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Abstract

We examined the feasibility of coupling the 5-HTg receptor to a Ca> signaling read-out using a chimeric G-protein, comprising of Gaq
with the C-terminal five amino acids from G, to facilitate assays on the fluorometric imaging plate reader (FLIPR). Using a transient
transfection assay in human embryonic kidney (HEK) cells, Ca® * signaling in response to serotonin (5-HT) was facilitated by co-transfection
of the 5-HT receptor with the G,o/Gqs chimera, but not with the 5-HT receptor alone or with a similar chimera incorporating the C-terminal
five amino acids of Ggi3. A series of agonist concentration—response curves were constructed using the 5-HT¢-Goq/Gqs signaling assay
generating the following rank order of agonist potency; 5-methoxytryptamine (ECsy, 9 nM)=5-HT (12 nM)=2-methyl 5-HT (13
nM)>tryptamine (86 nM) = 5-carboxamidotryptamine (5-CT) (119 nM)>>lisuride (>1 uM). In comparison, essentially identical ECs, values
were observed for the stimulation of cAMP accumulation with the same compounds; 5-methoxytryptamine (ECso, 6 nM)=5-HT (6 nM) =2-
methyl 5-HT (15 nM)>tryptamine (91 nM)=5-CT (153 nM)>lisuride (>350 nM). Clozapine and SB 271046 both produced a concentration-
dependent antagonism of the 5-HT-stimulated Ca®" response with ICs values of 45 and 11 nM, respectively. In contrast, aripiprazole, a
recently launched atypical anti-psychotic with a novel mechanism of action described as a dopamine/serotonin stabilizer, was essentially
devoid of 5-HT} receptor antagonist activity. Our results demonstrate that a FLIPR-based Ca” " signaling assay is a feasible approach to the
functional characterization of 5-HTg receptor ligands. Moreover, the equivalent coupling efficiency, as indexed by agonist potency, observed
using this system compared with the native coupling assay to cAMP suggests that the C-terminal five amino acids of G, are the major
determinant for the receptor/G-protein interaction of the 5-HT, receptor subtype.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The fluorometric imaging plate reader (FLIPR) has
greatly improved our capacity to perform functional char-
acterization of receptors by virtue of its high-throughput
capabilities. In particular, the characterization of G-protein
coupled receptors signaling through the G.q-phospholipase
C cascade, leading to increases in intracellular Ca®*, has
been facilitated by the introduction of this technology. To
date, a number of Gqq-coupled receptors have been profiled
in some detail with respect to both agonist and antagonist
pharmacology including the serotonin 5-HT, receptor sub-
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family (Porter et al., 1999; Jerman et al., 2001), the orexin
receptors (Smart et al., 1999, 2000b, 2001b), the histamine
H; subtype (Miller et al., 1999), bradykinin B; and B,
receptors (Simpson et al., 2000), the bombesin BB2 receptor
(Brough et al., 2000) and the P2Y purinoceptors (Patel et al.,
2001). In addition, the vanilloid VR1 receptor, a receptor-
gated cation channel highly permeable to Ca®" ions, has
also been extensively studied using this approach (Smart et
al., 2000a, 2001a).

In addition to the Guq-coupled receptors, it has been
possible to study G,s and G,; coupled receptors using the
FLIPR assay platform by taking advantage of the promis-
cuous G-protein, G15/16, or using chimeric G-proteins
comprising Goq with the C-terminal five amino acids re-
placed with those from G, or one of the G, family
members (Coward et al., 1999). This latter approach is
based on studies which have identified the C terminus of
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G-alpha G-proteins as a critical determinant for receptor/G-
protein coupling and signal transduction (Conklin et al.,
1993). For example, substitution of the C-terminal amino
acids of G,q with those from G, permits coupling of the
normally exclusively G,;-coupled dopamine D2 and aden-
osine A; receptors to the activation of phospholipase C
(Conklin et al., 1993). Similarly, a chimera incorporating the
C-terminal five amino acids of G fused with G4 allowed
coupling of the G.s-coupled vasopressin V2 receptor to the
stimulation of phospholipase C (Conklin et al., 1996). By
taking advantage of this approach, both the G,s-coupled 5-
HT; receptor (Wood et al., 2000a) and the Gg;-coupled
GABAg receptor (Wood et al., 2000b) have been profiled
pharmacologically. In addition, we have recently used this
approach, combined with site-directed mutagenesis, to
probe the agonist binding pocket of the G,;-coupled hista-
mine Hj receptor (Uvegas et al., 2002).

In this study, we have examined the feasibility of using
the chimeric G-protein approach to couple the G,s-coupled
5-HT, receptor to a Ca’" signaling readout to facilitate
characterization on the FLIPR platform. Multiple serotonin
receptor subtypes have been identified, and many of them
have been targets for drug development based on their
potential role(s) in central nervous system (CNS) disorders.
Cloning of the rat 5-HTg receptor (Monsma et al., 1993)
identified a new subfamily of G,s-coupled 5-HT receptors
linked to the stimulation of adenylyl cyclase activity. The
pharmacology of the 5-HTg receptor subtype has received
considerable attention due to the high-affinity for the
receptor of a wide range of drugs used in psychiatry (Roth
et al., 1994), and its exclusive localization to the CNS
(Gerard et al., 1996). In particular, the high affinity for this
receptor exhibited by both typical and atypical anti-psychot-
ic agents has led to speculation that the 5-HT¢ receptor
represents a therapeutic target for schizophrenia (Roth et al.,
1994). Several other lines of evidence have implicated the 5-
HTg receptor in the control of cholinergic transmission
leading to the proposal that the receptor might be a target
for restoring cognitive function (Bourson et al., 1995;
Sleight et al., 1998; Bentley et al., 1999).

In this report, we describe the successful application of
the chimeric G-protein strategy to the functional character-
ization of 5-HTg4 receptor ligands, providing an assay
compatible with high-throughput FLIPR evaluation. Our
results demonstrate that the 5-HT¢ receptor can be coupled
to Ca’" signaling using a Ggq/Gqas chimera and, based on
agonist potencies, the coupling efficiency was found to be
similar to that observed when native coupling to G,s was
evaluated in cAMP accumulation studies. Finally, using this
assay, we provide novel information on aripiprazole, a
recently launched atypical anti-psychotic with a novel
mechanism of action described as a dopamine/serotonin
stabilizer (Jordan et al., 2002). In contrast to a number of
both typical and atypical anti-psychotic agents, aripiprazole
was found to be essentially devoid of 5-HT¢ receptor
antagonist activity.

2. Materials and methods
2.1. Cell culture

Human embryonic kidney cells (HEK) seeded at a density
of 3 x 10% in 10 cm? dishes were transfected with the human
5-HTjg receptor in the presence or absence of vectors encod-
ing chimeric G-proteins comprising G,q with the C-terminal
five amino acids substituted from G, or Ggs. In the
presence of chimeric G-proteins, 2 pg of the receptor and 2
ng of G-protein vectors were used for transfection. In the
absence of G-proteins, total DNA for each transfection was
kept constant at 4 pg/DNA/plate by including pcDNA3.1
vector. The transfection was performed using Lipofectamine
Plus combining 30 pl Lipofectamine and 20 pl of Plus
reagent, according to the manufacturers (Invitrogen) instruc-
tions. Twenty-four hours following transfection, cells were
seeded into 96-well black wall clear bottom plates at a
density of 60—80,000 cells/well and were used the next
day for FLIPR assays. Transfection efficiency was deter-
mined to be approximately 60—70% by visualizing a GFP-
tagged receptor construct serving as a transfection control.
For cAMP studies, a stable HeLa cell line expressing the 5-
HTg receptor was utilized with cells seeded in 24-well plates
the day prior to the assay.

2.2. FLIPR studies

5-HTjg receptor coupling to increases in intracellular free
Ca’" in the presence of chimeric Goq/G,s Was measured
using the fluorometric imaging plate reader (FLIPR, Mo-
lecular Devices, Sunnyvale, CA). Cells were loaded with the
Ca’" indicator dye Fluo-3-AM (1-(2-amino-5-[2,7-dichloro-
6-hydroxy-3-oxy-9-xanthenyl]phenoxy)-2-(2-amino-5-
methylphenoxy)-ethane-N,N,N',N -tetraacetic acid-acetoxy-
methyl ester) in Hank’s buffered saline (HBS) for 60 min
at 37 °C. Cells were washed with HBS at room temperature
and transferred to FLIPR for acquisition of Ca® " signals.
Excitation at 488 nm was achieved with an Argon ion laser
and a 515-nm emission filter was used. In each experiment,
baseline fluorescence after dye loading was adjusted to
10,000 fluorescence counts by adjusting the strength of
the laser. Fluorescence images and relative intensities were
captured at 1-s intervals for the first 55 s followed by 6-s
intervals for the remainder of the run and cells were
stimulated by addition of agonist after 10 baseline measure-
ments, equivalent to 10 s into the run. An increase in
fluorescence counts corresponds to an increase in intracel-
lular Ca®".

2.3. cAMP studies

Cells were washed with Krebs buffer and incubated at 37
°C in Krebs supplemented with 500 uM 3-isobutly-1-meth-
ylxanthine (IBMX) for 5 min at 37 °C. Cells were then
stimulated with agonists in the concentration range 0.1—
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Fig. 1. (A) Ca®" response in HEK cells co-expressing the 5-HTg receptor
and a Gq/Gys chimeric G-protein following stimulation with 10 pM 5-HT.
Cells were loaded with the Ca® " indicator dye fluo-3, transferred to FLIPR
and stimulated after the collection of 10 baseline samples. A representative
experiment is shown with each data point representing the mean
value + S.EM. from 6 wells. (B) Concentration—response relationship
for the 5-HT-stimulated Ca® " response in HEK cells expressing the 5-HTg
receptor and G,y/Gs chimera. Data are the mean =+ S.E.M. from three
independent experiments.

10,000 nM for an additional 10 min at 37 °C. The assay was
terminated with the addition of 0.5 M perchloric and intra-
cellular cAMP levels were determined by radioimmunoassay
with the cAMP scintillation proximity assay system.

2.4. Drugs

5-HT, 5-methoxytryptamine, 2-methyl-5-HT, tryptamine,
5-carboxamidotryptamine, lisuride, clozapine and IBMX
were obtained from Sigma (St. Louis, MO), and Fluo-3-
AM from Molecular Probes (Eugene, OR). The Medicinal
Chemistry group at Wyeth synthesized SB 271046 (5-
chloro-3-metyl-benzo[b]thiophene-2-sulphonic acid (4-
methoxy-3-piperazin-1-yl-phenyl)-amide) and aripiprazole
(OPC-14597; 7-(4-[4-(2,3-dichlorophenyl)-1-piperazinyl]-
butyloxy-3,4-dihydro-2-(1H)-quinolinone)).

2.5. Data analysis

For the evaluation of agonist pharmacology on FLIPR,
the Ca®* changes in response to different concentrations of

agonist were determined using a maximum minus minimum
calculation of the raw fluorescence count data. Ca’"
changes were then expressed as a percentage of the response
observed with a maximally effective concentration of 5-HT
(10 M) and ECs, values were estimated by non-linear
regression curve fitting using the log-concentration %
maximum 5-HT response curves.

3. Results
3.1. Coupling of 5-HT receptor activation to Ca”"* signaling

Transient expression of the 5-HTg receptor in HEK
cells did not result in Ca®>" coupling in response to
stimulation with 10 pM 5-HT, but Ca’" signaling was
facilitated by co-expression of the receptor with a Goq/Ges
chimeric G-protein (Fig. 1A). Coupling was not facilitated
when a G,q/Gqi3 chimera was used and no Ca’" signal in
response to 5-HT was observed when cells were trans-
fected with the Goq/Gqs chimera alone (data not shown).
The effect of 5-HT on Ca®" signaling in the 5-HTe/Goof
G,s expressing cells was concentration dependent, as
depicted in Fig. 1B, with an estimated ECsy value of
12 nM. 5-HTg receptor expression levels up to 3000 fmol/
mg protein were routinely observed (unpublished obser-
vations), indicating that the transient transfection was very
robust.

3.2. Pharmacology of 5-HT4 response on FLIPR
Further characterization of the 5-HTg-coupled Ca®”*

signal facilitated by the Guo/Gqs chimera was undertaken
using established receptor agonists and antagonists. The log-
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Fig. 2. Pharmacological profile of agonist-stimulated Ca®" signaling in

HEK cells co-expressing the 5-HTs receptor and a Guq/Gas chimeric G-
protein. Cells loaded with the Ca>" indicator dye fluo-3 were stimulated
with increasing concentrations of ligand and the Ca®* responses (increase
in fluorescence counts) were measured on FLIPR. Agonist responses were
expressed as a percentage of the response observed with a maximally
effective concentration of 5-HT. Data are the mean = S.E.M. from three
independent experiments.
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Fig. 3. Antagonism of 5-HT-stimulated Ca®* signaling in HEK cells co-
expressing the 5-HTg receptor and a Goq/Gqs chimeric G-protein. Cells
loaded with the Ca” " indicator dye fluo-3 were stimulated with 30 nM 5-
HT in the absence or presence of increasing concentrations of clozapine or
SB 271046. Antagonists were equilibrated with cells for 45 min before
stimulation with 5-HT and preliminary experiments confirmed that both
clozapine and SB 271046 were devoid of agonist activity. Data represent
mean values £ S.EM. from 12 replicates obtained within a single
experiment that was repeated twice with similar results.

concentration—response curves generated for a series of
agonists are illustrated in Fig. 2. All of the agonists tested,
with the exception of lisuride, were highly efficacious,
eliciting maximum Ca®" responses similar to those ob-
served with 5-HT. The rank order of agonist potency
determined for the compounds examined was 5-methoxy-
tryptamine (ECsy, 9 nM)=5-HT (12 nM)=2-methyl 5-HT
(13 nM)>tryptamine (86 nM)=5-CT (119 nM)>lisuride
>1 uM).

Clozapine, an atypical anti-psychotic drug with high-
affinity for the 5-HTg receptor, and SB 271046, a recently
developed selective antagonist of the 5-HT¢ receptor sub-
type, both produced a concentration-dependent antagonism
of the Ca® " response to 5-HT observed in cells expressing
the 5-HTe receptor and the G.q/Gas chimera (Fig. 3).
Estimated ICs, values for the inhibitory effects of clozapine
and SB 271046 were 45 and 11 nM, respectively. Aripipra-
zole, a recently launched atypical anti-psychotic with a
novel mechanism of action described as a dopamine/sero-
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Fig. 4. Effect of aripiprazole on the 5-HT-stimulated Ca® * signaling in HEK
cells co-expressing the 5-HT¢ receptor and a Guq/Ges chimeric G-protein.
Cells loaded with the Ca® * indicator dye fluo-3 were stimulated with 30 nM
5-HT in the absence or presence of aripiprazole at the indicated
concentrations. Aripiprazole was equilibrated with cells for 45 min before
stimulation with 5-HT and preliminary experiments confirmed that the
compound was devoid of agonist activity. Data are the mean + S.E.M. from
three independent experiments.

Table 1

Estimated ECs, values for 5-HTj, receptor stimulated Ca® * signaling, in the
presence of a G,q/G,s chimera, compared with native coupling to adenylyl
cyclase activation

FLIPR cAMP K

ECSO Emax ECSO Emax
S-methoxtryptamine 9+ 3 93+2 6 100 10+2
5-HT 12+2 100 6 100 16+1
2-methyl-5-HT 13+4 105+ 4 15 100 7+1
Tryptamine 86+ 10 84+2 91 100 71+£13
5-CT 119+13  94+2 153 100 136 + 10
Lisuride >1000 2942 350 71 8§+3

ECso determinations (nM) represent mean values + S.E.M. from three
independent experiments for FLIPR and average values from two
independent assays for cAMP studies. Similarly, E,,.x values, representing
the relative maximum response to 10 uM 5-HT, were obtained from three
independent assays for FLIPR (shown as mean + S.E.M.) and two
experiments for cAMP. FLIPR data were derived from cells co-expressing
the 5-HTj receptor and the chimeric Goq/Gqs G-protein, while cAMP data
were derived from cells expressing only the 5-HT¢ receptor. A significant
correlation was obtained between the functional activity determined by
FLIPR and cAMP analysis; R*=0.98 determined by linear regression
correlation analysis. 5-HTs receptor ligand affinities (K;, nM) were
determined using [*H]5-HT displacement studies. With the exception of
lisuride, a significant correlation was observed between binding affinity and
functional activity by FLIPR (R*>=0.94) or cAMP (R>=0.98) as determined
by linear regression correlation analysis.

tonin stabilizer (Jordan et al., 2002), failed to antagonize the
5-HT-stimulated Ca”" response at concentrations up to 1
uM, while at the highest concentration tested (10 pM), the
response to 30 nM 5-HT was inhibited by 69% (Fig. 4).

3.3. 5-HTyg functional response by cAMP measurement

Comparative data for the stimulation of adenylyl cyclase
following 5-HTg receptor activation were generated for the
same agonist ligands profiled in the FLIPR assay. Results
are presented in Table 1, indicating that the agonists were
equipotent in the cyclase assay compared with the FLIPR
assay, and correspondingly, the rank order of agonist poten-
cy was identical in the two assays. Lisuride was an excep-
tion, acting as a more potent agonist in the cAMP assay
compared with the Ca®>* signaling response.

4. Discussion

The FLIPR platform for high-throughput Ca® " signaling
assays is now well-established as an efficient system for the
characterization of G-protein-coupled receptors signaling
via Gq to the mobilization of intracellular Ca’", and the
potential exists for the evaluation of non-Guq-coupled
receptors using chimeric and/or promiscuous G-proteins.
This study expands the repertoire of receptors demonstrated
to be amenable to functional evaluation on FLIPR by
facilitated coupling with a chimeric G-protein. Our data
demonstrate that the G,s-coupled 5-HTg receptor can be
functionally linked to the Ggq Ca®" signaling pathway using
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a G-protein chimera comprising G,q with the C-terminal
five amino acids of G,s. The C-terminal five amino acids of
G4s were sufficient to enable appropriate G,s coupling
specificity of the 5-HT¢ receptor as evidenced by the failure
of a similar G,q chimera incorporating the C-terminal five
amino acids of Gg43 to facilitate coupling to the Ggq Ca*"
signaling pathway. Validation of apposite coupling specific-
ity of the same G,4/Gi3 chimera has been achieved with its
use to couple the Ggi-coupled histamine Hj receptor to a
Ca®" response (Uvegas et al., 2002).

5-HTg receptor coupling efficiency achieved using the
chimeric G-protein strategy was compared to the native
coupling of the receptor to G, and subsequent activation of
adenylyl cyclase leading to cAMP accumulation. Our data
indicate an extremely good correlation between the potency
of 5-HTg receptor agonists to stimulate cAMP accumulation
and to couple to Ca® " signaling via the chimeric G-protein.
The exception was lisuride, where maximal efficacy was not
defined in the FLIPR assay due to a lack of plateau in the
concentration—response curve. This has a likely significant
impact on the discrepancy observed between the two assays.
Given that the other agonist potencies determined in the two
assays were essentially identical indicate that the C terminus
of G, is the major determinant for the interaction of the 5-
HTg receptor with the G,s subunit, and is sufficient to
ensure tight coupling. This observation is in contrast to
our findings with the Gg;-coupled histamine H; receptor
(Uvegas et al., 2002), where agonist potencies determined in
a FLIPR assay, using G.q/Gqi3, were lower than those
observed in cAMP assays. These data imply a less efficient
interaction between the histamine Hjz receptor and the
chimeric G-protein compared with the native G,; subunit,
and suggest the participation of additional motifs in the
receptor/G-protein complex. Consistent with this hypothe-
sis, both internal G-protein peptide motifs and the N
terminus have been implicated in the receptor/G-protein
interaction for certain Ga subunits (Conklin and Bourne,
1993; Kostenis et al., 1997; Ho and Wong, 2000).

In addition to observing good agreement between the
functional activities measured in our hands, our data also
correspond well with that described by other investigators.
For example, a similar rank order of potency for the
tryptamine-like agonists has been reported using a stable
HEK cell line in combination with cAMP measurements
(Boess et al., 1997), although the absolute agonist potencies
were weaker than those observed in our hands. Furthermore,
the same study documented a Kb of 22 nM for clozapine
antagonism of the S5-HT-stimulated cAMP response as
compared to the ICso value of 45 nM (corresponding to a
Kb of 13 nM) observed in the FLIPR assay, and an apparent
K; of 35 nM has also been calculated for clozapine based on
a rightward shift in the 5-HT concentration—response curve
for cAMP measured in a stable HeLa/5-HTg4 cell line
(Kohen et al., 1996). In the case of SB 271046, this
compound is reported to be a high-affinity ligand for the
cloned 5-HTg receptor with a pK; value of 8.92 for the

displacement of [*H]-lysergic acid diethylamide binding,
and a functional antagonist with a pA, value of 8.7 for the
inhibition of 5-HT stimulated cAMP response (Routledge et
al., 2000). The potent activity of this compound in the
FLIPR functional assay is in good agreement with the
affinity and potency documented for SB 271046. In the
present study, the antagonism observed for SB 271046 did
not appear to be complete, with some residual agonist-
stimulated response observed even at the highest concen-
trations of SB 271046. Despite this, we were unable to
detect any intrinsic activity of SB 271046 as a means of
accounting for the incomplete block.

Finally, we evaluated the 5-HT, receptor antagonist
activity of aripiprazole, a recently launched atypical anti-
psychotic with a novel mechanism of action described as a
dopamine/serotonin stabilizer (Jordan et al., 2002), using the
facilitated Ca® " assay. In contrast to the potent antagonism
demonstrated with the atypical anti-psychotic clozapine and
the selective 5-HTg receptor antagonist SB 271046, aripi-
prazole failed to antagonize the Ca® " response elicited by 5-
HT in cells co-expressing the 5-HTg receptor and the
chimeric G,q/Gns G-protein except at a concentration of
10 uM. As eluded earlier, the 5-HTg receptor has become an
interesting target from a drug discovery perspective by
virtue of the high-affinity exhibited by a number of typical
and atypical anti-psychotic drugs for the receptor. The lack
of potent 5-HT¢ receptor antagonism demonstrated here for
aripiprazole, taken in combination with the demonstrated
efficacy of aripiprazole in treating schizophrenic patients
(Taylor, 2003), indicates that the 5-HT¢ receptor antagonist
activity is not an obligatory requirement for an anti-psy-
chotic agent.

In summary, the use of a chimeric Gq4/Gqs G-protein co-
expressed with the Gs-coupled 5-HT¢ receptor provides a
functional assay, amenable to Ca?" studies on FLIPR, with
appropriate pharmacology for 5-HTg receptor ligands. This
approach enhances our capacity to characterize 5-HTj
receptor ligands and complements the existing cAMP assay
formats. In addition, the significant correlation in agonist
potencies observed between the facilitated coupling assay
using FLIPR compared to native G-protein coupling,
indexed by cAMP formation, suggests that the C-terminal
five amino acids of G, are a major determinant of 5-HT¢
receptor/effector coupling efficiency.
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