, UK), adult male mice [CD-1, 20 g (Charles
River), and C57/Bl6, 25 g (Harlan UK Ltd., Blackthorn, Bicester,
UK)], and human caudate putamen tissue (from three nonidentifi-
able patients aged 64 to 76 years, whose cause of death was non-
neurological, from Resource, Institute of Neurology, London, UK;
approved by a local ethics committee) were prepared as described
previously (Hirst et al., 2000).

Membranes were resuspended in a buffer containing 50 mM Tris-
HCl, 10 uM pargyline, 5 mM MgCl,, 5 mM ascorbate, and 0.5 mM
EDTA, pH 7.4, and incubated with 0.1 nM [*2°I]SB-258585 (specific
activity, 2000 Ci/mmol) for 45 min at 37°C. Nonspecific binding was
measured in the presence of 10 uM methiothepin. The experiments
were terminated by rapid filtration through Whatman GF/B filters
(Semat International, St. Albans, UK), pretreated with 0.3% (v/v)
polyethylenimine, and washed with 9 ml of ice-cold buffer. Radioac-
tivity was determined by gamma spectrometry using a Packard
Cobra II gamma counter (PerkinElmer Life Sciences, Boston, MA).
Protein concentrations were determined using the Bradford assay
method (Bio-Rad protein assay kit; Bio-Rad, Hemel Hempstead, UK)
using bovine serum albumin as a standard.

Distribution of 5-HT; Receptor mRNA Using TagMan RT-
PCR. TagMan RT-PCR was carried out as described previously
(Medhurst et al., 1999, 2000). Human poly(A+) mRNA samples were
obtained from BD Biosciences Clontech (Palo Alto, CA), and rat and
mouse total RNA was prepared in house using TRIzol reagent (In-
vitrogen). Oligo(dT)-primed ¢cDNA synthesis was performed in trip-
licate using 200 ng of human poly(A+) mRNA or 1 ug of rat or mouse
total RNA and Superscript II reverse transcriptase according to the
manufacturer’s instructions (Invitrogen). TagMan PCR assays were
performed in 96-well optical plates on an ABI Prism 7700 Sequence
Detection system (Applied Biosystems, Foster City, CA) according to
manufacturer’s instructions. Primer sequences are shown in Table 1.
Data were analyzed using the relative standard curve method, with
each sample being normalized to GAPDH to correct for differences in
RNA quality and quantity, and data were expressed as arbitrary
units on a scale from 0 to 1 (Medhurst et al., 1999, 2000).

Cloning of 5-HT; Receptors. Human, rat, and mouse 5-HTg
receptor cDNAs were cloned by nested PCR from marathon-ready
cDNA obtained from whole brain (BD Biosciences Clontech). The
PCR enzyme used was Platinum Tag DNA polymerase (Invitrogen).
PCR was carried out according to the manufacturer’s instructions
(95°C for 2 min, then 30 cycles of 95°C for 30 s, 58°C for 30 s, and
72°C for 150 s, and then a final extension at 72°C for 7 min).
Full-length bands were visualized by gel electrophoresis, TOPO-
cloned into the mammalian expression vector pcDNA3.1/V5-His-
TOPO (Invitrogen) according to manufacturer’s instructions, and
confirmed by DNA sequencing.

Site-Directed Mutagenesis. Primers, shown in Table 1, were
designed to introduce each of the desired mutations. Mutagenesis
experiments were performed with the QuikChange site-directed mu-



tagenesis kit (Stratagene, La Jolla, CA) with use of either wild-type
mouse or rat 5-HTy receptor cDNA, in pcDNA 3.1, as a template.

All of the single mutations and the S175P/Y188F and S277G/
S290N double mutations were made using the primers shown. The
other mutations—Y188F/S277G, Y188F/S290N, Y188F/S277G/
S290N, and S175P/Y188F/S277G/S290N—were generated by excis-
ing the insert in the S175P, Y188F, or the S175P/F188Y constructs
using Sfil and HindIII and inserting into the appropriate vectors
containing the S277G, S290N, or S277G/S290N mutations. All mu-
tations were confirmed by DNA sequencing.

Cell Culture, Transfection, and Expression. Human embry-
onic kidney (HEK) 293 cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% dialyzed fetal calf serum
and 1% nonessential amino acids. Exponentially growing cells were
transfected using Lipofect AMINE 2000 (Invitrogen) according to the
manufacturer’s instructions and then incubated for 48 h. The cells
were harvested in phosphate-buffered saline, pelleted by centrifuga-
tion (1000g) and stored at —80°C before membrane preparation as
described previously (Hirst et al., 2000).

Radioligand Binding to Transfected Cell Membranes. Bind-
ing assays were carried out in a buffer containing 50 mM Tris-HCI,
10 uM pargyline, 5 mM MgCl,, 5 mM ascorbate, and 0.5 mM EDTA,
pH 7.4, and consisted of 50 ul of displacing compound or buffer, 400
ul of membrane suspension (corresponding to approximately 10-15
ug protein/well), and 50 ul of [PH]LSD (specific activity, 76-78 Ci/
mmol). Nonspecific binding was measured in the presence of 10 uM
methiothepin. In competition binding experiments, 10 concentra-
tions of the competing ligands were tested (concentration ranges,
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0.03 nM to 1 uM and 0.3 nM to 10 uM) at a final [*H]LSD concen-
tration of 2 nM. Equilibrium was attained by incubation at 37°C for
45 min, and the experiments were terminated by rapid filtration
through Whatman GF/B 96-well filter plates (PerkinElmer Life Sci-
ences) and washed with 5 ml of ice-cold buffer. Radioactivity was
determined by liquid-scintillation spectrometry with the use of Top-
Count NXT (PerkinElmer Life Sciences).

The concentration of drug inhibiting-specific radioligand binding
by 50% (IC;,) was determined by iterative curve fitting (Bowen and
Jerman, 1995). pK; values for receptor binding were then calculated
from the ICj, values, as described by Cheng and Prusoff (1973),
using the K, values determined in previous saturation binding stud-
ies. Data are expressed as the mean = S.E. mean of at least three
separate experiments. Statistical analysis of the binding affinities
was performed using Student’s ¢ test (Statistica for Windows; Stat-
Soft, Tulsa, OK).

Sequence Alignments and Transmembrane Region Predic-
tions. The sequence alignment of the rat, mouse, and human recep-
tors was performed using the Clustal W program (Thompson et al.,
1994). Transmembrane (TM) regions were identified using the hy-
dropathic analysis algorithm described by Kyte and Doolittle (1982),
as implemented in the “in-house” program GPCR_Builder (Blaney
and Tennant, 1996), together with the information on the transmem-
brane regions of the rhodopsin structure.

5-HT; Receptor Modeling and Ligand Docking. The initial
models of the TM regions of the rodent and human 5-HT receptors
were constructed by homology with the published X-ray crystal
structure of bovine rhodopsin (Polczewski et al., 2000). Alignments

Fig. 1. Chemical structures of methio-
thepin, LSD, SB-271046, SB-258510,
' SB-258585, SB-214111, SB-357134, Ro
0 04-6790, BRL-34849, and BRL-34969.

SB-271046

BRL-34969
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between the 5-HTg sequences and bovine rhodopsin were derived
from the classic motifs found in each TM region, namely the aspar-
agine in TM1, the aspartate in TM2, the “DRY” motif (ERY in
rhodopsin) of TM3, the tryptophan in TM4, and the conserved pro-
lines in TM5, TM6, and TM7. These alignments were used with the
standard homology modeling tools in the Quanta program (Accelrys,
Princeton, NJ) to construct the seven helical bundle domains of the
5-HTg receptors.

The extracellular loop regions were subsequently added using a
procedure developed in house, which makes use of a combined dis-
tance-geometry sampling and molecular-dynamics simulation
(Blaney et al., 2001). The final rat and human receptor models were
generated in a similar manner. Each model was optimized fully (500
steps of steepest descent minimization followed by adopted basis
Newton-Raphson methods for 5000 steps) with the CHARMm force
field (Accelrys) using helical distance constraints to maintain the
backbone hydrogen bonds of the helix bundle.

The diverse ligands under study (Fig. 1) all contain a basic posi-
tively charged center, and this was therefore assumed to interact
with the highly conserved aspartate residue Aspl106 on TM3 (see
Discussion). All of the ligand molecules used in this study were
initially constructed using the builder options within the Spartan
program (Wavefunction Inc., Irvine, CA) and were further optimized
at the semiempirical AM1 level using the Vamp program (Accelrys).
Some dihedral constraints were applied to maintain planarity, such
as at the sulfonamide bonds, where appropriate. The resultant struc-
tures were then used to calculate ab initio charges for subsequent
docking experiments. Natural atomic orbital charges were the ones
of choice, and these were calculated with the use of Spartan using a
3-21G* basis set. All compounds were docked manually into the
receptor models using a variety of low-energy conformations of the
ligand. Adjustments of the protein side chains were made as neces-
sary, always ensuring that these side chains were only in allowed
rotameric states. Again, full optimization of the receptor-ligand com-
plexes was performed using CHARMm; the only constraints were
those that maintained the hydrogen-bonding pattern of the helical
bundle. This procedure thus allows for the full relaxation of both the
ligand and the whole protein, which is not possible with automated
docking procedures. In all cases, several binding orientations were
found to be possible.

TABLE 1
TagMan and site-directed mutagenesis (SDM) primers

Results

Distribution of 5-HT; Receptors in Different Species.
[*2°1]SB-258585, a high-affinity and selective 5-HT, receptor
radioligand (Hirst et al., 2000), was used to compare receptor
protein levels in different regions of rat, mouse, and human
brains. Within the rat central nervous system, the highest
levels of specific binding were observed in the striatum and
nucleus accumbens (24,600 *= 1600 and 17,900 = 1700
cpm/mg protein, respectively) (Fig. 2A). Specific binding lev-
els were 5-fold lower in cerebral cortex and thalamus and
8-fold lower in hippocampus and cerebellum (Fig. 2A). These
data were determined using a single concentration of
[*2°1]SB-258585 (0.1 nM). However, a B, value (the con-
centration of receptors in a tissue) can be estimated by cal-
culating the receptor occupancy using the previously deter-
mined affinity of this radioligand at the native rat receptor
(2.8 nM) (Hirst et al.,, 2000). For the rat striatum, this
equates to 185 fmol/mg protein, a number which agrees
closely with the value determined previously using full sat-
uration and Scatchard analysis (173 fmol/mg protein) (Hirst
et al., 2000). In the homogenates from three separate human
patients, the highest levels were seen in the caudate nucleus
and putamen (52,400 = 3800 and 52,300 * 3000, respec-
tively) (Fig. 2B), suggesting an even distribution of this re-
ceptor subtype throughout the dorsal striatum. Specific bind-
ing levels in the nucleus accumbens were 28,800 = 3800
cpm/mg protein, and substantially lower levels were detected
in globus pallidus (7250 * 60 cpm/mg protein), cerebral cor-
tex (5170 = 300 cpm/mg protein), hippocampus (3200 + 95
cpm/mg protein), thalamus (2700 * 270 cpm/mg protein),
and cerebellum (2800 *+ 650 cpm/mg protein) (Fig. 2B). In a
manner similar to that described above, a B, . value can be
estimated [the previously determined affinity of the radioli-
gand in human caudate was 1.3 nM (Hirst et al., 2000)], and
for the dorsal striatum this equates to 170 fmol/mg protein.
In contrast, there was only a very low level (< 20 fmol/mg
protein) of specific binding in the mouse brain regions and a

Primer Direction

Primer Sequence

Nucleotides (from start codon)

TagMan Primers (human 5-HTj)

Sense 5'- AGGCCTCTTCGATGTCCTCA- 3’ 897-916

Probe 5'- ATGGCTGGGT TACTGTAACAGCACCATGAA- 3’ 918-947

Antisense 5'- CGCATGAAGAGTGGGTAGATGAT- 3/ 952-974
TagMan Primers (rat and mouse 5-HTjy)

Sense 5’- GCTGCGCAACACGTCTAACTTC- 3’ 168-189

Probe 5'- CTGGTGTCGCTCTTCACGTCGGAC- 3/ 193-216

Antisense 5'- CACCACCAACCCCACCATC- 3’ 219-237
TagMan Primers (human GAPDH)

Sense 5'- GGAAGCTCACTGGCATGGC- 3’ 677-695

Probe 5’- CCCCACTGCCAACGTGICAGT G- 3’ 705-726

Antisense 5'- TAGACGGCAGGT CAGGT CCA- 3’ 728747
TagMan Primers (rat GAPDH)

Sense 5'- GAACATCATCCCTGCATCCA- 3’ 606—625

Probe 5'- CTTGCCCACAGCCTTGGCAGC- 3’ 631-651

Antisense 5'- CCAGTGAGCTTCCCGT TCA- 3’ 665-683
SDM Primers (mouse 5-HTy)

S175P 5’- CTGGGCAAAGCT CGAACACCCGCCCCGGEECCAGT GCCGC- 3 505-543

R181M 5'- COGGGCCAGIGCATGCTAT TGGCCAGCCTGCC- 3/ 529-560

Y188F 5'- CTATTGGCCAGCCTGCCTTTTGTCCTCGTGECGTCCEECG 3/ 544-583

S277G 5'- CTCGGCATCCTGCTGGEGCATGTTCTTTGICACC- 3/ 814-846

S290N 5'- TGCCCTTCTTTGTGGCCAACATAGCTCAGGCCG 3’ 851-883
SDM Primers (rat 5-HT;)

R188Y 5'- TATTGGCCAGCCTGCCTTATGTCCTCGT GG 3 545-574




notable lack of enrichment of 5-HT, receptors in the striatum
(Fig. 2C).
5-HT4 receptor mRNA levels were measured in pooled
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Fig. 2. Specific binding of 0.1 nM [*?*T]SB-258585 to membrane homog-
enates derived from discrete rat (A), human (B), and mouse (C) brain
regions. Nonspecific binding was defined in the presence of 10 uM me-
thiothepin. Data are expressed as the mean value = S.E. mean of at least
three separate experiments.
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RNA samples from discrete rat, human, and mouse brain
regions by TagMan RT-PCR. In the rat brain, 5-HT; receptor
mRNA expression was highest in the nucleus accumbens and
striatum. Levels were approximately 9-fold lower in the
amygdala and cerebral cortex and approximately 20-fold
lower in the hippocampus, hypothalamus, and thalamus
(Fig. 3A). No 5-HT4 receptor mRNA was detected in rat
cerebellum, medulla oblongata, pons, dorsal root ganglia, and
spinal cord (Fig. 3A). In close agreement with the above data,
human 5-HTg receptor mRNA expression was 6- to 10-fold
higher in caudate nucleus, putamen, and nucleus accumbens
than in cerebral cortex and hippocampus (Fig. 3B). Lower
levels were also detectable in the amygdala, hypothalamus,
and thalamus (Fig. 3B). No 5-HT; mRNA was detected in any
of the following human peripheral tissues: heart, liver, lung,
skeletal muscle, kidney, pancreas, spleen, small intestine,
placenta, testis, stomach, prostate, or uterus (data not
shown). In keeping with the radioligand binding studies, the
TagMan RT-PCR reveals extremely low levels of 5-HT re-
ceptor mRNA in mouse brain (Fig. 3C). Furthermore, there
was no enrichment of the mRNA in the mouse striatum.
TagMan RT-PCR was also undertaken to determine the lev-
els of dopamine D, receptor mRNA. Enrichment of D, recep-
tor mRNA was detected in rat and mouse striata (data not
shown). Furthermore, [*H]spiperone binding, performed on
the same samples used for [*2°I]SB-258585 binding, showed
a clear enrichment of specific binding for this D,-selective
radioligand in both rat and mouse striata (data not shown).

Pharmacological Profile of Recombinant 5-HT Re-
ceptors from Different Species. After observing such a
marked difference in the distribution pattern and relative
expression level between rat and mouse 5-HTq receptors, we
undertook experiments to investigate their pharmacology.
This work was performed on recombinant receptors because
the extremely low levels of specific binding of the selective
radioligand ['?°I]SB-258585 in mouse brain did not allow for
competition binding experiments. After a number of prelim-
inary experiments, [PH]JLSD was used in preference to
[12°T]SB-258585 because the affinity of [PH]LSD was not sig-
nificantly different between species (1.5 + 0.1, 1.8 = 0.3, and
1.9 = 0.2 nM for human, rat, and mouse, respectively). The
relative level of expression of 5-HTy receptors from different
species when transiently transfected in HEK 293 cells was
similar (measured by radioligand binding) (data not shown).
All of the transiently expressed wild-type receptors were
functional, eliciting dose-dependent increases in cAMP levels
when exposed to a 5-HT concentration range with pEC;,
values of 7.72 = 0.04 and 7.85 * 0.08 for rat and mouse,
respectively. Consistent with the similar expression levels of
the receptors described above, the E .. (maximal response)
was 360 = 35% and 340 = 37% of basal levels for rat and
mouse, respectively. Basal cAMP levels in the transiently
transfected HEK 293 cells expressing either receptor were 60
to 80 pmol/ml.

Using competition binding analysis, we compared the af-
finity of a range of serotonergic agonists and antagonists and
5-HTy receptor-selective antagonists. 5-HT affinities differ
slightly between the species (Fig. 4A and Table 2), and LSD
has similar affinity at the 5-HTg receptor for all three species
(Fig. 4B and Table 2). In contrast, there was a significant
(p < 0.01) 24- and <1900-fold decrease in the affinity of the
selective 5-HTg receptor antagonists SB-357134 and Ro 04-
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Fig. 3. Quantitative TagMan RT-PCR determination of 5-HT, receptor
mRNA levels in various rat (A), human (B), and mouse (C) brain regions.
Primer sequences are shown in Table 1. Data are normalized to the
housekeeping gene GAPDH and expressed as arbitrary units on a scale
from 0 to 1. Data are expressed as the mean value + S.E. mean of at least
three separate experiments.

Fig. 4. Competition binding analysis of 5-HT (A), LSD (B), SB-357134 (C),
and Ro 04-6790 (D) at human, rat, and mouse 5-HT, receptors transiently
expressed in HEK 293 cells. [’H]LSD was used at a final concentration of
2 nM, and nonspecific binding was defined in the presence of 10 uM
methiothepin. Data points represent the means = S.E. mean of at least
three separate experiments. Average pK; values for these compounds and
others tested are shown in Table 2.



6790, respectively, at the mouse receptor compared with rat
and human (Fig. 4, C and D; Table 2). The decrease in affinity
for the mouse 5-HT, receptor was less pronounced with other
selective 5-HTy receptor antagonists, such as SB-258585,
SB-214111, and SB-271046, whereas there was no significant
difference in affinity at rat and mouse receptors with SB-
258510 (Table 2). Conversely, mianserin and sumatriptan
showed 10- and 6-fold increases, respectively, in binding af-
finity at the mouse receptor compared with the rat and hu-
man 5-HT receptors. Data from the 14 compounds studied
are shown in Fig. 5, in which a plot of pK;, values determined
in competition binding experiments give a correlation coeffi-
cient () of 0.99 (human versus rat) and 0.66 (mouse versus
rat).

Sequence Alignment of Mouse/Rat/Human 5-HT,; Re-
ceptors Identified Four Amino Acids Possibly Respon-
sible for the Observed Pharmacological Differences
Between Species. To investigate the species-dependent
pharmacological differences further, we used the Clustal W
program to align the amino acid sequences of the mouse, rat,
and human 5-HTy receptors and identified residues that
differed between the three sequences. Because the species
differences in the pharmacological profiles observed with re-
combinant receptors in the present study occurred predomi-
nantly between mouse and rat (the pharmacological profiles
of the human and rat receptors were virtually identical), we
concentrated specifically on residues that differed between
mouse and both rat and human. In addition, we only studied
residues that were predicted to be either within the extracel-
lular domains or within the transmembrane regions, because
these are the regions most likely to affect ligand binding.
Using these criteria, we identified just four residues within
the 5-HTq receptor sequence that differ between mouse and
rat/human which might be responsible for the observed dif-
ferences in pharmacology; in the mouse, these were serine
175 (S175) in the second extracellular loop (ECLZ2), tyrosine
188 (Tyr188) in TM5, and serine 277 (Ser277) and serine 290
(Ser290) in TM6 (Fig. 6A). In the rat and human 5-HTq
sequences, these residues were identified as proline 175,
phenylalanine 188, glycine 275, and asparagine 288, respec-
tively (Fig. 6A). It is also worth noting that there is a two
amino acid insertion in the mouse sequence in the third

TABLE 2
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intracellular loop and in the human in the C-terminal do-
main.

Investigation of the Residues Responsible for Spe-
cies Differences by Site-Directed Mutagenesis and Ra-
dioligand Binding. The divergent residues in the mouse
sequence were systematically mutated individually or in
combination to investigate which of them contributed to the
ligand binding and conferred the difference in pharmacolog-
ical profile between the species. The binding affinities of a
range of compounds used to define the pharmacological pro-
file of wild-type and mutated mouse receptors are shown in
Table 3.

The pharmacological profile of the S175P mutation was not
significantly different from the wild-type mouse profile. In
contrast, the Y188F in TM5 mutation resulted in marked
changes in the profile of the mouse receptor; notably, the
affinity of Ro 04-6790, SB-357134, SB-258585, and
SB-271046 increased from <4, 7.21, 7.95, and 8.91 to 6.35,
8.64, 8.55, and 9.32, respectively. LSD, 5-HT, mianserin, and
methiothepin affinities were unchanged compared with wild-
type mouse. Changing S277G in TM6 modified the affinity of
a number of compounds: LSD affinity increased compared
with wild-type, but 5-HT, mianserin, and SB-271046 affini-
ties decreased, and pK, values for other compounds were
unchanged. The S290N mutation increased the affinity of Ro
04-6790, but it resulted in a significant 8-fold decrease in
mianserin affinity. The profile of compound affinity at the
S175P/Y188F and Y188F/S277G double mutation is no dif-
ferent from the Y188F single mutant, except for a decrease in
SB-271046 affinity in the former and a decrease in mianserin
affinity in the latter. Similarly, the S277G/S290N double
mutation does not show any additional changes to those seen
in the S290N single mutant. However, the Y188F/S290N
double mutant does show some additional increases in affin-
ity of SB-357134 and Ro 04-6790 and a decrease in affinity
for mianserin above that seen in both of the corresponding
single mutants. The triple and quadruple mutations, predict-
ably, almost completely modified the mouse pharmacological
profile to that of the rat, with the exception of a small but
significant (p < 0.05) decrease in SB-357134 and Ro 04-6790
affinity. A single mutation to the rat sequence to introduce a
tyrosine residue instead of the conserved phenylalanine at

Pharmacological profile of recombinant rat, human, and mouse 5-HT, receptor
Receptors were transiently expressed in HEK 293 cells, and compound affinity for the receptors was determined in competition binding assays using [*H]LSD. Data are

expressed as the mean pK; value = S.E. mean of at least three separate experiments.

pK;
Compound Human 5-HTg Rat 5-HTg Mouse 5-HTg
Receptor Receptor Receptor
5-HT 6.88 £ 0.02 7.10 = 0.07 7.02 = 0.04
5-MeO-T 7.16 £ 0.03 7.65 = 0.17 7.63 = 0.09
LSD 8.64 = 0.01 8.568 = 0.03 8.55 = 0.03
Clozapine 7.84 £ 0.07 7.96 = 0.16 8.19 = 0.08
Methiothepin 8.85 = 0.07 8.98 = 0.13 9.25 = 0.10
Mianserin 7.09 £ 0.03 7.40 = 0.20 8.49 *+ 0.08%*
Amitryptyline 6.85 = 0.04 6.74 = 0.05 7.05 = 0.10
Sumatriptan 4.52 = 0.20 4.46 = 0.02 5.25 = 0.05%*
SB-258510 8.99 * 0.06 9.12 = 0.08 9.00 = 0.04
SB-271046 9.09 = 0.04 9.15 = 0.02 8.91 = 0.02%*
SB-357134 8.59 £ 0.03 8.85 = 0.08 7.21 * 0.04**
SB-214111 8.55 = 0.05 8.32 = 0.08 7.64 = 0.07%*
SB-258585 8.74 £ 0.01 8.64 = 0.07 7.95 = 0.05%*
Ro 04-6790 7.29 = 0.01 7.54 = 0.05 < 4k

w5 p < 0.01.
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position 188 was undertaken, and the data from competition
binding experiments confirmed that this mutation signifi-
cantly decreased the affinity for all of the selective 5-HTg
receptor antagonists but did not alter the affinity of mian-
serin or methiothepin.

5-HT; Receptor Modeling and Ligand Docking. A
combination of the analysis of sequence conservation be-
tween the human and rodent 5-HT receptors, the Kyte-Do-
little hydropathic analysis, and the known structure of bo-
vine rhodopsin was used to predict the transmembrane
domains of the mouse 5-HTg receptor. This is shown sche-
matically in Fig. 6B. It was noted above that the major
differences in the pharmacological profiles of the 5-HTg re-
ceptors between species arise as a result of the Y188F and, to
a lesser extent, S290N mutations (Table 3). Amino acid side
chains are well known to adopt discrete dihedral angles,
commonly known as rotamers. A statistical evaluation of
these dihedral angles observed among known crystal struc-
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Fig. 5. Correlation plot of pK, values for 14 compounds inhibiting
[PHILSD binding at human, rat, or mouse 5-HTy receptors transiently
expressed in HEK 293 cells. A correlation coefficient (r) of 0.99 (human
versus rat, slope = 0.99) (A) and 0.66 (mouse versus rat, slope 0.77) (B)
was obtained. 1, 5-HT; 2, 5-MeO-T; 3, LSD; 4, clozapine; 5, methiothepin;
6, mianserin; 7, amitryptyline; 8, sumatriptan; 9, SB-258510; 10, SB-
271046; 11, SB-357134; 12, SB-214111; 13, SB-258585; 14, Ro 04-6790.

tures of proteins has led to the development of rotamer li-
braries, which tabulate the preferred conformations of the
different side chains and their relevant populations (Dun-
brack, 2002). Tyrosine, for example, can adopt three stag-
gered conformations around the Ca-CB bond (y; angles). In
the model of the mouse 5-HT receptor, tyrosine Y188 was
found to prefer the less favorable gauche + rotameric state.
In doing so, however, it formed a strong hydrogen bond with
Ser290 (Fig. 7). Mutation of the tyrosine to phenylalanine
abolishes this hydrogen bond, and as a result, the phenylal-
anine adopts the more favored ¢rans conformation. Thus, the
binding pocket is predicted to be different in the two species,
and it seems reasonable to assume that differences in the
interaction of the ligands with this tyrosine/phenylalanine
might account for some of the observed effects of the muta-
tions.

Ro 04-6790. One of the most striking selective compounds
was the Roche compound Ro 04-6790. Although this com-
pound is not as basic as most of the other ligands, protonation
of this compound is possible. Ab initio calculations were used
to determine which was the more favored basic site. Proto-
nation can occur in theory at either of the pyrimidine nitro-
gens. Ab initio calculations (3-21G* basis set) and subse-
quent population analysis using either Mulliken or natural
atomic orbital charges did little to distinguish between the
two sites (Table 4). Electrostatic potential calculations using
the same basis set, however, did suggest that a greater neg-
ative potential at N3 would favor protonation at this site. The
individual protonated species (at N1 and N3) were then op-
timized at this level, and it was found that the N3 protomer
was more stable by some 5.8 kcal/mol (Table 4). This proton-
ated isomer was therefore docked into the mouse and rat
receptor models. In the rat, the protonated pyrimidine clearly
forms a bidentate interaction between the TM3 aspartate
and the hydrogens of N3 and its adjacent 2-methylamino
group. The other 6-methylamino NH can form a hydrogen
bond with the oxygen of threonine T306 on TM7. The pyrim-
idine ring itself sits in a well-defined aromatic w-stacking
orientation with Phe284, whereas its pendant substituents
at the 2 and 6 positions form hydrophobic interactions with
tryptophan W281 and with Phe302 on TM7. The model pre-
dicts that both sulfonamide oxygens can form hydrogen
bonds, one with the important Asn288 and the other with
GIn216, which is adjacent to the disulfide-forming cysteine in
extracellular loop 2. The 4-aminophenyl ring sits in close
proximity to the crucial Phel88 with the amino hydrogens,
making a good electrostatic interaction with the ring (see Fig.
8A for a depiction of this binding mode). On docking Ro
04-6790 into the mouse receptor, the different orientation of
the equivalent Tyr188 resulted in the ligand sitting consid-
erably lower in the binding pocket. The 4-aminophenyl ring
was no longer able to interact as favorably with the aromatic
ring of Tyr188, and no hydrogen bonds were formed with the
sulfonamide oxygens or between the methylamino NH and
Thr308. The pyrimidine ring did sit in an aromatic pocket
formed by Trp283, Phe286, and Tyr312, but this was clearly
not enough to compensate for the loss of the other interac-
tions. The mutation of Y188F allows the ligand to move
higher in the pocket, allowing it to reform two of the hydro-
gen bonds and restoring the aromatic interaction with
Phe188. It was seen also that the S290N mutation can cause
a partial restoration of activity. This is readily explained by



the reforming of a strong hydrogen bond between the aspar-
agine and one of the sulfonamide oxygens. As observed, the
double mutation Y188F/S290N would be expected to restore
most of the interactions which were lost in the mouse wild-
type receptor.

Methiothepin and LSD. From the docking of Ro 04-6790,
our attention turned to the nonselective ligands methio-
thepin and LSD. Both compounds are presumed to form salt
bridges between their basic protonated nitrogens and
Aspl06. As shown in Fig. 8B, in the rat receptor, the docked
LSD ligand had its tetracyclic ring system in a hydrophobic
pocket between TM3 and TM6, lined by Trp281, Phe284 and
Phe285, Val107, and Cys110. The indole NH hydrogen bonds
to Thr196 (TM5), whereas the amide carbonyl forms similar
interactions with Thr306 (TM7) and GIn179 (ECL2). These
interactions are all broadly similar in the mouse receptor
docking model, although the hydrogen bond to Thr196 is
weaker. A main difference between the two models is in the
interaction with the TM5 aromatic residue. The rat Phe188
points toward the face of the indole ring, forming a T-type
aromatic interaction with it. The equivalent Tyr188 in the
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mouse also forms a T-type interaction, only in this case it is
the indole that is oriented toward the face of the amino acid.
The overall predicted binding interactions are therefore sim-
ilar in energy, which is reflected in the lack of selectivity of
LSD. The smaller methiothepin ligand resides in both recep-
tors in the same hydrophobic pocket formed by W281r/283m,
Y310r/312m, Val107, and F283r/285m and F284r/286m. The
importance of these aromatic residues in TMs 6 and 7 has
been highlighted previously by the mutagenesis work of Roth
et al. (1997), who studied the effects of mutation of these
residues on agonist response in the 5-HT,, receptor. The
TM5 aromatic Phel88 residue in the rat model is in the
vicinity of the thiepin sulfur without forming any real inter-
action. The equivalent Tyr188 in the mouse is not particu-
larly close to the ligand.

Sulfonamide Analogs. With all of the sulfonamide ana-
logs (SB-357134, SB-214111, SB-258585, SB-258510, and
SB-271046), we assumed that the primary binding interac-
tion was between the nonanilino piperazine nitrogen and the
TM3 Aspl106. With SB-357134, the hydrogen bond between
Tyr188 and Ser290 in the mouse receptor needs to be broken
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were involved in the design of novel analogs of mianserin
with improved receptor selectivity (Orlek et al., 1993). It was
recognized at the time that the mianserin ring system can
exist in four distinct conformations, and it was likely that
differing conformations were responsible for its activity at
various aminergic receptors. Generally, dibenzapine ring
systems can flip between two ring conformations around the
central 7-membered ring. In the case of mianserin, this
places the bridgehead azepine ring hydrogen either syn or
anti to one of the opposite methylene hydrogens. Further-
more, the presence of the adjacent bridgehead nitrogen
means that the ring junction itself can readily interconvert
by nitrogen inversion between cis and trans forms. The rel-
ative energies of these forms were calculated after geometry
optimization at the molecular mechanics, AM1 semiempiri-
cal, and ab initio 3-21G* levels. In mianserin, it is clear from
the calculations that the trans-anti conformer is the pre-
ferred form. Indeed, for mianserin, this is the conformation
found both by crystallography (Van Meerssche and Declercq,
1983) and by solution NMR (Funke and Carel, 1982). The
cis-anti conformer can clearly be ruled out because under
normal optimization conditions, it inverts to an alternative
conformation and is by far the highest conformer in energy.
The two other conformations, i.e., the cis-syn and the trans-
syn, are intermediate in energy.

Docking of mianserin in the ¢trans-anti conformation to the
mouse receptor model predicted that, in addition to the usual
salt bridge between the piperazine nitrogen and Aspl06, a
7— stacking occurred between Phe286 and one of the aro-
matic rings of the ligand, and an orthogonal aromatic-aro-
matic interaction occurred between Phe287 and the other
ring. No other significant interactions were observed with
this conformer. With the cis-syn conformer, however, Phe286
formed the more favorable orthogonal interaction with both
rings of the ligand. Weaker orthogonal interactions could also
be formed with Phe287 and Phe304 (TM7). Vall07 also
formed a highly favorable hydrophobic interaction (Fig. 9).
Thr103 could hydrogen-bond to the bridgehead nitrogen.
Thus the overall binding mode of mianserin in the mouse
favors the cis-syn conformation. It is noteworthy that Tyr188
sits at the edge of the pocket with both ligand conformations
and does not have any significant interactions. By adopting
the alternate rotameric state as in the Phe188 of the rat and
human receptors, there are still no significant interactions
with either conformation of mianserin. This explains the lack
of effect observed with the Y188F mutation. Replacement of
Ser290 by Asn, on the other hand, results in a large steric

TABLE 4
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clash with the nearby aromatic ring of the ligand. This effect
is the same with both conformations.

In the previously mentioned study of mianserin (Orlek et
al., 1993), several ligands were synthesized with the aim of
locking the conformation of the ring system. Energy optimi-
zations, calculated before their syntheses, predicted that one
of these, BRL-34849, clearly favored the cis-syn state by ~6
kcal over the trans-anti state. This was subsequently con-
firmed by X-ray crystallography and solution NMR (Orlek et
al., 1993). BRL-34969, on the other hand, showed no clear
preference for any single conformation. The cis-anti con-
former was calculated at the ab initio level to be 2.5 kcal
higher in energy than the other three states, which were
essentially equal in energy. The solution NMR of BRL-34969
does show that it is predominantly in the trans-anti confor-
mation, similar to mianserin itself (Orlek et al., 1993). We
decided to look at the effects of the various mutants on these
compounds to determine whether the proposed cis-syn con-
formation would be confirmed. The results are summarized
in Table 5. As with mianserin, BRL-34849 shows a selectivity
of approximately 10-fold over the human receptor. This
would suggest that the cis-syn conformation, in which this
ligand is “locked”, is the preferred one for the mouse receptor.
BRL-34969, which presumably can exist in an ensemble of
alternative conformations, exhibits no selectivity for either
wild-type or mutant receptors. As with mianserin,
BRL-34849 shows a decrease with the S290N mutant, again
reinforcing the proposed binding mode for the mianserin
analogs. With mianserin docked in the trans-anti conforma-
tion, there is no expected steric clash between the ligand and
asparagine N288 of the rat and human receptors. This ex-
plains the lack of effect with the S290N mutant on BRL-
34969.

Discussion

The work reported in the present study was initiated by
the striking observation that there were only very low levels
of specific binding of the high-affinity 5-HTy receptor-selec-
tive radioligand [*2°1]SB-258585 (Hirst et al., 2000) in the
mouse brain. This is in stark contrast to the rat and human
brain, which showed considerable binding of this radioligand
to the nucleus accumbens and striatum, in agreement with
previous studies that have described the distribution of the
5-HTg receptor protein by immunohistochemistry (Gerard et
al., 1997; Hamon et al., 1998) and receptor autoradiography
(East et al., 2002; Roberts et al., 2002).

Calculated ab initio properties of the neutral and protonated states of Ro 04-6790
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Mull. Chg., Mulliken population charges; NAO Chg., natural atomic orbital charges; ESP Chg., electrostatic potential fitted point charges; HF, Hartree-Fock.
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These observations were corroborated by the current Taq-
Man quantitative RT-PCR studies, in which we have demon-
strated an enrichment of 5-HTy receptor mRNA in the nu-
cleus accumbens and striatum compared with other brain
regions in human and rat. These data are consistent with a

s rs

Fig. 8. Docking of ligands into the rat 5-HT, receptor. Most residues have
been removed for clarity. A, docking of Ro 04-6790, the key hydrogen-
bond interactions, is shown as broken yellow lines. B, docking of LSD,
highlighting the main hydrogen-bond interactions, is shown as broken
yellow lines. Note the coplanar stacking of Phe285 and the orthogonal
aromatic interaction of Phel88 with the indole ring of the ligand. C,
docking of SB-357134. The piperazine ring sits between Phe284 and
Phe285. Note the strong hydrogen bond between Asn288 and the sulfon-
amide and the coplanar stacking of Phe188 with the methoxyphenyl ring.

number of previous studies that have investigated 5-HTg
receptor mRNA distribution in the rat brain by Northern blot
analysis (Monsma et al., 1993; Ruat et al., 1993) and in situ
hybridization (Ruat et al., 1993; Ward et al., 1995) and in
human brain regions by Northern blot analysis (Kohen et al.,
1996) and in situ hybridization (East et al., 2002). In keeping
with the radioligand binding studies, we could only detect
very low levels of 5-HTy receptor mRNA in mouse brain
regions using the sensitive and quantitative technique of
TagMan RT-PCR and did not observe enrichment in the
striatum. The low level of expression of 5-HTg receptors by
mice was not a strain-specific phenomena, because we ob-
tained identical results from two distinct strains of mice,
C57/Bl6 and CD-1 (data not shown).

These results clearly demonstrate that the mouse is unique
compared with rat, pig, and human, all of whom express
relatively high levels of 5-HTg receptors, especially in the
striatum (Hirst et al., 2000). Although the direct physiologi-
cal implications of this are currently unknown, it does sug-
gest that mice are not an ideal species in which to conduct
behavioral or physiological experiments pertaining to 5-HTg
receptor function. Interestingly, a 5-HTg receptor knockout
mouse has been generated in which a preliminary report
described increased anxiety in these animals (Tecott et al.,
1998). However, more recent studies have failed to demon-
strate anxiogenic effects of selective 5-HTy receptor antago-
nists in rats (Bentley et al., 1999; Routledge et al., 2000;
Stean et al., 2002), making the interpretation of the knockout
studies rather difficult.

Despite the low level of expression, the mouse receptor was
cloned without difficulty using standard protocols, and the
sequence we obtained was identical with that reported pre-
viously (Kohen et al., 2001). Transient expression in HEK
293 cells allowed us to investigate the pharmacological pro-
file of the receptor, which was not undertaken previously by
Kohen et al. (2001). Surprisingly, considering the high degree
of sequence homology between rat and mouse 5-HTq recep-
tors, in the present study we obtained a distinct pharmaco-

Fig. 9. Docking of cis-syn mianserin into the mouse 5-HTq receptor. Note
the orthogonal aromatic interactions that Phe288 makes with both phe-
nyl rings of the ligand. Tyr188 is not very close to the ligand, but Ser290
is quite close to the upper ring. Mutation of this residue to asparagine
causes a steric clash with this ring.
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Receptors were transiently expressed in HEK 293 cells, and compound affinity for the receptors was determined in competition binding assays using [°*H]LSD. Data are

expressed as the mean pKj value = S.E. mean of three separate experiments.

Human Mouse

Compound Wild-Type Wild-Type S175P Y188F S277G S290N

Mianserin 7.10* = 0.09 8.49 * 0.08 8.34 £ 0.11 8.48 £ 0.15 8.10 £ 0.12 7.59 £ 0.17
BRL-34849 6.78 = 0.06 7.62 = 0.02 7.68 £ 0.03 7.65 = 0.02 7.51 £ 0.04 7.11 £ 0.08
BRL-34969 6.39 = 0.05 6.61 = 0.02 6.60 = 0.06 6.67 = 0.06 6.44 = 0.09 6.44 = 0.09

¢ Affinity of mianserin at the rat wild-type receptor = 7.40.

logical profile for the mouse receptor compared with rat and
human. We and others have previously shown that the rat
and human receptors have a very similar profile (Boess et al.,
1998; Hirst et al., 2000). The mouse profile was particularly
interesting because the affinity of the nonselective agonists;
5-HT, 5-MeO-T, and LSD were not significantly different
from the rat and human profiles. However, the affinity of
some, but not all, previously described selective 5-HTg recep-
tor antagonists were significantly decreased. Furthermore,
the affinity of mianserin and sumatriptan were significantly
increased. These observations led us to identify four residues,
predicted to be toward the extracellular side of the receptor,
which could be responsible for the observed differences in
pharmacology: S175m/P175rh, Y188m/F188rh, S277m/
G275rh, and S290m/N288rh. The four divergent residues in
the mouse sequence were mutated individually or in combi-
nation to investigate their contribution to the ligand binding
site, and this information was used in receptor-modeling
studies.

Previous studies on the rat 5-HTy receptor have identified
four residues that contribute to the ligand binding site (Boess
et al., 1998): Trp102, Asp106, Ala287, and Asn290. The first
three of these four residues are conserved in the mouse
sequence. However, Asn290 in the rat and human TM5 is a
serine (Ser290) in the mouse. Interestingly, Boess et al.
(1998) mutated this residue to serine, together with an
A287L mutation, and found that this increased affinity for
sumatriptan and several ergopeptine ligands. We also ob-
served an increased affinity for sumatriptan in the mouse
recombinant 5-HTy receptor compared with rat and human
(pK; of 5.3 compared with 4.5).

From extensive site-directed mutagenesis work on other
aminergic receptors, it is commonly accepted that the pri-
mary binding site for the natural agonists and most basic
antagonists is the conserved aspartate on TM3 (Bikker et al.,
1998; Kristiansen et al., 2000). This lies on one side of a
pocket formed by residues lining the inner faces of TM4 to
TM6 and “capped” on the top by residues from the second and
third extracellular loops (Fig. 7). Ser290 in TM6 is one of
these pocket residues. The other TM6 Ser277, which is dif-
ferent in the mouse and rat receptors, lies deeper in the
bundle and is, in fact, oriented toward the lipid bilayer. The
mutation of this to glycine might cause some change in the
conformation of TM6 because of the increased flexibility, but
it would not be expected to have any direct influence on
ligand binding. The small, nonsignificant changes observed
with certain ligands in the S277G mutant are almost cer-
tainly caused by dynamic fluctuations in the size of the cavity
as a result of this greater rotational freedom around the
glycine. Likewise, Ser175 is located at the top of the pocket in
extracellular loop 2, and although it was predicted to be
oriented into the cavity, it formed no direct interactions with

the docked ligands. Tyr188 in TM5 is the key residue, which
does have significant effects on a number of the ligands
studied. In the mouse receptor model, Tyr188 forms a strong
hydrogen bond with Ser290, locking it in the gauche + rota-
meric state. Mutation of this serine to asparagine would
normally retain the hydrogen bond. Thus, the S290N mutant
has relatively little effect on ligand binding except where the
asparagine has direct interactions, as in the case of Ro 04-
6790 (favorable) and mianserin (unfavorable). When the
gauche + conformation of Tyr188 in the mouse causes it to
have a steric clash, as in the case of Ro 04-6790 and the
rat-selective sulfonamides SB-357134 and SB-258585, then
the Y188F mutation allows the aromatic ring to adopt the
more favorable conformation found in the rat model. In ad-
dition to the conformational effect, the trans rotamer of the
tyrosine causes it to have an unfavorable dipole-dipole inter-
action with the methoxyphenyl ring of SB-357134, and this is
the cause of the lowering of binding with the rat F188Y
mutant. In addition to Asp106 and the species-specific resi-
dues discussed above, all of the ligands studied are predicted
to form varying interactions with a number of conserved
aromatic residues in TM helices 5, 6, and 7. These observa-
tions are in accord with previous studies, for example using
the 5-HT,, receptor, in which conserved aromatic amino acid
residues in TM5 and TM6 have been shown to be essential for
agonist and antagonist binding (Roth et al., 1997; Shapiro et
al., 2000). The models, as described, are thus in excellent
agreement with the observed mutation results and have been
used extensively in the design of further selective 5-HTg
antagonists for this binding pocket.

In summary, we have shown that in mouse brain, the level
of 5-HT receptor expression is considerably lower than rat or
human, and there is no enrichment in the basal ganglia.
Furthermore, the mouse receptor has a distinct pharmaco-
logical profile. Using molecular biological, pharmacological,
and modeling tools, we have demonstrated that two residues,
Tyr188 in TM5 and Ser290 in TM6, are responsible for the
observed pharmacological and structural differences between
the mouse and rat/human 5-HTy receptors. These findings
further contribute to our understanding of the structural and
functional relationship between this receptor subtype and its
ligands.
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