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ABSTRACT. Sequence and predicted structural similarities between members of the Cys loop superfamily
of ligand-gated ion channel receptors and the acetylcholine binding protein (AChBP) suggest that the
ligand-binding site is formed by six loops that intersect at subunit interfaces. We employed site-directed
mutagenesis to investigate the role of amino acids from the loop C region of the muring.SRHm
interacting with two structurally different agonists, serotonin (5-HT) andhlorophenylbiguanide
(mCPBG). Mutant receptors were evaluated using radioligand binding, two-electrode voltage clamp, and
immunofluorescence studies. Electrophysiological assays were employed to identify changes in response
characteristics and relative efficaciesna€PBG and the partial agonist, 2-methyl 5-HT (2-Me5-HT). We
have also constructed novel 5-HT amCPBG docked models of the receptor binding site based on
homology models of the AChBP. Both ligand-docked models correlate well with results from mutagenesis
and electrophysiological assays. Four key amino acids were identified as being important to ligand binding
and/or gating of the receptor. Among these, 1228 and D229 are specific for effects mediated by 5-HT
compared tanCPBG, indicating a differential interaction of these ligands with loop C. Residues F226
and Y234 are important for both 5-HT amCPBG interactions. Mutations at F226, 1228, and Y234 also
altered the relative efficacies of agonists, suggesting a role in the gating mechanism.

The serotonin type 3 receptor (5-6R) is a member of Sequence and predicted structural similarities between
the Cys loop superfamily of ligand-gated ion channel (LGIC) LGIC receptors and the acetylcholine binding protein
receptors that includes nicotinic acetylcholine, GABA  (AChBP) suggest that the ligand-binding site is formed by
GABAc, and glycine receptorsl). These receptors are six loops, A-F, which intersect at the subunit interfac8s-(
membrane-bound ion channel-coupled receptors that mediateés). Several important residues in the 54R binding
fast synaptic transmission in both peripheral and central domain have been identified<{12). Earlier work from our
nervous systems. 5-H7 subunits form homopentamers that laboratory identified three important tyrosine residues (Y141,
yield characteristic inward currents with rapid onset and Y143, and Y153) in the loop E regiodd). The development
desensitization upon exposure to agonist. The ligand-bindingof AChBP-based homology models of the 53RTbinding
site is present in the extracellular amino-terminal domain, domain has also greatly improved our understanding of
at the subunit interface. 5-HAR! antagonists are clinically ~ binding interactions of agonists and antagonigtst( 14).

used for the treatment of chemotherapy-induced emesis, and Previously, residues in the loop C region have been shown
are being evaluated for several other conditions, including to contribute to interspecies differences in potencies of
alcoholism R). various ligands. The loop C region contributes to the higher
potency of d-tubocurarine ¢-TC) at the mouse 5-HR
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CAREER Grant 9985077), the American Heart Association (AHA Shown to contribute to the selective potency of 1-phenyl-
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of the murine 5-HEAR using site-directed mutagenesis. genate was incubated at 3T for 1 h with varying
Sequential alanine and/or conservative loop C mutations wereconcentrations of 3H]granisetron. The level of specific
characterized by radioligand binding and electrophysiological binding of PH]granisetron was determined as the amount
assays. Mutants that ablated binding and/or function wereof bound PFH]granisetron not displaced by a saturating
further characterized by immunofluorescence assays. Ex-concentration of a competing ligand (101 Tropisetron).
perimental data were correlated with ligand docking calcula- For K; determinations, 5QL of homogenate was incubated
tions for both 5-HT andnCPBG obtained from an AChBP- at 37 °C for 2 h with varying concentrations of inhibitor
based homology model of the murine 5-(AR. Taken and PH]granisetron (NEN). Binding was terminated by rapid
together, results presented here reveal an emerging picturdiltration onto GF/B filters.

of differential interaction and gating of the 5-ER by 5-HT ElectrophysiologyDetails of the vertical perfusion cham-

and mCPBG. ber and methodology employed for electrophysiological
recordings have been described previougy).( Briefly,

MATERIALS AND METHODS ovarian lobes were surgically removed frotenopus lagis

[*H]Granisetron was purchased from New England Nuclear frogs, washed twice in Ga free Barth’s buffer [82.5 mM
(NEN). 5-HT and 2-Me5-HT were obtained from Spectrum, NaCl, 2.5 mM KCI, 1 mM MgC}, and 5 mM HEPES (pH
and mCPBG was obtained from Research Biochemical 7.4)] and gently shaken with 1.5 mg/mL collagenase (Sigma
International. Xenopus lagis frogs and frog food were type Il, Sigma-Aldrich) fo 1 h at 26-25 °C. Stage IV
obtained from Xenopus Express. Sigma type Il collagenaseoocytes were selected for microinjection. Synthetic cRNAs
was purchased from Sigma Aldrich. All other chemicals were for WT and mutant mouse 5-HJs receptors were prepared
purchased from Fisher Scientific. using the mMMESSAGE mMACHINE High Yield Capped

Site-Directed Mutagenesis and Epitope TaggiSite- RNA Transcription Kit (Ambion). Each oocyte was injected
directed mutagenesis was performed as described previouslyvith 50 nL of cRNA at a concentration of 0.2 ng/nL. Oocytes
(193), using either the QuickChange mutagenesis kit (Strat- were incubated at 19C for 2—4 days before electrophysi-
agene) or the pAlter altered sites mutagenesis kit (Promega)ological recording. Electrical recordings were made under
Wild-type (WT) 5-HTsas CDNA was derived from N1E-115  conventional two-electrode voltage clamp conditions using
neuroblastoma cells and cloned in the pCl vector as describedan OC-725C oocyte clamp amplifier (Warner Instruments)
previously (2). For immunofluorescence studies, FLAG- coupled to an online, computerized data acquisition system
tagged receptors were used. A C-terminal FLAG epitope (Datapac 2000, RUN technologies). Recording and current
tagged receptor was created by cloning the WT cDNA into electrodes were filled wit 3 M KCI and had resistances of
the pCMV 4.1 vector (Stratagene). This WT-FLAG cDNA 1-2 MQ. Oocytes were held in a vertical flow chamber with
was then used as a template to create the FLAG-taggeda volume of 400uL and perfused with ND-96 recording
F226A, S233A, and Y234A mutations using the Quick- buffer [96 mM NaCl, 2 mM KCI, 1.8 mM CaG) 1 mM
Change mutagenesis kit. All constructs were confirmed by MgCl,, and 5 mM HEPES (pH 7.4)] at a rate of 15 mL/
restriction digests and DNA sequencing (University of min. All agonists were prepared in ND-96 buffer and applied
California, Davis, CA). at a rate of 25 mL/min using an electrical pump.

Cell Culture and Transient TransfectiotsA 201 cells (a Maximal currents elicited by each agonist were recorded
derivative of HEK 293 cells) were obtained from M. White using saturating (supramaximal) concentrations of the ago-
(12). tSA 201 cells were cultured in Dulbecco’s modified nist. 5-HT was assumed to be the full agonist based on data
Eagle’s medium (DMEM, New Life Technologies) supple- obtained for the WT receptor. The relative efficacy of an
mented with 10% fetal bovine serum and 100 units/mL agonist (relative to 5-HT) was calculated &Sax agonish
penicillin/streptomycin in a humidified 5% CGtmosphere Imax5-nT. FOr each experiment, maximal currents elicited by
at 37°C. For radioligand binding studiet§A 201 cells were MCPBG and 2-Me5-HT were compared (normalized) to the
plated on 90 mm culture dishes at a density of 20° cells/ maximal current elicited by 5-HT on the same oocyte. Such
dish and grown fpo9 h prior to transfection. The cells were comparisons were repeated on four or more oocytes for WT
transfected with 2ig of WT or mutant plasmid DNA per  and mutant receptors. All the normalized data were pooled
dish using a calcium phosphate transfection kit (New Life together to calculate relative efficacy valuegshe standard
Technologies). Transfected cells were supplemented with error.
fresh DMEM 12-15 h after transfection and harvested 36 h  Localization of WT and Mutant 5-HRs by Immunofluo-

later. rescenceWT-FLAG (WT 5-HT3aR with a C-terminal FLAG
Radioligand Binding Assay®adioligand binding assays tag), F226A-FLAG, S233A-FLAG, and Y234A-FLAG were
were performed as described previoud@)( Briefly, trans- characterized by immunofluorescencea3M 201 cellstSA

fected cells were scraped from the dishes, washed twice with201 cells transiently expressing either the WT or mutant
phosphate buffered saline (PBS, New Life Technologies), 5-HT;Rs were grown in chamber slides in DMEM at 37;

and then resuspended in 1.0 mL of PBS with protease 24—28 h post transfection, chamber slides were washed thrice
inhibitor cocktail/200 mm dish (Complete Protease Inhibitor with PBS and incubated in freshly prepared ice-cold 4%
Cocktail, Roche, Mannheim, Germany). Immediately prior paraformaldehyde in PBS to fix the cells. The chamber slides
to use, cells were homogenized in PBS with protease were then incubated with an anti-FLAG antibody (Sigma)
inhibitors using a glass tissue homogenizer, centrifuged, at a dilution of 1:200 in PBS fol h atroom temperature
washed, and resuspended in 1 mL of PBS/100 mm dish. The(RT). To determine the level of intracellular expression, cells
protein content was determined using Lowry assay (Sigmawere permeabilized by incubation with primary anti-FLAG
Diagnostics). Binding assays were performed in PBS with antibody diluted in 0.3% Triton X-100. After three PBS
protease inhibitors. Fd{yq determinations, 5@L of homo- washes of 5 min each, slides were incubatadift at RT
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with goat anti-mouse rhodamine-conjugated secondary an- 224  ARARARARR R 236
tibody (Jackson ImmunoResearch) diluted at 1:1000 in PBS. ™ 5-HT3As F=BESIDLEN. — o
After three PBS washes, slides were mounted and observed 7 g'ggg: E"ii?ﬁii‘:ﬁ?‘"ﬁﬁ
. . . . . . o n—= ] WL =——
under a Nikon uprlght microscope Wlt.h approprlate filters. h S-HT3B S——TLOSSAGG-———FAO
The cells were viewed under a 20objective and photo- Torpedo nACh alpha HWVYYTCCPDTP---¥LD
graphed using a Cool Snap digital camera attached to the m nach alpha HWVFYSCCPTTP--—-¥LD
microscope. Polymorph software was used to acquire digital ~AChBP NSVTYSCCPEA----§ED
photographS. m GABAA alpha 1 GIVQSSTG—————— EXVV
Receptor ModelingExtracellular regions of the homopen- ™ SASAR beta > bbb S, =
tameric murine 5-HJR were built on the basis of the crystal m Gly alpha 1 Y——CTKHYN---TGKITC

structure of AChBP from the snalymnaea stagnalis Ficure 1: Sequence alignment of the purported loop C region of
(PDB entry 1I98). The.sequence .Of the S4RTA subunit the 5-HTzas regeptor withgother memberg o?the famiI)E). The gmino
was taken from Protein Information Resour@?)(entry acid sequence of the mouse 5-hydroxytryptamine type 3A short
NF00508262. Multiple-sequence alignments of their extra- isoform receptor (m 5-HZsR) was aligned with sequences of other
cellular regions and AChBP were performed with ClustalW Iiganq gated ion channel receptors and the acetylcholine binding
using default parameterg3). On the basis of this alignment, protein (AChBP) using a multisequence ClustalX alignment method.

S ) - The alignment of the purported “loop C” region across various
homology model building of the 5-HIR subunit was members of the LGIC superfamily and the AChBP is shown.

carried out using the “Nest” and “Loopy” facility of the  conserved residues are bold and highlighted in gray. Residues found
Jackal protein structure modeling package. Nest predicts theto be important in this study are bold and italicized in the mouse
experimental dihedral anglgs within an error range of 20 5-HTsasR. The numbers at the end indicate the positions as
for 94% of protein side chaing4). Protein loop predictions ?ﬁg?f;gigﬂ f;gg]ug;]ecé\';cet;]rg'%%Sds'zcgggggég‘;é”dgglirr]nt?]tg'r?]r(‘)'ﬂge'”
for amino acid |nser.t|ons_ and.delet|on were carried out W_'th 5-HT3agR that are mutated to alanines are denoted with an A above
Loopy (25). Heterodimeric units of the pentamer were built  each WT residue.

on the basis of crystal structure data to reach minimal root

mean standard deviation (rmsd) between the matched Data Analysis.Radioligand binding data were analyzed
monomers. Further refinements of the resulting dimers were as follows K, values were determined by fitting the binding
carried out with Sybyl version 6.6 (Tripos Inc., St. Louis, data, using GraphPad (San Diego, CA) PRISM, to the
MO) on a Silicon Graphics Octane workstation under an Irix equationB = (BmaJL] /([L]" + K"), whereB is the amount
6.5 operation system. The all-atom model was allowed to of specifically bound ligandBax is the maximum level of
relax during a short molecular dynamics run using constrains binding at equilibriumL is the free ligand concentratiok,

for backbone atoms. Finally, the entire structures were fully is the equilibrium dissociation constant, ands the Hill
minimized without any restriction using the Powell conjugate coefficient.

gradient method until the maximum derivative was less than ICso values were calculated by fitting the data, using

0.050 kcal mol* A~%. Gasteiger Huckel partial charges  Graphpad PRISM, to the equatiér= 1/(1+ L/ICs), where
were applied during the calculations. The quality of the ¢ s the fractional amount offH]granisetron bound in the
model was verified using Procheck, as compared with well- presence of inhibitor at concentraticncompared to the

refined structures at the same resoluti@®)( Intra- and amount of fH]granisetron bound in the absence of inhibitor.
interface H-bonds were analyzed with HBPLUS version 3.0, ICs, is the concentration at which = 0.5. K; values were

a hydrogen bond calculation progra@iy. _ calculated from 1@ values using the ChenrgPrusoff equa-
Ligand DockingLigand docking was performed indepen-  jgn.
dent of the experimental data; i.e., no constraints based on
the experimental data were applied. AutoDock version 3.0 d
(28) was applied for docking calculations, using the Lama-
rckian genetic algorithm (LGA) and the “pseudo-Solis and
Wets” (pSW) methods. The parameters included in Au-
toDock are based on the “Assisted Model Building with
Energy Refinement” (AMBER) force field®2Q). Gasteiger
Huckel partial charges were applied both for ligands and
proteins. Solvation parameters were added to the proteingesyLTs
coordinate file, and the ligand torsions were defined using
the “Addsol” and “Autotors” utilities, respectively, in Au- Radioligand Binding StudiesA sequence comparison
toDock version 3.0. The atomic affinity grids were prepared between the putative C loop of representative members of
with 0.375 A spacing using the Autogrid program for a 15 the Cys loop LGIC superfamily is shown in Figure 1. The
A x 15 A x 22.5 A box around the interface of subunits. amino acid sequence from E225 to E236 of the murine
Random starting positions, orientations, and torsions (for 5-HTzasR is shown in the top row. Amino acids from E225
flexible bonds) were used for the ligands. Each docking run to Y234 were individually mutated to alanine in this study.
consisted of 100 cycles. The number of evaluations was setMutations with R group characteristics more similar to those
to 1.5 million. Final structures with an rmsd of less than 1.5 of the WT residue (conservative mutations) were made if
A were considered to belong to the same cluster. Thethe initial alanine mutation showed no binding and/or
structures with low energies and high frequencies of docking function. The WT and mutant 5-HIRs were expressed in
were subjected to a further minimization with Sybyl and were tSA 201 cells and evaluated by saturation and competition
examined. radioligand binding assays. The results are summarized in

Dose-response curves obtained from electrophysiological
ata were fit using the equatidn= In/(1 + EGso/[A]"),
wherel is the current at a given agonist concentratigay
is the maximal current, Efis the agonist concentration that
elicits a half-maximal current, andlis the Hill coefficient.
The significance of resultgp(< 0.05) was determined with
a Student'd test in GraphPad PRISM.
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Table 1: Effects of Loop C Mutations on 5-HiR Radioligand Binding

[®H]granisetron 5-HT mCPBG
receptor Bmax (pmol/mg) Kg (NM) Ny x-fold change Ki (uM) x-fold change Ki (uM) x-fold change
WT 12.60+ 0.23 0.98+0.12  1.20+0.08 1 0.16+ 0.04 1 0.10+ 0.02 1
E225A 10.80+ 1.31 4,25+ 044 1.41+0.12 4 1.70+ 0.04 10 0.14+ 0.04 14
F226A 18.40+ 1.29 1.36+0.16  1.37+0.14 1.4 32.6: 2.9 200 3.9+ 0.62 40
F226Y 14.40+ 1.19 2.09+ 0.04  1.28+0.08 2 29.7+ 3.8 185 2.8+ 0.6 28
1228A 15.4+ 2.0 465+ 040 1.53+0.14 4.5 37. 2.7 235 0.524 0.04 5
D229A 10.5+ 0.7 8.13+0.1& 1.20+ 0.09 8 222+ 2.0 140 0.27+ 0.03 25
S233A - - - - - - - -
S233T 15.9Gt 1.22 2.04+£0.19 1.31+0.12 2 0.66+ 0.09 4 0.12+ 0.02 1
Y234A - - - - - - - -
Y234F 10.20+ 1.13 11.20+ 0.6 1.40+0.09 11 30.0k 1.2 185 12.40+ 1.32 125

2| jgand affinities of WT and mutant receptors were determined using either saturation binding assay#l}githn[setron or competition
assays (for serotonin amdCPBG) as described in Materials and Methods. Expression levels of receptors are indiddtgdvatues. Each value
was obtained using at least four determinations at each concentration, and is reported as thetheeatandard error. Dashes for S233A and
Y234A indicate that values could not be determined since no specific bindirfgllgranisetron could be detectétSignificantly different from
the WT value p < 0.05).

Table 2: Effects of Loop C Mutations on 5-HiR Electrophysiolog¥

5-HT mCPBG

receptor EGo (uM) Ny x-fold change Imad5-HT) (uA) ECso (uM) Ny x-fold change Ima{mCPBG) («A)
WT 3.414+0.40 1.40+0.19 1 14.8+ 2.2 0.78+0.07 1.61+0.20 1 134 1.8
E225A  10.80+ 1.5 1.50+4+0.10 3.2 6.2- 0.8 2.26+0.23 1.40+0.18 3 5.9+ 1.1°
F226A - - - - - - - -
F226Y 25.214+ 1.1 2.584+0.3PF 7.4 0.5+ 0.2 6.62+ 0.63 2.14+0.30 8.5 0.8- 0.2
1228A 34.00+£ 2.0 2.00+ 0.20 10 0.5+ 0.1° 12.30+ 1.2 1.404+0.18 16 13515
D229A 4291+ 2.34 1.414+0.09 12.5 11214 1.37£0.02 2.50+ 0.07 1.8 10.4£ 1.1
S233A - - - — — — - -
S233T 2.33:0.13 1.51+0.12 -15 152+1.8 0.48+0.04 1.29+0.12 -1.6 14.0+ 1.6
Y234A - - - - - - - -
Y234F 9.17+ 0.4 2.87+0.62 2.7 13.3+t 15 5.7+0.22 2.124+0.09 7.3 16.8- 1.9

aECso and Hill coefficient values of serotonin amdCPBG for WT and mutant receptors were determined from dosgponse curves of
electrophysiological data as described in Materials and Methods. Each value was obtained using at least four determinations at each concentration,
and is reported with the standard errhy.x values indicate average maximal currents elicited by the agonist for the respective receptor. Dashes
indicate that the values could not be determined since the receptor was not funét®igaificantly different from the WT valuep(< 0.05).

Table 1. All mutant receptors except S233A and Y234A mRNA. The lack of detectable currents in these mutants
bound PH]granisetron. TheBmax values for all mutant  correlates with the lack offH]granisetron binding observed
receptors that boundH]granisetron were comparable to that in radioligand binding assays. Small changes insE@ere
of WT receptors. Small changes in tig value of FH]- seen for the E225A mutation. Surprisingly, no currents could
granisetron were seen for E225A and [228A receptors be elicited from oocytes injected with the F226A mRNA,
compared to the WT receptor. Larger change&inwere whereas F226A receptors showed robust binding®i-[
noted for D229A and Y234F receptors. granisetron. The conservative F226Y mutation showed a
Competition binding assays were carried out to determine 7—8-fold change in E& values of both 5-HT andiCPBG,
the affinity of agonists, 5-HT anchCPBG. The fold changes accompanied with drastic changes in response kinetics and
in affinity of 5-HT and mCPBG for mutant receptors Imnax Values compared to those of WT (Figure 2). These
compared to those of WT receptors are shown in Table 1. changes in E€; values are also paralleled by large decreases
5-HT affinity was significantly decreased by all mutations in affinities of 5-HT andmCPBG in binding assays (Table
that were tested with the largest changes observed forl). The I228A mutation also showed large changes ig,EC
mutations at F226, 1228, D229, and Y234CPBG affinity values of both agonists. Interestingly, this mutation causes
was significantly reduced by mutations at only F226, 1228, selective changes in currents mediated by 5-HT, and not by
and Y234. Throughout the entire loolg;, values for 5-HT MCPBG, as reflected by the representative traces in Figure
were more significantly altered than thosem€PBG. 2. Thelmaxmcrec for 1228A receptors remains similar to those
Electrophysiological StudiesTable 2 summarizes the obtained for WT receptors. A similar selectivity is also seen
electrophysiological characterization of WT and mutant in competition assays of this receptor where khealue of
receptors using two electrode voltage clamp assays in5-HT but notmCPBG is altered (Table 1). The D229A
Xenopusoocytes. Representative traces of currents elicited mutation produced the largest increase in thes@lue for
upon application of supramaximal levels of 5-HCPBG, 5-HT. However, no significant change was seen in thg;EC
and the partial agonist 2-Me5-HT are shown in Figure 2. value for mCPBG. In parallel to these results, D229A
These traces represent currents recorded from the sameeceptors produced a large increase inkhealue for 5-HT
oocyte, hence from the same number (population) of recep-and not formCPBG in competition assays. In contrast to
tors. No currents could be elicited upon application of 5-HT mutations at F226, 1228, and D229, the Y234F mutation
or mCPBG in oocytes injected with either S233A or Y234A produced a small change in the §@alue for 5-HT and a
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Ficure 2: Electrophysiological characterization of WT, E225A, F226Y, 1228A, D229A, and Y234F receptors expreXsedus lagis

oocytes. Characteristics of inward currents elicited by application of agonists at supramaximal concentrations are shown for each receptor
type. All traces shown for a particular receptor were obtained from the same oocytes and are representative of multiple experiments (

4). The solid bar at the top of each trace denotes the time of drug exposure, the type of agonist used, and its concentration. The rank
efficacy for each receptor type is also shown.

rents (may Of full and partial agonist are compared on a
Y234F receptors show large changes inkhgalue for both single receptor preparation for both WT and mutant receptors.
agonists in competition assays. Assuming that the single-channel conductance and the
Ka, Ki, and EGo measurements for a mutant receptor desensitization rates remain unchanged, measurement of
indicate that the mutated amino acid is potentially important. fractional Imax ratios (relative efficacies) can be used to
However, these data alone cannot distinguish between a roléndicate changes in the gating const&i{36). We have
in binding or transduction of the binding signal that causes employed the 5-H3JR partial agonist, 2-methyl 5-HT (2-
the channel to open, i.e., gating0j. To further characterize = Me5-HT), since it has~12% relative efficacy (0.120:
the residues that exhibited significant changes in binding and/0.002) as compared to that of the full agonist, 5-HT. A
or electrophysiological assays, we employed the partial mutation affecting gating should result in an easily detectable
agonist approach3(l—35). In this approach, maximal cur- change in the relative efficacy of 2-Me5-HT compared to

larger change in the Eg value for mMCPBG. However,
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elicited by 5-HT on a single oocyte. Results are from such multiple
experiments. Error bars indicate the standard error. White bars

depict data for 5-HT, dark gray bars data fo€PBG, and light
gray bars data for 2-Me5-HT. The relative efficacy of 5-HT is 1.00

for each receptor type since currents for all agonists were normalized

to Imaxs-n1- FOr WT receptors, the relative efficacies mCPBG
and 2-Me5-HT were 0.93 0.01 and 0.12+ 0.002, respectively,
yielding the following rank efficacy: 5-HF mCPBG> 2-Me5-

HT (Figure 2). Changes in rank efficacy for mutant receptors

(shown in Figures 2 and 3) are reflected in this bar graph. Asterisks

denote values significantly different from that of Wiy £ 0.05).
ND indicates the relative efficacy of 2-Me5-HT could not be
detected.

that of 5-HT (max 2-mes—HT/Imax 5-HT)- TO compare fractional
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+ Triton

- Triton

Negative
control

WT

F226A

S233A

Y234A

Ficure 4: Localization of C-terminal FLAG-tagged WT and loop

C mutant receptors by immunofluorescence. To determine the
presence of WT and mutant receptors on the cell surface, FLAG-

maximal currents (relative efficacies) for all agonists (5-HT, tagged WT or mutant receptors were transiently expressesiAn

mMCPBG, and 2-Me5-HT), the fractionh.x value obtained

201 cells and characterized using immunofluorescence. Fixed cells

for 5-HT was assumed to be 100% or 1.00 for each receptor.were initially incubated with an anti-mouse anti-FLAG primary

This assumption is solely used as a reference IfQk

comparisons. Significant changes in relative efficacies and

antibody. Intracellular localization was assessed using Triton X-100.
Cell surface or intracellular localization was assessed by using an
anti-goat rhodamine-conjugated secondary antibody. All images

rank efficacies for a mutant receptor as compared to that of were acquired using a 20magnification lens coupled to a digital

the WT receptor would thus suggest a role in gating.
We determined rank efficacies of 5-HmMCPBG, and

2-Me5-HT on WT and mutant receptors (Figure 2). Relative

efficacy values obtained fonCPBG (maxmcred | max s-1T) and
2-Me5-HT (max 2-mes—H1/Imax 5-HT) @re summarized in Figure
3. The EGo value of 2-Me5-HT was 16.4- 1.1 uM for

camera. The scale bar is 20m. The first column shows the
localization in absence of Triton, and the second column shows

the localization in the presence of Triton, i.e., permeabilized cells.
A negative control (i.e., cells transfected with the empty pCMV
4.1 vector, no primary antibody added) with and without Triton is

also included at the top.

WT. The rank efficacy observed for WT receptors was as (27.33 + 1.39), and Y234F (1.26t 0.007) receptors

follows: 5-HT > mCPBG > 2-Me5-HT (Figure 2). In
comparison to that of 5-HT, the relative efficacyra€CPBG
(ImamePBdImax ErHT) was 0.93+ 0.01, while that of 2-Me5-
HT (lmax}Me&HT/Imax&HT) was 0.120+ 0.002 (Figure 3)

compared to that of WT (0.92 0.018). These data suggest

that E225, F226, and Y234 play a role in gating of the murine

5-HT3aR. In addition, mutation of 1228 selectively alters
gating by 5-HT but not bymMCPBG. No change in the relative

As shown in the bar graph in Figure 3, a significant decrease efficacy of either 2-Me5-HT omCPBG was observed for

in the relative efficacy of 2-Me5-HT was observed for E225A
(0.04 £ 0.001) and Y234F (0.019: 0.001) receptors
compared to WT (0.12& 0.002). The relative efficacy of

D229 and S233T receptors, indicating that these residues do
not play a role in gating.
Immunofluorescence Studiésimunofluorescence studies

2-Me5-HT at F226Y and 1228A receptors could not be were carried out for WT-FLAG receptors and mutant

determined since application of 1 mM 2-Me5-HT could not

receptors that ablated binding and/or function. Results

elicit detectable responses in either receptor (Figure 2). Givenobtained for tagged WT and mutant receptors are shown in

the extremely lowyaxs-7 Values for these mutant receptors,
the relative efficacy of 2-Me5-HT would be expected to be
very significantly reduced for F226Y and 1228A receptors
compared to that of WT. The relative efficacy miCPBG
was significantly altered for F226Y (1.5% 0.07), 1228A

Figure 4. A strong signal is obtained for WT-FLAG receptors
in the absence of detergent (Triton), indicating cell surface
expression. In addition, permeabilized cells show WT
receptors located intracellularly, in the process of either
assembly or transport to the cell membrane. Data for F226A
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receptors show that they are expressed on the cell surface. A

However, S233A and Y234A receptors are not expressed

on the cell surface. Fluorescence was detected in permeabi-

lized cells transfected with either S233A or Y234A cDNA,
indicating either incompletely or incorrectly assembled
subunits that remain intracellularly located. These data
suggest that S233A and Y234A mutations affect receptor
assembly and/or trafficking to the cell membrane.

Docking of 5-HT, mCPBG, and 2-Methyl 5-HT to the
Murine 5-HT;aR Model.To further investigate the differential
interactions of 5-HT andnCPBG that we observed in
radioligand binding and electrophysiological studies, we
carried out docking studies using an AChBP-based model
of the murine 5-HEAR. Figure 5 shows docking of 5-HT
and mCPBG to this model. No constraints based on the
experimental data were applied while performing these
docking calculations. All ligands are docked in the binding
cavity previously described for 5-HRs 6, 14). The
presence of both aromatic (W90, W183, Y143, Y153, Y234,
and F226) and acidic residues (E225, E236, and D229) at
the binding interface suggests that basic ligands can form
cation— interactions and salt bridges. The interactions are
also highlighted in Table 3.

The most frequent docking position of 5-HT (Figure 5A)
forms interactions similar to that observed for the second
mCPBG docking model. The amino group of 5-HT is
intercalated between the aromatic F226 and Y234 residues
while it is salt bridged with E236. The aromatic ring of 5-HT
is involved in ar—ur interaction with W183. The hydroxyl
group forms a hydrogen bond with D229. The docking
calculations for 2-Me5-HT are similar to those for 5-HT,
with the only point of difference being Y234, which forms
a hydrogen bond with 2-Me5-HT.

The docking calculations resulted in two possible models
for mCPBG with nearly equal energies. The first model of
mMCPBG binding (“1”) is shown in Figure 5B. In this case,
the guanidino group forms a salt bridge with D229. Y153
and Y234 can form hydrogen bonds and/or are involved in
cation—u interaction with the guanidino group. W183 is also
part of this aromatic pocket. The chloro groupro€PBG
is near F226 in this model. The following interactions occur
in the second model, “2” (Figure 5C). The guanidino group
forms a salt bridge with E236, while it is also involved in a
cation— interaction with F226 and Y234. The aromatic ring
of mCPBG lies nearly parallel to W183, producing weak
sw—s interaction. W90 is also in the proximity of the aromatic
ring and the chloro group.

A comparison of 5-HT andiCPBG docked models reveals
that interactions in the 5-HT docked model are similar to
those observed for the secom@PBG docking model (Table
3). However, two critical differences in the interactions of
these agonists can be noted. First, the OH group of 5-HT is
able to form a hydrogen bridge with D229. D229 does not
form an interaction witmCPBG in model 2, while it forms
a salt bridge interaction in model 1. Second, Y153 (a loop
E residue) is withi 4 A of docked 5-HT in the 5-HT model,
while it forms a hydrogen bond witmCPBG in model 1
and does not in model 2.

DISCUSSION

In this study, we have used a combination of biochemical,
electrophysiological, and ligand docking studies to elucidate

Suryanarayanan et al.

mCPBG model 2°

Ficure 5: Docking of 5-HT andnCPBG to the murine 5-HikR
model. Modeling of the extracellular domain of the murine 5;kR

and ligand docking were performed as described in Materials and
Methods. Panel A shows the docked model of 5-HT. Two possible
docked models were obtained fmCPBG and are shown as (B)
model 1 and (C) model 2.

the role of loop C residues from the 5-EkR in interaction
with two agonists, 5-HT andnCPBG. The data are well
corroborated by 5-HT anchCPBG docked receptor models.
We have also determined partial agonist efficacies to
elucidate the role of mutated amino acids in receptor gating.
Mutation of four residues in loop C produced large changes
in binding or functional parameters. Mutation of F226, 1228,
and D229 produced 5-HT selective effects for 5-HT versus
MCPBG. F226 and 1228 produced changes in agonist relative
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Table 3: Docking Calculations for Models of 5-HT, 2-Me 5-HT, amn@PBG
N128 T179 T181 W183 F226 1228 D229 1230 S231 Y234 E236 W90 R92 Y153 1207

5-HT + + PP CP + HB + CcP SB + + +
2-Me5-HT  + + PP CP + HB  + + HB  SB  + + +
mCPBGl  + cP PP+ SB 4 + HB o+ + HB  +
mCPBG2  + PP CP + + CP  SB  +

@ Modeling of the extracellular domain of the murine 544R and ligand docking were performed as described in Materials and Methods. The
results are also represented in Figure 5. Interactions predicted for 5-HT, 2-Me5-HMhCRBIG (model 1 and model 2) are shown. Abbreviations:
HB, hydrogen bond; SB, salt bridge; CP, cationinteraction; PPz—zx interaction. A plus sign indicates withi4 A of the docked ligand.

efficacies, whereas D229 is critical to 5-HT binding but not nAChR in binding of acetylcholine and/or gating7(-39).
mCPBG binding. On the other hand, overall data for Y234 The homologous Y205 in th82 GABAAR has been shown
mutations support a role in both binding and gating. to be facing into the GABA binding pocked4). Thus, data
Residues Inmolved in Mediating Binding and Gating by  from multiple receptor types support a key role for Y234 in
5-HT. The docked model of 5-HT shows two aromatic binding and gating mechanisms.
residues, F226 and Y234, and two acidic residues, D229 and In addition to F226, D229, and Y234, the 5-HT docked
E236, from loop C participating in important interactions model also indicates potential interactions with W183 and
with 5-HT. A cation—ux interaction between F226 and 5-HT E236. There is strong evidence for a cationinteraction
is indicated in the docked 5-HT model. Radioligand binding between the amino group of 5-HT and W18&). While
data for F226 mutations support this interaction. Electro- our 5-HT docked model showssa—x interaction between
physiological data for F226A and F226Y receptors indicate 5-HT and W183, it should be noted that a small rotation of
that an aromatic residue at this position is required for the carbon chain of 5-HT would realign the amino group,
agonist-induced channel opening. Changes in relative ef-permitting a catior interaction with W183. We hypoth-
ficacy values support a role in gating. Thus, F226 appearsesize that the conformational mobility of the saturated carbon
to be important to 5-HT binding and subsequent gating of chain of 5-HT may allow a conformation in which the amino
the receptor. The variability in the length of the C loop region group is not salt bridged with E236 but forms a cation
of LGIC receptors produces gaps in the sequence alignmentinteraction with W183. This mobility could play a role during
(Figure 1). However, F226 in the mouse 5-4dR is the activation of the 5-H3R. E236 has been previously
homologous to Y190 in the nACh;R, which has been  shown to be within 1 nm of the ligand binding si®®.(Our
shown to be important for binding and/or gatir@j/{39). 5-HT docked model corroborates this conclusion by showing
In addition, crystal structures of the AChBP bound to a salt bridge between E236 and the amino group of 5-HT.
carbamylcholine and nicotine indicate that a hydrogen bond E225 is another acidic residue which has been postulated to
is formed between the homologous residue (Tyrl85) and be involved in both binding and gating of the 5-4RT (9).
Lys139 (loop B) in the ligand-bound conformatiofQj. Our partial agonist data support a role of E225 in gating.
The D229A mutation produces a shift in both £@nd Since docking models do not support a binding interaction
Ki values for 5-HT but not fomCPBG. In addition, no  of E225 with any docked ligand, we propose that E225 may
changes in relative efficacy values were observed for D229A have a moderate involvement in gating, but not in ligand
receptors. These data indicate a role for D229 in binding of binding.
5-HT to the 5-HEasR, but not in gating. This observation 1228 appears to be selectively involved in 5-HT-mediated
is supported by the docked 5-HT model which indicates a gating, as reflected by the changes in 5-HT-induced response
hydrogen bond between D229 and 5-HT. D229 is homolo- characteristicslmax Values, and rank efficacy for the 1228A
gous to C193 in the mouse nAChR, which has been identified mutation in comparison to the WT receptor. Interestingly, a
as being critical in the binding site of NnAChR by photo- similar phenomenon has been reported for the F129 residue
affinity labeling and mutagenesis studie$1{43). The from the 5-HER (F107, according to the author’'s number-
homologous C188 in the AChBP crystal structure has beening) (11). The exact mechanism behind the 5-HT selective
shown to be in contact with nicotind(). effect for 1228 is unclear. Our docking studies show that
Mutation of Y234 to alanine ablated function. Immuno- 1228 is within 4 A of docked 5-HT andnCPBG and may
fluorescence experiments indicate that this is probably dueinteract with either ligand. However, an involvement in
to a lack of cell surface expression. However, authors of a 5-HT-mediated gating is supported by experimental data. One
recent study reported that Y234A receptors were expressecdexplanation for the apparent discrepancy in docking and
on the cell surface§]. This difference could be due to experimental data for 1228 may be that this residue interacts
expression levels below our level of detection or the use of with 5-HT in a conformation of 5-H3R that is different from
different antisera in the mentioned study. The changesthe conformation represented by the docked model. 1228 is
obtained inK; and relative efficacy values indicate a role also homologous to C192 of the mouse nAChR, which has
for Y234 in mediating binding and gating by 5-HT. In been identified by photoaffinity labeling studie$1{-43).
accordance with these results, docking studies show a Interactions of mMCPBGThe combined data suggest that
cation—m interaction between 5-HT and Y234. A recent mCPBG—-5-HT3R interactions are similar to 5-HI15-HT3R
crystal structure of the AChBP shows that the homologous interactions, with D229 being a major point of difference.
residue (Y192) makes an aromatic contact with nicoté#@. ( In ligand docking studies, two possible binding modes for
Residues homologous to Y234 are strictly conserved asmCPBG were obtained, with substantial differences in
aromatic throughout the family (Figure 1). Separate lines of specific interactions. Model 1 (Figure 5B) predicts interac-
evidence have implicated the homologous Y198 in the tions of mMCPBG with F226, D229, Y234, and Y153 (a loop
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E residue). All of these interactions have been demonstrated
for 5-HT but not formCPBG. This model also shows an
interaction with W183 (loop B)mCPBG interactions have
been postulated by earlier studies for W183 and EZB6 (
10). Although our data support the importance of both F226
and Y234 inmCPBG-mediated binding and gating, the data
for D229 are unsupportive of model 1. In addition, although
model 1 predicts the same interacting amino acids for both
MCPBG and 5-HT, the nature of these interactions is different
(Table 3). Specifically, model 1 predicts a catiom interac-
tion between W183 andnCPBG and ar— interaction
between W183 and 5-HT. This model also predicts-ar
interaction between F226 anchCPBG, rather than the
cation— interaction predicted between F226 and 5-HT. A
salt bridge with D229 is predicted fanCPBG, while a
hydrogen bond is indicated for 5-HT.

In contrast, model 2 (Figure 5C) predicts some differences
in interacting amino acids, but for overlapping residues, the
type of interaction fomCPBG is identical to that indicated
for 5-HT (Table 3). With respect to our data, an important
difference between models 1 and 2 is the interaction of D229
with mCPBG in model 1, but not in model 2. Model 2
accurately predicts a change in the binding affinity for 5-HT
but not formCPBG on D229A receptors. This difference is
clearly supported by the biochemical data for D229A,
suggesting that model 2 may best represetPBG-5-
HT3R binding. A second difference predicted by the model
involves Y153 in loop E. We have previously reported that
mutation of this residue also produces effects selective for
5-HT versusmCPBG @6). These data support tmaCPBG
model 2 (Figure 5C) fomCPBG-5-HT3R interactions.

Final ConclusionsIn addition to identification of loop C
residues that are critical for receptor activation and ligand
binding, results from this study identify molecular determi-
nants of differential interaction of these two diverse agonists
with loop C. Four key amino acids were identified as being
important to ligand binding and/or gating of the receptor.
Residues F226 and Y234 are important for both 5-HT and
mCPBG interactions. 1228 and D229 are specific for effects
mediated by 5-HT compared texCPBG, indicating a
differential interaction of these ligands with loop C. Muta-
tions at F226, 1228, and Y234 also altered relative efficacies
of agonists, suggesting a role in the gating mechanism. In
support of a role in gating, a comparison of unliganded and
liganded crystal structures of AChBP suggests that loop C
undergoes the largest movement after agonist bindtgy (

A substituted cysteine accessibility method (SCAM) study
of the loop C region of thg, GABAAR also implicates this
region in agonist-induced conformational chang&$.(

Earlier studies of the 5-HkR have shown that mutations
of residues F129 of loop Al@l) and Y153 of loop E 46)
also show selectivity for 5-HT, but not fanCPBG. The
results from our study, taken together with previous results,
present an emerging picture of differential interactions of
5-HT andmCPBG with the murine 5-HZR.
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