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SUMMARY

Serotonin [5-hydroxytryptamine (5-HT)] receptors are distin-
guished pharmacologically by their characteristic affinities for
agonists and antagonists. Two serotonin receptors, the 5-HT,
and 5-HT,., share a number of pharmacologic and structural
properties while differing in their affinities for certain agonists
and antagonists. To identify regions of the 5-HT, and 5-HT,
receptors important for specifying their unique pharmacology,
we constructed six chimeric 5-HT,/5-HT,. receptors in which
domains of each receptor were exchanged. The abilities of
several drugs to inhibit [*H]mesulergine bound to the chimeric
and parent receptors transiently expressed in COS-7 cells were
then examined. For spiperone and haloperidol (both butyrophe-
nones), chimeras that exchanged transmembrane (TM) domains
I and Il or TMs I-lll had the greatest effects on binding affinity.

The binding affinity of cinanserin (a cinnamanilide) was signifi-
cantly changed in all the chimeras studied. In contrast, the
binding of ketanserin (a 4-fluorobenzoylpiperidine) was strongly
influenced by chimeras that exchanged TMs I-lll (but not | and
Il) and by chimeras that exchanged intracellular loop 3 to TM VII.
5-HT binding affinity was greatly altered for chimeras that ex-
changed domains of intracellular loop 3 to TM VII, with minor
effects being noted for chimeras that exchanged TMs | and Il
and Hll. The affinities of the nonselective drugs mesulergine,
mianserin, and m-chlorophenylpiperazine were relatively unaf-
fected when domains of the 5-HT. and 5-HT,. receptors were
exchanged. Taken together, these results imply that structurally
diverse 5-HT. antagonists utilize distinct regions of the 5-HT.
receptor for high affinity binding.

Serotonin (5-HT) mediates many physiologic processes in-
cluding the regulation of the sleep-wake cycle, appetite, mood,
perception, aggression, platelet aggregation, and smooth muscle
contraction (1). To induce these effects, a large family of
serotonergic receptors has evolved. Many members of this
family have now been cloned and include the 5-HT,. (2), 5-
HTs (3), 5-HT, (4), 5-HTp (5), 5-HT; (6, 7), and 5-HT; (8)
receptors. Other serotonin receptors have been pharmacologi-
cally identified (5-HT,p, 5-HT,, and stomach fundus 5-HT
receptors) (see Ref. 9 for review) but await verification by
structural criteria (e.g., amino acid or cDNA sequence).

The 5-HT. and 5-HT,. receptors share a number of struc-
tural, functional, and pharmacologic similarities. Both recep-
tors have comparable affinities for several pharmacologic
agents (10-12a), transduce their signals via activation of phos-
phoinositide metabolism (13-16), are regulated by exogenous
agents in a similar manner (17, 18), show similar developmental
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profiles (19), and display a relatively high number of structural
homologies. In the putative TM regions, the 5-HT; and 5-HT,.
receptors show overall identities of 78% (39 of 176 residues
nonidentical) and similarities of 91% (16 of 176 residues non-
similar), with TM V showing 100% identity. In addition to
these similarities, the 5-HT, and 5-HT),. receptors exhibit a
number of pharmacologic differences (20, 21). We recently
surveyed typical and atypical neuroleptic binding to the cloned
5-HT,. receptor and found many agents that effectively distin-
guish between the two receptors (12a). These studies prompted
us to determine the structural features required for these inter-
esting pharmacologic differences.

Previous studies of receptor structure-affinity relationships
have utilized two major approaches, i.e., site-directed mutage-
nesis and the construction of chimeric proteins. Site-directed
mutagenesis studies have been important for identifying resi-
dues that are invariantly important for agonist and/or antag-
onist binding (22-24). The chimeric approach, on the other
hand, has been useful for identifying domains of the cat-
echolamine and muscarinic receptors important for specifying
the unique pharmacology of each receptor subtype (25-28).

ABBREVIATIONS: 5-HT, 5-hydroxytryptamine; dsDNA, double-stranded DNA; PCR, polymerase chain reaction; bp, base pair(s); m-CPP, m-

chiorophenyipiperazine; TM, transmembrane; i3, intracellular loop 3.
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Because we are interested in domains that specify the phar-
macology of each receptor, we chose the chimeric receptor
approach for our initial studies.

For the present experiments, we constructed six chimeric
receptor proteins in which several domains of the 5-HT, and
5-HT,. receptors were exchanged. After verification by dsDNA
sequencing, we transiently expressed each receptor in COS-7
cells and then determined the binding profiles for all constructs.
For structurally diverse antagonists, different regions of the 5-
HT, receptor appeared essential for high affinity ligand bind-
ing. These results are most consistent with recently published
models (29, 30) that predict that ligands utilize several distinct
residues located in multiple TM domains to bind with high
affinity to 5-HT, receptors.

Experimental Procedures

Materials

Tissue culture reagents were from GIBCO/BRL (Gaithersburgh,
MD). [*H]Ketanserin (66 Ci/mmol) and «-*S-dATP (1500 Ci/mmol)
were from New England Nuclear (Boston, MA). [*H]Mesulergine (70
Ci/mmol) was from Amersham Corporation. Restriction enzymes were
from New England Biolabs (Boston, MA), with most other molecular
biology reagents being purchased from United States Biochemicals
(Cleveland, OH) or Stratagene (Torry Pines, CA). Taq polymerase was
from Cetus Corporation. COS-7 cells were a gift from B. Kobilka and
M. VonZastrow (Stanford University). All other reagents were obtained
from Sigma Chemical Co. (St. Louis, MO).

Plasmid Constructions

pSVK3-SR2 and pSVK3-5HT1c. Construction and expression
of these plasmids have been detailed previously (12a).! Conventional
techniques of molecular biology were followed (31, 32). In some exper-
iments, GF-6 and A9 cells that stably express the 5-HT; and 5-HT,.
receptors (gifts of D. Julius and B. Hoffman, respectively) were used,
with equivalent results.

Overall strategy for chimeric receptor construction. Before
construction of chimeric serotonin receptors, the amino acid sequences
of the rat 5-HT; (Accession Number M30705) and the rat 5-HT,.
cDNAs were aligned using the University of Wisconsin GCG Software
command BESTFIT. Regions with appropriate restriction enzyme sites
were identified and chimeras were designed that met the following
criteria: 1) homologous portions of each receptor were exchanged and
2) deletions, insertions, and point mutations were avoided. In general,
chimeras were constructed using PCR technology so that linkers and
adaptors (which add extra amino acids) were averted. All PCR-gener-
ated inserts were verified by dsDNA sequencing (see Table 1).

Chimer 1. pSVK3-SR2 was digested with Xhol (37°; 1 hr) to remove
bp +820 to +1740 (see Fig. 1) and was treated with calf intestinal
alkaline phosphatase (37°; 30 min), and the 4.8-kilobase fragment was
gel purified. The corresponding portion of the 5-HT,. cDNA was then
amplified by PCR, using the primers shown in Table 1. Sequences were
placed 5’ to the Xhol adaptors on both primers because of the tendency
of Taq polymerase to produce ragged ends, thus ensuring that the Xhol
adaptors would be synthesized in addition to the amplified sequence.
PCR was done using an MJ Research Thermocycler and the following
conditions: 95° (5 min; initial denaturation), then 30 cycles of 95° (30
sec), 30° (30 sec), and 72° (1.5 min), and then 7-min terminal extension
at 72°; 1 uM each primer, 200 uM deoxynucleoside triphosphates, 0.5
unit of Taq polymerase, 1X PCR (1.5 mM MgCl;, 10 mM Tris-Cl, 50
mM KCl, 0.01% gelatin; pH = 8.3) buffer (Cetus Chemical Company);
and 100-ul final volume with 50-ul mineral oil overlay. After the

'S. Garlow, D. Morilak, B. L. Roth, and R. D. Ciaranello. Production and
characterization of an antibody for the 5-HT, receptor which labels a subpopu-
lation of rat forebrain neurons. Submitted for publication.

reaction, a small aliquot (5 ul) of the PCR product was checked using
a 1% TBE (20x TBE = 1 M Tris base, 1 M boric acid, 20 mM disodium
EDTA) gel. A single band of approximately 613 bp was visualized by
ethidium bromide staining. The rest of the PCR product was purified
using a GeneClean kit (Bio-101) and polished with Klenow polymerase
[200 uM deoxynucleosidetriphosphates, 1X Klenow buffer (Stratagene)
(7 mM Tris-Cl, 7 mM MGCL,, 1 mM dithiothreitol; pH = 7.3), 1 unit of
Klenow polymerase] at 25° for 1 hr. The sample was heated to 65° to
denature the Klenow polymerase and then digested with Xhol for 2 hr
at 37°. After repurification using the GeneClean procedure, the Xhol
insert was ligated to pSVK3-SR2 prepared as described above. After
bacterial transformation, minipreps, and large scale plasmid purifica-
tion (31, 32), the identity of the plasmid was verified by three criteria,
1) digestion with Xhol (removes the insert), 2) digestion with Stul
(verifies orientation), and 3) dsDNA sequencing (see below) of the
complete insert. Similar techniques were used for the construction of
the remaining chimeras.

Chimer 2A. pSVK3-SR2 was digested with KpnI and Sall (removes
bp —11 to +416), and the 1400-bp fragment was subcloned into pSVK3
to yield pSVK3-SR2A416. The corresponding portion of the 5-HT),.
receptor was amplified with the primers shown in Table 1 and was
digested with Kpnl and chimer 2A was prepared as described above for
chimer 1.

Chimer 2B. The Kpnl site from pSVK3 was removed by digestion
with Sacl to produce pSVK3ASacl, and the 5-HT; cDNA was inserted
into the EcoRI site. The resulting construct (pSVK3ASacl-SR2) was
digested with Kpnl (removes bp +179 to +416). The corresponding
portion of the 5-HT,. sequence was amplified using the primers listed
in Table 1.

Chimer 3. Chimer 2B was excised with EcoRI, and the insert was
ligated to EcoRI-digested pSVK3. The resulting plasmid was digested
with Xhol, and the Xhol insert from chimer 1 was inserted in the
proper orientation to produce chimer 3.

Chimer 4. pSVK3-SR2 and pSVK3-5HT1c were used to transform
the dam™ strain of Escherichia coli (JM110). After large scale plasmid
preparations, pPSVK3-5HT1c was digested with Bcll and Xbal (removes
bp +694 to +2312), treated with calf intestinal alkaline phosphatase,
and gel purified. pSVK3-SR2 was doubly digested with Bcll and Xbal,
and the fragment (bp +751 to +1829) was gel purified and ligated to
pSVK3-5HT1c prepared as described above.

Chimer 5. pSVK3-5HT'1c, grown in dam™ E. coli, was digested with
Ball and SnaBI to remove bp +175 to +471. The corresponding
homologous portion of the 5-HT; ¢cDNA was amplified using the
primers in Table 1, to produce chimer 5.

dsDNA sequencing. dsDNA sequencing was performed on the
plasmids prepared as described above by using a Sequenase-II kit from
United States Biochemicals, which utilizes the dideoxynucleotide
(chain termination) method (33). When necessary, primers up- and
downstream of the inserted sequences were used to verify the splice
sites. Additional sequencing primers were used to verify the entire
sequences of the insertions.

Transient Transfection of COS-7 Cells

Transient transfection of COS-7 cells was performed as previously
detailed, using the DEAE-dextran technique (12a, 34). In brief, COS-7
cells were seeded at 3 X 10° cells/100-mm plate, grown overnight, and
exposed to 2 ml of DEAE-dextran/plasmid mixture. After a 10-15-min
exposure, 20 ml of complete medium (high-glucose Dulbecco’s modified
Eagle medium with 10% fetal calf serum, 100 ug/ml streptomycin, and
100 units/ml penicillin) containing 80 uM chloroquine were added and
the incubation was continued for 2.5 hr at 37° in a 5% CO, incubator.
The mixture was then aspirated, and 10 ml of complete medium
containing 10% dimethylsulfoxide were added, with shaking, for 150
sec. After aspiration, 15 ml of complete medium with dialyzed serum
were added and the incubation was continued an additional 65 hr.

Cells were harvested with a cell scraper, pelleted at 1000 % g for 10
min, resuspended in 50 mM Tris-HCI (pH 7.40), and centrifuged at
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14,000 X g for 30 min. The cell pellets were used immediately or stored
at —80° until assay, with equivalent results. For all experiments, parallel
assays were performed with cells expressing the parent receptor.

Radioligand Binding

Radioligand binding was performed as previously detailed (12a, 12b,
18, 19, 35). In brief, cells were lysed and membranes were harvested by
centrifugation and diluted to a total volume of 0.5 ml together with
radioligand and unlabeled competitor. After a 90-min incubation at
25°, membranes were harvested onto 0.05% polyethyleneimine-pre-
treated GF/C filters with a Brandel cell harvester. After drying, filters
were quantitated by liquid scintillation counting. Specific binding rep-
resented at least 90% of total binding for all the experiments reported
here. Experiments were performed and data were analyzed precisely as
described by Munson and Rodbard, using the LIGAND program (see
Ref. 12D for details); the F test was used to distinguish between various
binding models at a level of significance of 0.01. For all experiments
reported here, the curves represent the theoretical fits obtained with
the parameter estimates derived from the LIGAND program. Protein
was determined using a Bio-Rad kit (Richmond, CA). Nonspecific
binding, a fitted parameter, was determined with either 1 uM mesuler-
gine or 1 uM mianserin and was equivalent regardless of the unlabeled
ligand.

Results

Expression of [*H]mesulergine and [*H]ketanserin
binding. Fig. 1 shows the structures of the receptor cDNAs
used in this study. Table 1 shows the primers used for the
construction of the chimeras. In all cases, homologous portions
of each receptor (as identified using the program BESTFIT)
were used. Additionally, dsDNA sequencing verified that no
insertions, deletions, or point mutations occurred during the
construction of the chimeric receptors. All receptors, with the
exception of chimer 2A, expressed high levels of [*H]mesuler-
gine binding. Because chimer 2A did not express significant
[*H]mesulergine or [*H]ketanserin binding, it was not used for
subsequent experiments.

Figs. 2-4 show typical isotherms for the inhibition of [°*H]
mesulergine and [*H]ketanserin binding. Table 2 displays the
K, and B.,.., data for each receptor studied. As is clear, each
receptor had relatively high affinities for [*H]mesulergine; in
the cases of the 5-HT, and 5-HT,. receptors, these values were

Chimeric Serotonin Receptors 629

similar to those previously reported for the cloned receptors
(12a) as well as for binding identified in brain (35-37). Chimers
1, 2B, 3, 4, and 5 had affinities for [*H]mesulergine similar to
values obtained for the 5-HT. and 5-HT),. receptors.

All of the chimeras (except 2A) and the 5-HT; receptor bound
[*H]ketanserin with high affinities; in the case of chimer 1 this
represented a 7.6-fold decrease in affinity, compared with the
parent 5-HT; receptor (see Table 1 for values). For chimer 4 a
3.8-fold increase in affinity was seen, compared with the parent
5-HT,. receptor (see Table 1), whereas chimer 5 showed an 8-
fold increase in affinity. For chimer 3 a 9-fold decrease in
affinity, compared with the parent 5-HT, receptor, was found,
whereas chimer 2 showed minimal changes (2-fold) in affinity
for [*H]ketanserin.

Pharmacologic characterization of chimeric serotonin
receptors. We next performed a study of the pharmacology of
each of the receptor constructs we created. For these experi-
ments, the chimeric receptor of interest together with its pro-
genitor were studied simultaneously, to limit experiment-to-
experiment variability. Additionally, the same stocks of unla-
beled ligands were used for all the studies reported here.

Figs. 5 and 6 show typical competition binding isotherms for
each receptor using the unlabeled drugs spiperone and haloper-
idol, respectively. Table 2 presents the K; values obtained from
the LIGAND program for experiments in which the data were
fit simultaneously. As can be seen, chimers 1-3 had lower
affinities for spiperone, cinanserin, and haloperidol, compared
with the predecessor 5-HT. receptor. For spiperone these
ranged from 6- (chimer 1) to 163-fold (chimer 3) lower than
the 5-HT; receptor. Haloperidol had an 8- (chimer 1) to 49-
fold (chimer 3) lower affinity, compared with the 5-HT, recep-
tor. Importantly, the affinities of mesulergine and mianserin
were similar for all receptors studied.

Chimers 4 and 5 displayed significantly enhanced affinity for
ketanserin and cinanserin (3-8-fold). Chimer 4 showed <3-fold
higher affinity for spiperone and no change for haloperidol.
Consistent with the results obtained above, chimer 5 (which
switches TMs I-III) showed markedly enhanced affinity for
spiperone (296-fold) and haloperidol (11.5-fold), compared with
the 5-HT,. receptor. Taken together with the results obtained

S I I [ IV V VI Vii
S-HT ll l l l I I SKET>> > Fig. 1. Structures of receptor
e n . . MES>KET>>SPIP>HAL cDNAs. Shown are diagrams of
the cDNAs used in these experi-
| —KET= ments. 5-HT, sequences are
S— are dotted. Roman numerals, ap-
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TABLE |
Primers used for construction of chimeric serotonin receptors

Shown are the sequences of the PCR primers used in construction of the chimeric receptors reported in this study. For all chimeras, the homologous portion of the
donating receptor was amplified in such a way that no frame-shift, insertion, or deletion mutations were constructed, as is seen by the translations of the splice sites.
The sequences of the chimeric receptors were verified by dsSDNA sequencing of the entire inserted sequence including the splice site.

Chimera Upstream PCR primer* Downstream PCR primer y spiice spiice
sites ste site
Chimer 1 5’-CCACTCGAGAGGAACTGGCTAAT- 5'-CCGCTCGAGTTCGCTTACACACT-  Xhol/Xhol TREELANM  ISSV*
ATG-3' ACTA-3’
Chimer 2A 5'-GGGGTACCCTGAAGCAATCATG- 5'-GCCGGTACCCATAAAGAATAGC- Kpnl/Kpnl KPEAIMV LYGYR
GTG-3 AAGCAG-3’
Chimer 2B 5'- 5’-GCCGGTACCCATAAAGAATAGC- Kpnl/Kpnl  GYLSSDGG LYGYR
GGGTACCTCTCCTCCGATGGTGG- AAGCAG-3’
ACGCTTG-3'
Chimer 3°
Chimer 4 None None Bcell/Bcell MVITY End of )
Chimer 5 5’-AATGGCCAGCTTTATTGACAACT- 5'-AATACGTATGGCGACATAGCG- Ball/SnaBl WPALLT VAIRN
3’ GTC-3’
* * termination; M, initiation methionine; bold, 5-HT,c sequence; undertined 5-HT, sequence.
® Chimer 3 is a combination of chimer 2B and chimer 1.
T T T T T T T T T T T T
100§ o © 5-HT, 100 O 5-HT,
s CHIMER1 8 CHIMER1
v CHIMERZ2B v CHIMERZ2B
e CHIMER4 @ CHIMER3
80 - ¢ CHIMERS 80 - O S5-HT,. o
o 5-HT,.
60 F e 60 |
% CONTROL % CONTROL
40 |- = 40
20 + E 20 +
0 1 1 — l 0 1 1

0.01 0.1 1 10 100 1000

[MESULERGINE, nM]

Fig. 2. Mesulergine inhibition isotherms for chimeric and parent recep-
tors. Shown are mean percentages of control specific binding (no unla-
beled mesulergine added) for three or four individual experiments, with
duplicate determinations at each point, for the inhibition of [*H]mesuler-
gine binding (0.5-1.0 nm) by unlabeled mesulergine. Standard errors are
not shown and ranged from 1 to 7% for each value. Specific binding
represented at least 90% of total binding. For a typical experiment in
which 58,000 counts of [*H]mesulergine were added to each tube, total
binding represented 2800 cpm, with nonspecific binding (1 M mianserin)
being 108 cpm.

with chimers 1-3, these findings indicate that the regions
encompassed by TMs I-1II are essential for high affinity spi-
perone and haloperidol binding to the 5-HT, receptor.

We next studied the agonist profiles of the receptors by
evaluating the binding affinities of the full agonist 5-HT and
the partial agonist m-CPP for the chimeric and parent recep-
tors. Table 2 gives the accumulated data for 5-HT and the
partial agonist m-CPP. As can be seen, 5-HT had greatly
differing affinities for the chimeric receptors we prepared. In
general, agonist affinity was shifted toward that seen with
donated carboxyl terminus sequences (i3-TMVII). Thus, in the
case of chimers 1 and 3, but not chimer 2, 5-HT affinity

0.01 0.1 1 10 100 1000
[KETANSERIN, nM]

Fig. 3. Ketanserin inhibition isotherms for 5-HT,-derived chimeric recep-
tors. Shown are mean percentages of control specific binding (no unia-
beled ketanserin added) for three separate experiments, with duplicate
determinations for each point, for inhibition of [°H]ketanserin (chimer 1,
chimer 2B, chimer 3, and 5-HT, receptors) binding by unlabeled ketan-
serin. Specific binding represented at least 90% of total binding.

increased by 6-13-fold, whereas for chimer 4 the affinity of 5-
HT was decreased by 70-fold. Chimer 5, which exchanges TMs
I-111, shifted the affinity of 5-HT 28-fold. m-CPP, which has
similar affinities for both the 5-HT, and 5-HT,. receptors,
showed minor changes in affinities among the various chimeras
tested.

Discussion

The major finding of this paper is that multiple structural
domains are apparently important for specifying the unique
pharmacology of 5-HT, and 5-HT,. receptors. We also discov-
ered that structurally distinct 5-HT, antagonists were affected
to differing degrees by the chimeras we constructed. These
results may indicate, as predicted by Leysen (38), that struc-
turally diverse 5-HT, antagonists utilize different regions of
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0.1 1 10 100v 1000 10000
[KETANSERIN, nM]

Fig. 4. Ketanserin inhibition isotherms for 5-HT,.-derived chimeric recep-
tors. Shown are mean percentages of control specific binding (no unla-
beled ketanserin added) for three separate experiments, with duplicate
determinations for each point, for inhibition of [°H]mesulergine (chimer 4,
chimer 5, and 5-HT,.) binding by unlabeled ketanserin. Specific binding
represented at least 90% of total binding.

the 5-HT, receptor for high affinity binding. Our results are
also in accord with recent three-dimensional computerized
models of ligand binding to 5-HT, receptors (29, 30), which
predict that amino acids located in multiple TM domains
contribute to high affinity agonist and antagonist binding.
Several types of control experiments were performed to verify
the construction of each receptor type in vitro. Firstly, we
measured the affinities for [’H]mesulergine, m-CPP, and mian-
serin because these ligands do not readily distinguish between
5-HT, and 5-HT,. receptors. We reasoned that, if functional
chimeric receptors were being synthesized and properly inserted
into the membranes, they should bind [*H]mesulergine, mian-
serin, and m-CPP equally. Secondly, we evaluated the abilities
of several drugs that distinguish between the 5-HT, and 5-HT,.
receptors to bind to the chimeric receptors. In many instances,
the drugs displayed predictable shifts in affinity towards those
for the donated sequences. Finally, the sequence of each chi-
mera was verified by dsDNA sequencing using primers up- and
downstream of the donated sequences. For the chimeras re-

TABLE 2
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ported here, no insertions, deletions, or point mutations were
found.

A major goal of serotonin receptor molecular pharmacology
is the identification of the specific structural features essential
for defining the unique pharmacology of each receptor. Before
the present findings, few published reports had directly ad-
dressed this issue. Buck et al. (39) presented preliminary find-
ings, based on deletion mutations, that implied that the TM
domains could be important for binding 5-HT. Additionally,
Hibert et al. (29) presented a theoretical model of 5-HT binding
to the 5-HT, receptor that emphasized interactions of amino
acid residues found in many of the putative TM domains. Dahl’s
group (30) has recently formulated a model for the binding of
agonists and antagonists to 5-HT, receptors that differs signif-
icantly from that obtained by Hibert. Predictions of the model
of Evardsen et al. (30) will be discussed below in relationship
to the present findings. Finally, Guan et al. (40) presented
findings suggesting that an asparagine residue found in TM
VII of the 5-HT), . receptor may be essential for binding pin-
dolol.

Previous investigators have emphasized the pharmacologic
similarities of the 5-HT, and 5-HT,. receptors (20, 21, 41). As
already mentioned, these receptors also show remarkable re-
semblances in terms of regulatory properties (17, 42). Clearly,
though, the 5-HT, and 5-HT,. receptors differ in a number of
respects, including regional brain distributions (43, 44) and the
affinity profiles of a number of drugs (36). We recently com-
pleted a survey of antipsychotic agents and found that these
drugs, as a group, prefer the 5-HT, receptor (12a). Several
drugs preferred the 5-HT, receptor by 100-fold or more; we
could not identify agents that prefer the 5-HT,. receptor. Those
studies suggested to us that certain antipsychotic agents could
serve as convenient reference drugs for our structural studies.

We chose for initial investigations the terminal TM domains
(see Fig. 1) for the following reasons. Firstly, previous experi-
ments involving adrenergic receptors directly implicated TMs
VI-VII in antagonist pharmacology (25, 26). Secondly, more
recent studies demonstrated that an asparagine in TM VII was
essential for binding a variety of 8-adrenergic antagonists (24).
Thirdly, Wess et al. (27, 28) found that the terminal regions of
muscarinic receptors possessed major structural features re-
quired for the unique pharmacology of the m2 and m3 musca-
rinic receptors. Fourthly, Guan et al. (40) showed that an
asparagine in TM VII is critical for the binding of pindolol to

Affinities of ligands for 5-HT,, 5-HT ., and chimeric receptors expressed in vitro
Data represent mean + standard error of computerized estimates of K, values (for [°Hljmesulergine and [*H]ketanserin) or K, values of unlabeled ligands for three to five

separate experiments.
Kyor K,
Ketanserin Spiperone Mesulergine Mianserin Cinanserin Haloperidol SHT m-CPP
w

5-HT, 038 +0.1 0.33+0.12 19+£02 1.0+0.2 21+02 158+ 7.4 1303 + 391 163 £ 65
Chimer 1 29 +13° 19+0.6* 29+09 26+09 75+13° 127 + 6.4° 217 £ 72* 126 + 38
Chimer2B 0.68 £ 0.2 19+7° 6.7+28 ND® 125 + 6° 579 + 191° 1197 + 383 144 + 82
Chimer 3 3+0.7* 54 + 21* 6+3 24+04 11.3+3° 776 + 180° 95 +10* 826 + 221
5-HT, 10+2 619 + 246 128+03 04+01 26+ 8 2050 + 533 22+8 52 + 20
Chimer 4 2.6 +0.8° 271 + 30° 19+£02 05+0.05 48 +0.4° 2578 + 773 1534 + 506° 138 + 60
Chimer 5 13+0.1°¢ 21+ 0.6° 08+03 06+0.06 6.8 + 0.6° 178 + 22° 625 + 48° 137 £ 10

*p < 0.01 versus 5-HT K value (F test).

®ND, not determined

©p < 0.01 versus 5-HT, K, value (F test).
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Fig. 5. Spiperone inhibition isotherms for chimeric and parent receptors.
Shown are mean percentages of control specific binding (no unlabeled
spiperone added) for three separate experiments, with duplicate deter-
minations for each point, for inhibition of [*H]ketanserin (chimer 1 and 5-
HT.) or [*H)mesulergine (chimers 2B-5 and 5-HT,.) binding.
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Fig. 6. Haloperidol inhibition isotherms for chimeric and parent receptors.
Shown are mean percentages of control specific binding (no unlabeled
haloperidol added) for three separate experiments, with duplicate deter-
minations for each point, for inhibition of [*H]ketanserin (chimer 1 and 5-
HT.) or [*H]mesulergine (chimers 2B-5 and 5-HT,) binding.

5-HT,. receptors. Coupled with the results from the present
studies, we can conclude that the terminal domains, which
include TMs VI and VII, are essential for the binding phar-
macology of some, but not all, antagonists for adrenergic,
muscarinic, and serotonergic receptors. Our results also imply
that domains important for specifying high affinity 5-HT bind-
ing are also found in the carboxyl terminus of the 5-HT, and
5-HT,. receptors. Whether these regions reside in the cyto-
plasmic loop(s) or in the TM domains cannot be answered by
the present studies. Computerized models of ligand binding (29,
30) predict that the TM domains are essential for ligand
binding, although some prior studies highlight the importance
of i3 for agonist affinities (27).

Because of the rather modest shifts in affinity we noted for
our initial chimeras (chimer 1 and chimer 4), we constructed
three additional chimeras in an effort to pinpoint regions
important for specifying antagonist pharmacology. Addition-
ally, the model of Evardsen et al. (30) suggested that relatively
important interactions for the antagonist ritanserin and
ketanserin? resided in TMs I, II, and VI (30). In a similar vein,
Evardsen et al. (30) predicted that TM II, and not TM III as
predicted by Hibert et al. (29), was essential for agonist phar-
macology. We then constructed additional chimeras in which
TMs I and II (chimers 2 and 3) and TMs I-III (chimer 5) were
exchanged.

Our results are most consistent with the idea that multiple
domains are important for specifying the affinities of a variety
of antagonists for 5-HT, and 5-HT,. receptors. These results
appear to be in general accord with the model of Evardsen et
al. (30), which suggests that domains I, IT and VI are important
for 5-HT binding. Thus, we found that chimeras in which TMs
I and II (chimer 2) or I-III (chimer 5) were exchanged showed
strikingly altered affinities for spiperone and haloperidol. In all
cases, the affinities were shifted toward those for the donated
sequences. In the case of chimer 5, the affinity of spiperone
was increased 294-fold, whereas the affinity of haloperidol was
shifted to a more modest extent (11.5-fold). These results
indicate that spiperone and haloperidol (both butyrophenones)
may not bind in precisely the same manner to the 5-HT,
receptor.

One advantage of the present approach is that the chimeras
were constructed in such a way that “gain of function” altera-
tions were measured. Thus, chimer 5 showed enhanced affini-
ties for antagonists, whereas chimers 1 and 3 showed increased
affinities for 5-HT. Site-directed mutagenesis studies, in gen-
eral, suffer from the inherent problem that loss of function is
the usual end-point. Thus, it has frequently been shown that a
specific mutation (e.g., conserved aspartate; see Ref. 45) abol-
ishes ligand binding or that agonist binding disappears and
antagonist binding is relatively conserved. In general, such “loss
of function” studies, although extremely suggestive, cannot
demonstrate conclusively that the residues altered are essential
for actually binding the ligand.

The chimeric protein approach is not without its disadvan-
tages, however. In particular, it is conceivable that the domains
switched have no direct role in ligand binding but merely serve
to orient the critical residues. Complementary studies utilizing
direct labeling approaches could theoretically overcome these
potential difficulties.

In summary, we discovered that major structural determi-
nants important for specifying the unique pharmacology of the
5-HT, and 5-HT,. receptors reside in multiple domains of each
receptor. For drugs like spiperone and haloperidol TMs I-III
were essential, whereas ketanserin binding was most affected
by domains i3 to TM VII and TM III. Agonists appeared to
recognize domains at either end of the receptor, although the
carboxyl-terminal region was most essential for specifying the
affinity of 5-HT. These results imply that the process of ligand
binding is more complicated than previously thought and are
in general accord with a recent model published by Evardsen
et al. (30). These results should prove to be of fundamental

28S. G. Dahl, personal communication.
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importance for identification of the molecular features essential
for ligand recognition by 5-HT; and 5-HT,. receptors.
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