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ABSTRACT. The competitive antagonidttubocurarine (curare) has greater potency at mouse than at human
5-hydroxytryptamine 3A (5-H3a) receptors, despite 84% amino acid sequence identity between the
receptors. Within the ligand binding domain of this receptor are six loopsHJA A previous report
demonstrated that loop C of the 5-gkTreceptor contributed to differential potency between the receptors
[Hope, A. G. et al. (1999Mol. Pharmacol. 5510371043]. The present study tested the hypothesis that
loop F plays a significant role in conferring interspecies curare potency differences. Wild-type, chimeric,
and point mutant 5-H3s receptors were expressedXenopusoocytes, and two-electrode voltage clamp
electrophysiological recordings were performed. Our data suggest that loops C and F contribute to curare
potency, given that the curaredd3 (concentration of drug that produces 50% inhibition of the response)

for chimeric human receptors with substitutions of mouse residues in loop C (402052 nM) or loop

F (131.8+ 5.95 nM) were intermediate between those for the mouse (12.9977 nM) and human
(1817 + 92.36 nM) wild-type receptors. Two human point mutant receptors containing mouse receptor
substitutions in loop F (H-K195E or H-V202I) had significantly lower curarg/Kxhan that of the human
receptor. The human double mutant receptor, H-K195E,V202I, had the same cuaf&3€8+ 6.38

nM) as that of the human receptor containing all six loop F mouse substitutions. These results demonstrate
that two loop F residues make a significant contribution in determining curare potency at thgy5-HT
receptor.

The 5-HT! receptor is a member of the Cys-loop mediates excitatory fast synaptic transmission in the central
superfamily of ligand-gated ion channels (LGICs) and and peripheral nervous systens. Of the five subunits (A-
E) cloned to date, only 5-HE and 5-HTEg subunits have
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for studies of ligand recognition in the 5-HJ receptor, Signal Peptide

identified residues in the, y, andd subunits that are crucial  Mou 1 MRLCIPQVLLALFLSMLTAPGEGSRRRATQARDTTQPALLRLSDHL
for agonist or antagonist binding through a variety of fue 1~ MLLWVOOALLALLLPTLLAQGEARRSR..... NTTRPALLRLSDYL
_blochemlcal'and electrophysiological approach.es (re\_/lewed Loob D
in ref 8). With respect to curare, several residues in the Mou 47  LANYKKGVRPVRDWRKPTTVSIDVIMYAILNVDEKNQVLTTYIWYR

principal a subunit have been identifie®€12); in the Hum 42  LTNYRKGVRPVRDWRKPTTVSIDVIVYATLNVDEKNQVLTTYIWYR
complementary component, amino acids in both loops E and Loop D Loop A
F are responsible for the highy (subunit) versus low{ Mou 93  QYWIDEFLQWTPEDFDNVTKLSIPTDSIWVPDILINEFVDVGKSPN

subunit) curare or dimeth}d_tubocurarine (DMC) afﬁni'[y Hum 88  QYWTDEFLOWNPEDFDNITKLSIPTDSIWVPDILINEFVDVGKSPN
mediated by the two nonequivalent interfaces in the receptor
i _ Loop E Loop B

(13, 14). A study employing mutant thermodynamic cycle mou 139 1PYVYVHHRGEVONYKPLOLVTACSLDIYNFPFDVONCSLTFTSWL
analysis with curare analogs has demonstrated that thesum 134 IPYVYBHQGEVQNYKPLQ‘_NTACSLDIYNFPFDVQNCSLTF‘TrSWL
quaternary 2N likely interacts with Tyr117 in ther subunit Loop B Loop F Loop €
(15) Mou 185 HTIQDINITLWRSPEEVRSDKSIFINQGEWELLEVFPQFKEFSIDI

Numerous investigations of ligand recognition in the Hum 180 HTIQDINISLWRLPEKVKSDRSVFMNQGEWELLGVLPYFREFSMES
5-HTsa receptor have utilized a strategy of examining Loop €
receptors with amino acids mutagenized to alanine or othery,, 231 SNSYAEMRFYVIIRRR
residues that differ in selected physicochemical properties. tum 226 SNYYAEMKFYVVIRRR
In ligand binding and electrophysiological studies, a number 'T _
of residues that are involved in mediating agonist or FIGURE 1. The N-term|r|1_al domains of the mouse and hUhm?]ﬂ
antagonist or both affinity or potency have been determined. 2-HTza receptors are aligned, and numbering begins with the

. . . initiating methionine. The signal peptide is indicated. LoopsFA
A number of studies have focused on loop C and its role in ¢ rrespond to loops in the muscle NACh receptor, which have been

ligand binding, as well as its likely contribution to gating identified as contributing to the ligand binding domain (reviewed
(16—19). In loops A, B, D, and E, mutation of aromatic, as in ref 8). Loops A-C are localized in the principal component,

well as charged, amino acids also revealed critical residuesand loops B-F are present in the complementary component. The

; P ; ; black arrows indicate the switch points for the chimeras in which
for ligand binding, gating, and surface expressibi 20— the distal one-third of the N-terminus has been substituted in the

28). In contrast, less work has been done on loop F of the jouse and human receptors (M181H239M and H176M244H).
5-HTsa receptor. Thompson et all9) reported that three  Smaller chimeras within the distal one-third of the N-temini were
mutations in loop F (W195A, S203A, and S206A) alfét]f generated. Loop €1 chimeras contain loop C receptor substitutions
granisetron binding. Thompson et a29 investigated 21 and the isoleucine to valine or valine to isoleucine substitution that

: : . is C-terminal to loop C and immediately N-terminal to TM1. Loop
mutations inclusive of and near loop F and found that two F chimeras contain the six loop F substitutions, whereas the loop

regions displayed increasesKa values for’H-granisetron. 43 chimeras contain the loop F substitutions and the three
Common to these studies is the observation that mutationssubstitutions that are N-terminal or C-terminal to loop F.

do not affect ligand recognition uniformly, suggesting that ) .
ligands have different points of contact with the agonist @nd corresponding point mutant 5-kiTreceptors expressed
binding domain. A very significant advance in the field N Xenopusoocytes, we have determined that loop C and
occurred with the crystallization of the acetylcholine binding 100P F of mouse and human 5-BiIreceptors fully account
protein (AChBP), a structural homolog of the N-terminal for the approximately 140-fold greater pot_ency of curare at
domains of the LGIC superfamil3(). Homology modeling the mouse receptor. Furthermore, two residues, Lys195 and
of the 5-HTza receptor ligand binding domain, with informa-  V&l202 in the human receptor, and the orthologs, Glu200
tion obtained from mutagenesis studies used as a guide, hagnd 116207 in the mouse receptor, underlie the role of loop
allowed investigators to dock specific ligands in and ap- F in conferring curare potency. Thus, the work presented in
proximate the three-dimensional architecture of the binding the current study identifies the role of two previously
pocket (8, 27, 28, 31, 32). uncharacterized loop F amino ac.|ds_ that changg curare
In the present study, we have used interspecies chimerad®0teéncy and thus may play a role in ligand recognition in
and point mutant receptors to identify residues involved in the 5-HTea receptor.
determining curare potency in mouse and human 3aHT EXPERIMENTAL PROCEDURES
receptors. It has long been known that 5sHdceptors from
different mammalian species display differential sensitivities ~ Construction of Chimeric and Point Mutant Receptor
to drugs such as curare, 2-methyl 5-HT, anahlorophe- cDNAs and cRNAsMouse and human 5-HI receptor
nylbiguanide (reviewed in re83). However, cloning of cDNAs, provided by Drs. D. Julius and A. Miyake, respec-
5-HTsa receptors from six species revealed a high degree of tively, were subcloned into pBluescript K&nd pCR-Script
amino acid conservation among the receptdrs3@—38). Amp SK(+)~ (Stratagene, La Jolla, CA). Numbering of the
Several investigators have examined interspecies chimeraamino acids in the two receptors began with the initiating
and, in some cases, point mutant receptors containingmethionine. Two unique restriction enzyme cleavage sites,
corresponding amino acid8{—40). In all studies, loop C  Spé, andNarl, were introduced in both mouse and human
domains were identified as contributing to interspecies 5-HTza receptor cDNAs by site-directed mutagenesis (U.S.E.
differences in drug action. In particular, Hope et &@9)( mutagenesis kit, Pharmacia Biotech Inc., Piscataway, NJ)
demonstrated that loop C contributed to part but not all of of the nucleotides encoding the conserved residues Thr181
the large difference in potency of the competitive antagonist and Arg244 in the mouse receptor cDNA and Thrl76 and
curare at mouse and human 5-44Treceptors. In electro-  Arg239 in the human receptor cDNA (Figure 1). Chimeric
physiological recordings conducted in wild-type, chimeric, receptors were named by species, junction point,
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species, junction point, and species. For example, H176M244Hand T is the room temperature in kelvin (reviewed in ref

contains human receptor residues1l/6, mouse receptor

42). It should be noted that the igvalue determined in

residues through 244, and the balance human receptorfunctional experiments is not a pure measure of antagonist

residues. Both receptor cDNAs were digested with the

affinity (43), so changes in l& may not have a 1:1

restriction enzymes, and the appropriate fragments werecorrespondence to changes in affinity.

ligated to generate chimeric receptors in which the distal one-

third of the N-termini containing loops C and F were

Molecular Modeling and Ligand DockingA structural
model of the extracellular domain of the mouse 3KT

swapped. Point mutations were introduced in mouse a”dreceptor was generated using version 8.2 of the program

human receptor cDNAs with the U.S.E. mutagenesis Kkit.
Chimeras containing loop F, loop+3, or loop Ct1
substitutions were generated with multiple rounds of mu-

MODELLER (44), using the X-ray structure of the apo
protein (Protein Data Bank ID 2BYN) and the antagonist
methyllycaconitine-bound form of thé\plysia AChBP

tager]ESiS, in which one to three substitutions were made(Protein Data Bank ID ZBYR)«S) as temp|ates as described

simultaneously. Chimeric and point mutant receptor cDNAs
were confirmed by dideoxynucleotide sequencing at the
Biotechnology Core Facility at Texas Tech University,
Lubbock, TX. The cDNAs were transcribed with the T3
MMESSAGE mMACHINE (Ambion, Austin, TX), and
oocytes were microinjected with cRNAs.

Receptor Expression and Electrophysiological Recordings.
Oocytes obtained frorenopus lagis frogs were subjected
to chemical separation and defolliculation as previously
described41). Oocytes were incubated at room temperature
in ND96 media, containing (in mM) NaCl 96, KCI 2, CaCl
1.8, MgCh 1, and HEPES 5 (pH 7.5), plus 10 mg/L
streptomycin, 50 mg/L gentamicin, 10 000 units/L penicillin,
96 mg/L sulfamethoxazole, 19 mg/L trimethoprim, 0.5 mM
theophylline, and 2 mM sodium pyruvate.

5-HT-elicited currents were recorded in the two-electrode
voltage clamp configuration in oocytes on days 2 through 7
following injection @1). Serotonin and curare were obtained
from Sigma (St. Louis, MO) and were dissolved in modified
Barth’s solution (MBS) containing (in mM) NaCl 88, KClI
1, NaHCQ 2.4, HEPES 10, MgS£0.82, Ca(NQ@), 0.33,
and CaC] 0.91 (pH 7.5). Serotonin was applied in the

previously @7, 28). The loop F region, which has insertions
relative to the template sequence, was further refined using
MODELLER, and then side chains were refined using
SCWRL 3.0 46). Models were evaluated using ProSa2003
(47), and the highest scoring models were used for docking
simulations.

Curare was docked to each binding site in the model using
Autodock 3.05 48). Solvation parameters were added to the
protein coordinate file and the ligand torsions were defined
using the “Addsol” and “Autotors” utilities, respectively, in
Autodock 3.05. GasteigeiMarsili charges, which use the
united atom representation for nonpolar hydrogens, were
applied to ligands prior to dockingt®). The docking was
performed with the initial population size set to 100 with
100 independent runs using otherwise default parameters in
the standard protocol on a 30 A 30 A x 40 A grid with
spacing of 0.375 A. The size of the grid gives sufficient
freedom for the ligands to be docked in all possible
orientations while not permitting them to move outside of
the binding site. In addition to returning the docked structure,
AutoDock also calculates an affinity constant for each
ligand—receptor configuration. AutoDock allows flexibility

absence or presence of curare at 2 mL/min for 30 s to 1in the ligand. While the scoring functions used in AutoDock
min. can discriminate between near-native and misdocked con-
Data AnalysisIn all experiments, peak current amplitudes formations of a ligand50), AutoDock can return several
were measured. The control values were obtained by different conformations of the ligand in the binding site.
averaging the 5-HT-mediated responses obtained before anddowever, the models that we used in this study were the
after the response to 5-HT plus curare. For generation of ones validated in our laboratory using double-mutant cycle
5-HT concentration response curves, currents were expresse@nalysis 28) and thus likely represent the actual situation.
as a percentage of the maximal 5-HT (281) responses.  Images were produced using the UCSF Chimera package
For antagonism by curare, percent inhibition was calculated (51) from the Computer Graphics Laboratory, University of
by subtracting the current obtained from 5-HT plus curare California, San Francisco (supported by NIH P41 RR-01081).
from the average current obtained with 5-HT alone; the
difference was divided by the average 5-HT-mediated RESULTS

current, and th? quotient V\{as multiplied by 100. A previous study demonstrated that loop C of the ligand
Graphpad Prism (San Diego, CA) was used to calculate i ing domain of the 5-Haa receptor accounted for part

EGso's, ICso's, and Hill coefficients. The equation used to it not all of the large difference in potency of the

calculate these parameters Wllconro = 1/[1 + [D/EGs]'], competitive antagonist curare at mouse and human 5:HT

wherel is current,controi 1S the control curren is the drug o centors 39). An alignment of the N-terminal domains of
concentration, Egé is the concentration of drug that prpduces mouse and human 5-HTreceptors (Figure 1) revealed that
50% of the maximal respon'sg,'d&]s the concentratloq of  the distal one-third of the N-termini, in which loops C and
drug Fhat prqo!uces 20% inhibition .Of the response, sl F are present, contains the majority of differences in amino
the Hill coefficient. One-way, analysis of variance (ANOVA) = ,.igq composition. Among the other loops of the ligand
and StudentNewman-Keul's post-hoc analyses were per-  inging domain, only loop E contains differences in amino
formed by Instat (San Diego, CA). acid sequence between mouse and human receptors. There-
In the double mutant thermodynamic cycle analysis, fore, the present study evaluated amino acids in the distal
change in Gibbs free energyAG) was calculated:  one-third of the N-termini for their roles in determining
AG = —RT In(ICg 9 ™MICH* ™) or AG = —RT curare potency in mouse and human 5ikTeceptors. A
In(1Caouble-mutany csingle-mutany - \hereR is the gas constant  series of interspecies chimeras, in which the distal one-third
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Table 1: 5-HT and Curare Potencies at Wild-Type, Chimeric, and Point Mutant Mouse and Human BétEptors

5-HT EGso curare IGo
(meant SE) 5-HT Hill slope (mean+ SE) curare Hill slope

receptor uM (meant SE) nM (meant SE)
mouse WT 1.02t 0.07 2.23+0.37 12.99+0.77 1.17+0.09
M181H239M 1.20+ 0.03 2.86+ 0.14 1689+ 115.24 1.33:0.13
M-loop C+1 3.93+ 0.22 2.12+0.29 137.6+ 7.93 1.30+0.10
M-loop F 3.66+ 0.04 2.64+0.10 76.97+ 3.52P 1.54+0.10
M-loop F+3 2.92+0.13 2.65+ 0.42 86.27+ 5.112P 1.34+0.13
M-loop C+1,E200K,1207V 2.93t 0.23 2.30+ 0.40 10704+ 50.82 1.42+0.10
human WT 1.46+ 0.04 3.42+0.31 1817+ 92.36¢ 1.19+0.08
H176M244H 1.70+ 0.30 1.97+ 0.25 8.26+ 0.62 0.98+ 0.09
H-loop G+1 3.28+0.12 2.32+0.21 40.07+ 2.520 1.15+0.09
H-loop F 2.36+ 0.12 2.05+0.17 131.8+ 5.95 1.50+ 0.10
H-loop F+3 3.04+0.17 2.38+0.31 82.45+ 3.63Pd 1.39+ 0.08
H-K195E,V202I 1.76+ 0.06 2.17+0.17 133.8+ 6.38 1.23+0.09
H-loop C+1,v202I 2.20+0.10 2.13+0.21 8.12+0.21 0.99+ 0.02
H-loop C+1,K195E,V202I 240t 0.1% 1.95+0.29 5.73+0.38 1.09+ 0.07
H-S188T 2.814+0.18 1.59+0.17 2013+ 189.00 0.99+ 0.09
H-L192S 1.95+0.14 1.91+0.30 1615+ 76.53 1.15+ 0.07
H-K195E 1.30+ 0.07 1.30+ 0.08 546+ 26.4F 1.34+0.10
H-K197R 3.63+ 0.29 1.76+0.30 1766+ 41.86 1.370.04
H-R200K 4.23+0.32 1.63+0.21 2200+ 227.48 1.04+ 0.13
H-v202I 4.27+0.18 2.43+0.25 255. 7+ 7.2 1.35+ 0.05
H-M2041 2.67+0.18 1.994+ 0.30 2141+ 157.92 1.54+ 0.16
H-G213E 1.48+0.11 1.74+0.23 1676+ 152.02 1.0A0.11
H-L215F 2.11+ 0.18 1.65+ 0.19 1297+ 40.05 1.27+0.05

ap < 0.001 compared with mouse WTp < 0.001 compared with human W¥p < 0.05 compared with human W¥p < 0.001 compared
with H-loop F by StudentNewman-Keuls post-hoc analysis; one-way ANOVAs are described in the Results or figure le§ends0.001
compared with human WTp < 0.001 compared with mouse WT by Studeritt®st.

of the N-termini or smaller domains in the N-termini were formed on mouse WT, human WT, M181H239M, and
exchanged, were examined. A series of point mutant recep-H176M244H receptors, with an Egtoncentration of 5-HT.
tors was constructed. As shown in Figure 1, there are six The mouse WT had a curaresf®f 12.99+ 0.77 nM, and
nonconserved residues between mouse and human receptotbe human WT had a curared{®f 18174+ 92 nM, an~140-
in loop F. In addition, there is one nonconserved residue fold shift in curare potency. The human receptor chimera,
between loop B and loop F and two nonconserved residuesH176M244H, had a curare kgof 8.26+ 0.62 nM, which
between loop F and loop C. In the human receptor, each ofis slightly but significantly less than that of mouse WT (Table
these nine nonconserved residues was mutated to thel). Replacement of the distal one-third of N-terminus of the
corresponding mouse amino acid. mouse receptor with that of the human receptor (M181H239M)
A total of 22 chimeric and point mutant receptors were resulted in a receptor with a curaresh@f 1689+ 115 nM.
constructed, including five on the mouse receptor background The curare 1Gy's of the two receptors were not significantly
and 17 on the human receptor background. Along with mouse different (Table 1). These results suggest that the distal one-
and human wild-type (WT) receptors, these chimeric and third of the N-terminus is sufficient to determine whether
mutant receptors were initially tested for 5-HT potency the receptor has mouse- or human-like curare potency.
(Table 1). Among the mouse chimeric receptorsg@lues Loops C and F are in the distal one-third of the N-terminus
ranged from 1.2+ 0.03 to 3.93+ 0.22uM, compared with of the 5-HTza receptor, and each loop was evaluated for its
the mouse WT EG of 1.02+ 0.07uM. One-way ANOVA role in determining curare potency. The loop-Cchimeras
of mouse WT and mouse chimeric receptor s was contain loop C receptor substitutions plus the single substitu-
significant, p < 0.001, and all chimeric receptors had tion thatis C-terminal to loop C and immediately N-terminal
significantly greater E€'s than mouse WT, except toTM1 (H-V2371and M-1244V), Figure 1. Loop F chimeras
M181H239M. Likewise, among the human chimeric and contain the six loop F substitutions, whereas the loe{8F
point mutant receptors, there was a significant effect of chimeras contain the loop F substitutions and the three
mutation on 5-HT EG, one-way ANOVA,p < 0.001. Nine substitutions that are N-terminal (H-S188T and M-T193S)
of 17 receptors had significantly greater 5-HT € relative or C-terminal (H-G213E,L215F and M-E218G,F220L) to
to human WT (1.46+ 0.04 uM), with the greatest being loop F, Figure 1. In Figure 3A,B, mouse receptor chimeras
that of H-V202I, 4.27+ 0.18uM, Table 1. It must be pointed  containing human receptor orthologs were evaluated. With
out that the largest fold change in 5-HT & the mutant M-loop C+1, M-loop F, and M-loop K3, the curare
receptors was 3.85 and 2.9 for mouse and human receptorsgoncentration response curves were shifted rightward relative
respectively. Thus, while significant, the changes in§&C to mouse WT. The I&'s of M-loop C+1 (137.6+ 7.93
are modest. These results suggest that the substitutions omM), M-loop F (76.97+ 3.52 nM), and M-loop F3 (86.27
either receptor background do not grossly alter the coupling + 5.11 nM) were significantly greater than that of mouse
of ligand binding with channel gating. WT, and M-loop F and M-loop #3 ICs¢'s were not different
The contribution of the distal one-third of the N-termini  from each other (Table 1). Substitution of mouse residues
in conferring curare potency was assessed (Figure 2A,B;with human receptor orthologs in the mouse chimeric
Table 1). Curare concentration response curves were per+eceptors resulted in a3.0-fold decrease in curare potency,
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A receptor in the left upper quadrant. Th& values upon
¢ mutation of loop C (right upper quadrant) or loop F (left
: lower quadrant) in the wild-type receptor are noted above
the arrow between the wild-type receptor and chimera.
Mutagenesis of the remaining loop in either chimera results
w0l Ty p—— in the chimera containing both mutant loops, lower right
[ — ] guadrant; the\G values are noted above the arrows between
o« MISIHZIIMICS, 2 L7 M the chimeras. Finally, the arrow drawn diagonally between
o HWI___ IC= 18 uM the wild-type receptor and the chimera with both substituted
: ' : ' y — loops denotes the\G resulting from simultaneous loop
11 10 100 1,000 10,000 100,000 substitutions. The reactions are numbered clockwise, begin-
Curare, 1M ning with the wild-type receptor. If the two mutations are
B. independent, then th&G generated with simultaneous
MWT HWT substitution of both loops should be equivalent to the addition
B R r‘ ] (’ of the twoAG values generated from mutation of each loop,
AGRg1 + AGrgs = AGgrs. Using theAG's for each step in the
s cycle, we can calculate a coupling energ®)(to determine
o “1min whether loops C and F make independent contributions to
05 M SHT + !E.. curare binding:
Y05 M 5-0T AT K AG = AGg; — AGg; = AGg,— AGg,

coupling™
0.75 UM 5-HT+
2 uM Curare

100- .

754
= MWT IC5y= 13 nM

% Inhibition

25

==

625nA

U In the case of the mouse background (Figure 3E&gouping
¥~ 0.75 uM 5-HT 7 U = —0.4 £+ 0.1 kcal/mol, while in the case of the human

. . . . background (Figure 3EbAGcouping= —0.9+ 0.1 kcal/mol.
Ficure 2: The actions of curare were examined in oocytes T i ies for th dh t
expressing mouse or human wild-type 54dTeceptors or chimeric € coupling energies for e molse and human receptors

receptors. Human chimeric receptors in which the distal one-third are small, suggesting that if the loops make interactions
of the N-terminus was replaced with the mouse receptor during the interaction of the receptor with curare, they are

(H176M244H) or chimeric mouse receptors in which the distal one- quite modest. However, it must be emphasized that these

third of the N-terminus was replaced with the human receptor ;
(M181H239M) were also tested. The vertical line in the schematics AG values were Calc_ulated from *9"?"“65'.""_“'“ may not
be pure representations of antagonist affin4g)(

depicting the receptor constructs demarcates the end of the X . i
N-terminus and the beginning of the first transmembrane domain.  Given that the fold changes (13:35) in curare 1Gy's

In panel A, stable baseline responses were obtained with an EC between human WT and the human chimeric receptors were
of 5-HT (0.5uM, mouse WT and H176M244H; 0.78l, human  greater than those between mouse WT and mouse chimeric

WT and M181H239M)n = 5—6. Curare was coapplied with 5-HT . S
for 30 s, and responses were expressed as a percent inhibition of €CEPLOrS: human receptors containing individual mouse

the average baseline current. In panel B, representative tracings of €Ceptor orthologs were assessed for their roles in conferring
5-HT-evoked currents in the absence and presence of curare incurare potency. Nine differences in amino acid sequence are
mouse WT and human WT receptors are presented. present in loop F3, as indicated in Figure 1. Curare
concentration response curves were generated in all nine

suggesting that both loops play a role in determining curare human receptors containing point mutant mouse receptor
potency. Furthermore, the observation that all three chimerasorthologs, Figure 4A. Three mutant receptors had curare
had curare potency that was intermediate between those ofCsg's significantly lower than that of human WT (Table 1),
mouse WT and human WT suggests that the presence ofput none of them had an gequal to that of H-loop F.
mouse orthologs in either loop can in part preserve higher within loop F, H-V202l (255.7+ 7.27 nM) had a greater
Curare potency. effect than H-K195E (546.Gt 26.41 nM). The mutant

The mirror image chimeras, in which mouse receptor H-L215F (12974 40.05 nM) is located between loop F and
orthologs were substituted on the human receptor back-loop C and had a more modest effect on curare potency.
ground, were evaluated next (Figure 3C,D). In all three The double mutant receptor H-K195E,V2021 (133:%.38
chimeras, the curare concentration response curves weréM) had an IG, that was not significantly different from
shifted to the left relative to human WT. The curared€ that of H-loop F (Figure 4B,C, Table 1). These results suggest
for H-loop C+1 (40.07+ 2.52 nM), H-loop F (131.8- 5.95 that Lys195 and Val202 fully account for the loop F
nM), and H-loop R-3 (82.45+ 3.63 nM) were significantly ~ contribution to lower curare potency of the human 53T
lower than that of human WT (Table 1). H-loop F and H-loop receptor.
F+3 1Cso's were significantly different from each other In order to evaluate H-K195E,V202I and its counterpart
(Table 1). Taken together, these results strongly support theM-E200K,1207V more fully, we created three additional
idea that residues in both loops C and F underlie the chimeras, H-loop &1,K195E,V202I, H-loop G-1,V202I,
differential curare potency in mouse and human receptors.and M-loop G+1,E200K,I207V. Addition of K195E and

To determine whether the contributions of loops C and F V202| together or V202I individually to the H-loop £l
to curare potency are energetically coupled, that is, nonad-chimera was sufficient to achieve a curaregd€quivalent
ditive, we performed mutant thermodynamic cycle analysis to that of mouse WT. These results underscore the notion
(reviewed in ref42), Figure 3E. The mouse (panel a) and that the mouse receptor residues equivalent to Lys195 and
human (panel b) receptor analyses show the wild-type Val202 in the human 5-Hgk receptor (Glu200 and 1le207,
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Ficure 3: Curare concentration response curves were performed in oocytes expressing onae or humarmouse 5-HEa receptor

chimeras and compared with that obtained in the wild-type receptors (as shown in Figure 2). These chimeras are described in the Figure
1 legend and in the Results. Curare was coapplied with 5-HT for 30 s, and responses were expressed as a percent inhibition of the average
baseline current. In panel A, mouse chimeras containing human receptor orthologs weratesedl. An EG, 5-HT concentration was

used (1.6«M, M-loop F; 1.28uM, M-loop F+3; 1.5uM, M-loop C+1). One-way ANOVAs revealed that mouse WT and mouse chimeric
receptor curare 16's and human WT and mouse chimeric receptor curaggd@ere significantly differentp < 0.001. One-way ANOVA

of Hill coefficients from the curare concentration response curves did not show significant diffgpende301. In panel B, representative

traces of 5-HT-evoked currents in the absence and presence of curare in M-loop F receptors are presented. In panel C, human chimeras
containing mouse receptor orthologs were examined,5—6. An EG, 5-HT concentration was used M, H-loop C+1, H-loop F; 1.5

uM, H-loop F+3). One-way ANOVAs revealed that mouse WT and human chimeric receptor curgt® 48d human WT and human

chimeric receptor curare kgs were significantly differentp < 0.001. In panel D, representative traces of 5-HT-evoked currents in the
absence and presence of curare in H-loop F receptors are shown. Panel E shows double mutant thermodynamic cycle analysis of mouse and
human 5-HTa receptors in which loop €1, loop F3, or both are mutated (C and F are wild-type arica@d F are mutant).

respectively), both play an important role in determining change between human WT and M-loogr GE200K,1207V
curare potency. The chimera M-loopt@,E200K,1207V had ICso's. Thus, itis apparent that in the mouse receptor, of the
a curare IG of 1070+ 50.8 nM, which is significantly less  non-loop C residues, Glu200 and 1le207 confer most of the
than that of human WT (Figure 5, Table 1). Given that curare potency.

H-L215F, a residue outside of loops C and F, had a A striking difference between our results and that of Hope
significantly lower curare potency than human WT, substitu- et al., 1999, is the fold difference in curare potency in mouse
tion of the human ortholog at this position would likely and human 5-H7, receptors. Hope and co-workers (1999)
further reduce the curare potency of M-loog-CE200K,- reported an approximately 1800-fold difference insdC
1207V. However, there is an 82-fold change between mousevalues, whereas we report an approximately 140-fold dif-
WT and M-loop C+1,E200K,I207V 1Gy's and a 1.7 fold ference. There were two notable differences in methodology
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C' H-K195E, V2021 FicUrRe 5: The combination of loop €1 and two loop F receptor
- orthologs confer much of the curare potency of mouse and human

5-HT3a receptors. In panel A, curare concentration response curves
were generated in three chimeric receptons=f 4—10) and
compared with that obtained in mouse WT and human WT (shown
in Figure 2A). Gating concentrations of 5-HT, an fgCwere as

< follows: 1uM, H-loop C+1,K195E,V202I; 0.7%M, H-loop C+1,-
QL V202l; 1.75uM, M-loop C+1,E200K,1207V. There are five more
1 min residues in the N-terminus of the mouse 53k Teceptor than in
X that of the human 5-Hgi receptor; human Lys195 and Val202 are
0.75 uM 5.HT + the orthologs of mouse Glu200 and 1le207, respectively. One-way
1&)0 lt‘M Curare ANOVA of mouse WT, H-qup (_3_—1,K195E,V202I, and H-loop
[J C+1,v202I IGy's was not significantp = 0.67. In panel B,
~ o5 uM 5-HT =7 U representative traces of 5-HT-mediated currents in the absence and

presence of curare in H-loop#1,K195E,V202| are displayed.
Ficure 4: The role of loop F residues in conferring curare potency

in mouse and human 5-H{ receptors was assessed. In panel A, - . . -
curare concentration response curves were generated in oocyte'sn lower fold differences in curare potency in our studies,

expressing human point mutant receptors containing mouse receptolV€ conducted two sets of experiments. In the first experi-
loop F orthologs. Three residues near but outside loop3) that ment, we preincubated mouse WT and human WT receptors

differ between mouse and human receptors were also assessed owith curare for 2 min prior to the application of 5-HT plus
the human receptor backgrount= 4-6. An EGo of S-HT was  ¢rare; the gating concentration of 5-HT was ang&Curare

used (0.7«M, H-S188T; 0.75M, H-L192S; 0.25«M, H-K195E; ) : :
1.754M, H-K197R and H-V202I; 1.5M, H-R200K; 1.254M, ICs0's were shifted leftward in both constructs, mouse WT

H-M204I; 0.554M, H-L215F; and 0.65M, H-G213E). One-way  (2.32+ 0.13 nM) and human WT (142% 70 nM), with an
ANOVA of curare 1Gg's was significantp < 0.0001. In panel B, approximately 618-fold difference between the two. In the
a curare concentration response curve was generated in a minisecond experiment, we performed curare concentration
chimeric human receptor containing two mouse orthologs (H- response curves with an ECof 5-HT and no curare

K195E,V202l),n = 5-9; the 5-HT gating concentration (&£ . . -
was 0.75:M. The concentration response curve was compared with Préincubation on mouse WT (= 16.14+ 1.18 nM) and

that of the two point mutant receptors (shown in panel A) and the human WT (IGo = 3279+ 50 nM) receptors, obtaining a
human chimeric receptors (shown in Figure 3C). One-way ANOVA fold difference of approximately 203. These results suggest
of curare 1Gg's was significantp < 0.0001. One-way ANOVA of  that pre-equilibration with curare plays a greater role than

Hill coefficients from the curare concentration response curves was 5-HT gating concentration in determination of interspecies

significant, p < 0.001, but neither chimeric nor point mutant diff . tencies | ) t
receptor values were significantly different from that of human wT, GITEIENCES IN curare potencies in our experiments.

Student-Newman-Keul's post-hoc analysig > 0.05. In panel
C, representative traces of H-K195E,V202I are shown. DISCUSSION

In this study, we identified the role of loop F and
between their study and the present one: (1) they preincu-confirmed the role of loop C30) in determining the curare
bated oocytes with curare prior to application of 5-HT plus potency differences in mouse and human 5zkEceptors.
curare and (2) they used an gConcentration of 5-HT. To  Both loops C and F play a major role, such that substitution
address whether either of these two differences played a roleof either loop C or F in the human receptor with mouse
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receptor orthologs significantly enhances curare potency.reports. Mutations at this residue influence partial agonist
Likewise, substitution of loop C or F of the mouse receptor potency and efficacya(7, 58).

with human receptor orthologs reduces curarg$do values Our results are consistent with other reported findings on
intermediate between those of mouse WT and human WT, ¢ ;rare sensitivity of the 5-Hik receptor. First, Hope et al.
suggesting that mouse residues in either loop partially (39) found in mouse and human chimeric 5-fAFeceptors
preserve the higher affinity of curare for the mouse receptor. ya¢ |oop C substitutions were not sufficient to confer mouse
Changes in free energy calculated with double mutant .\ ,man wild-type receptor curare sensitivity. Their obser-
thermodynamic cycle analysis point to independent contribu- 440 that substitution of individual loop C residues of the
tions of loops Clang Fhm the mouse recheptor in regulaﬂgg mouse receptor with human receptor orthologs only produced
curare potency. In the human receptor, there appears t0 be g, 4est changes in curare potency (10-fold or less) is likely

modest interaction, With the muta_t!on of one loop being ,intaple to an interaction among residues within loop C.
greater than the mutation of an additional loop. In the human In addition, based upon the results presented in our study,

receptor, three residues mutated to the corresponding MOUSE, o suggest another explanation for their results. As dem-
orthologs enhanced curare pqtency. Two of these res'du.esbnstrated in human and mouse chimeric receptors in this
H-Lys195 and H-Val202, are in loop F, whereas H-1215 is study, mouse residues in loops C and F make a substantial

located between loops F and C. The human receptor — ; .
- contribution to high curare potency. Therefore, their presence
containing the double mutant H-K195E,V202I had the same in either loop of mutant mouse receptors should in part

curare 1Gg as that of the H-loop F chimera, suggesting that o
. : e preserve curare potency. We suggest that this is the reason
these two amino acids are sufficient to confer curare potency o .
. why mouse receptors containing either loop C or F human
of mouse loop F receptor residues. Thus, our results . . o
equivalents in our study or mouse receptors containing loop

demonstrate the importance of two loop F residues in C human equivalents in their study have such high curare
determining curare potency in both mouse and human 5HT potency. Our results differ from that of Hope et 89) in

receptors. Across species of 5-tFeceptor, corresponding that they reported approximately 1800-fold difference in

residues are either lysine or glutamic acid at the equivalent )
H-Lys195 residues and valine or isoleucine at the equivalentCurare IGo's between mouse WT and human WT, whereas

H-Val202 residues]| 34—38). The identity of these residues we observed app.roximately.140—fold difference in curare
corresponds with curare potency, except in the case of thePotency. In experiments f{'es'gned to account for t_he differ-
ferret receptor, which has human receptor equivalents at thes&nCes: We found that preincubation of oocytes with curare
positions and high curare potenc§7]. In contrast, in the fsnhanced its pot_ency to a greater degree in mouse WT than
5-HTss subunit from human, mouse, and rat, aspartic acid N human WT, with a fold change of approximately 618. In
is present at the human 5-WT Lys195 equivalent, and contrast, vy|th a hlgher gating concentration of 5-HT {gC
alanine or serine is present at the human 5HVal202 the fold difference in curare pptency between mouse and
equiv @, 3, 52). Likewise, in the human C, D, and E subunits, uman receptors was approximately 203, similar to that
glutamic acid or threonine is present at the human 5,HT ~observed with an E( of 5-HT. While pre-equilibration is
Lys195 equivalent and valine, glycine, or isoleucine is Ccléarly more important than 5-HT concentration in determin-
present at the human 5-HTVal202 equivalent4, 5). ing interspecies curare potency differences in the present
Our finding that amino acids in the principal and comple- study, oth_er unldent_lfled factors must be at p_Iay, given that
mentary subunits of the 5-HT receptor confer curare our fold d_lfferences in any case are s_u_bst_antlally lower than
sensitivity parallels work done previously in the muscle-type that previously reported. However, it is important to note
and neuronala7 nACh receptors. Both ther and y/d that despite these differences, we adhered to internally
subunits are labeled by cura® £3), and both subunits at ~ consistent sets of measurements in our experiments to arrive
the interface of the ligand binding domain are responsible &t interpretations of our results. Finally, the approach used
for conferring curare affinity {1, 54, 55). Inasmuch as the  in the present study necessarily qnly identifies residues that
defined 5-HT, receptor stoichiometry is a homomer of five determine curare potency that differ between mouse and
A subunits () or a heteromer of two A and three B subunits human receptors; curare-sensitive residues that are identical
(56), there are no parallels between these subunit interfacedn human and mouse receptors presumably play equivalent
and the nonequivalent/d anda/y subunit interfaces in the  roles in curare binding in receptors from these two species.
nACh receptor that display differential curare or DMC Since loops A, B, and D are identical in mouse and human
affinities (13, 54). However, invariant residues in loops D 5-HTsa receptors, our approach would not identify resides
and E of the 5-HF, receptor, which correspond to residues in any of these loops that are important in curare binding
in the nACh receptor identified as determinants of curare and therefore is not in contradiction with our previous
affinity (reviewed in ref8) have been examined. Mutations  findings regarding the importance of loop A and D residues
at these sites reduce curare binding affinid,(25). The (21, 27, 28). The three residues in loop E that differ between
residues in loop F (loop G by Sine’s nomenclature), mouse and human 5-H{ receptors likely play no role in
0-Lys161 andy-Ser161, which are partly responsible for the conferring curare potency. The chimera M181H239M, which
subunit difference in DMC affinity 13), correspond to  contains the three loop E mouse receptor orthologs, has the
Trp190 in the human 5-Hk receptor, which is invariant same curare potency as human WT. This observation is
across species. No residues that confer curare sensitivity insupported by the work of Venkataraman et &@5)(who
the nACh receptors correspond to human 5zHieceptor examined curare displacement 8H[-granisetron binding
Lys195 and Val202. However, H-Val202 corresponds to in mouse 5-HEa receptors containing alanine mutations in
Gly189 in the chicken and Gly167 in the humai nACh loop E. Only substitution at Y140 (invariant across species)
receptor loop F, which have been characterized in two affected the curaré.
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Changes in the 5-HT Egs in the chimeric and point
mutant receptors relative to wild-type receptors were small
(Table 1) but statistically significant and support the possible
role of loops C and F in the conformational changes
associated with ion channel opening. Significant changes in
agonist EGy's and partial agonist efficacies with mutation
are routinely used to assess a residue’s possible role in gating. _
A previous study examined alanine substitutions at Phe226, e J ™ M-E200
11le228, and Tyr234 in loop C and demonstrated that the i '
relative efficacies of the partial agonist 2-methyl 5-HT and
5-HT are altered, suggesting a role of these residues in gating
(18). Likewise, mutations of Tyr234 to unnatural amino acids
point to the aromatic ring as playing a role in both binding
and gating {7). Recent work in our laboratory59) has Ficure 6: Molecular model of the mouse 5-Hreceptor ligand-
shown that the presence of mouse or human orthologs inbinding domain. Shown are loop F from the mouse (magenta) and
the distal one-tid of the N-erminus o the &-HFeceptor T (rey) >, eeepios i e dorkes 1 e Jone,
determln_es whether _3-(2-hyd_roxy,4-metho>§ybenzyllde_ne)- minants of species differences in curare sensitivity (M-Glu200/H-
anabaseine is a partial agonist or antagonist, respectively| ys195 and M-1le207/H-Val202) are indicated.

Thus, residues in loop C or F or both likely participate in

the gating process. Consistent with a role of loop C in the Asp199 of the human receptor interacts with the tertiary
gating process, in the case of thplysiaAChBP @5), loop nitrogen. However, this model was constructed using a
C sticks out away from the bulk of the protein in the structure of the AChBP that is now known to be in the
unliganded form but moves closer to the body of the protein agonist-bound conformation, in which loop C is clamped
in the agonist-bound form, clamping down over the agonist. down over the agonist. In the apo and antagonist-bound forms
Whether the residues identified as curare-sensitive in theof the AChBP, loop C has rotated away from the bulk of
present study also participate in gating is currently under the receptor like a paddlel4, 61), allowing greater access
study. The residue H-Val202, and its ortholog, M-1le207, to the ligand-binding site. In our own modeling and docking
identified as a residue important for curare affinity in the studies, we were unable to get curare to fit into the binding
present study, correspond to Gly189 in the chicken and site as a high-affinity complex using models derived using
humano7 nACh receptor loop F. This residue influences the agonist-bound form of the AChBP as the template but
potency and efficacy of 3-(2,4-dimethoxybenzylidene)- were able to do so using models derived from the apo and
anabaseine5@). Likewise, Gly189 also regulates partial antagonist-bound forms of the AChBP as the templ28g. (
agonist efficacy of imidacloprid5y7). Finally, substituted In light of this, the relevance of the model of Maksay et al.
cysteine accessibility studies of the GABReceptor suggest  (31) to this study is unclear.

that Val180 of thel subunit, which corresponds to 5-EAT We have created homology models of the mouse and
receptor H-Val202 and M-1le207, is one of three residues in human receptors using the structures of the apo and meth-
loop F that act as a dynamic element during agonist-mediatedyllycaconitine-bound forms of thAplysiaAChBP @5) as

ion channel opening6Q). Collectively, these results lend templates and carried out docking simulations of curare with
support to the idea that both loops C and F of the 5HT  both receptors. While the modeled structures of both recep-
receptor are integral parts of the ligand-binding domain, with tors are very similar (as expected from the high degree of
contact points for antagonists and agonists, which are homology between the mouse and human receptors), the
associated with initial molecular motions that culminate in structure of loop F is quite different in the two receptors,
ion channel flux. with the human loop F sticking further away from the core

The three-dimensional structure of the acetylcholine bind- of the receptor in the region containing residues M-Arg196/
ing protein (AChBP) 81) has been used in the generation H-Argl91 to M-Arg202/H-Lys197. Comparison of the
of homology models of the N-terminal domains of the potential hydrogen bonds in the two structures shows that
5-HT:a receptor 27, 31, 32). These models have significantly  this region of the mouse receptor makes many more H-bonds
improved our understanding of the generalized architecture with other residues in the receptor than the human segment,
of the agonist binding domain and the roles of amino acids presumably causing the mouse loop to be more compact.
in loops A—F as putative contact points for agonists and We examined the positions of M-Glu200/H-Lys195 and
antagonists. Maksay and co-worke®&l) have compared  M-1le207/H-Val202 the 5-HFA receptor in our models of
mouse and human 5-H{ receptor models and suggest that the curare-5-H3x receptor complex, which was selected
loop C orthologs, mouse Asp229/human Glu224 and mousefrom the lowest-energy dockings from AutoDock based on
Ile230/human Ser225, by virtue of differences in side chain the results of extensive double-mutant cycle analy28. (
length and size, respectively, not only change intramolecular Figure 6 shows the curareeceptor complex with M-Glu200/
interactions but also alter the spatial orientation of curare. H-Lys195 and M-1le207/H-Val202 shown in gray (human
They propose that curare moves deeper into the ligandreceptor) and magenta (mouse receptor). In these models
binding domain of the human receptor because of less stericM-1le207/H-Val202 is close to the aromatic ring in curare
hindrance provided by serine than isoleucine at human containing the 6methoxy group, and the longer isoleucine
residue 225. This disrupts a crucial H-bond of curare with side chain may contribute to the higher affinity of the mouse
H-Glu224. Interestingly, their model predicts that loop F of receptor. However, in these models M-Glu200/H-Lys195
the mouse receptor has no interaction with curare but thatprotrude away from curare, and based on these models, it is
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more likely that the residues at this position influence either
the local environment or local structure rather than making
direct physical contact with curare. However, given that loop
F was poorly resolved in the AChBP structure, suggesting
that loop F is somewhat flexible3Q), and given the
uncertainties associated with the exact positions of side
chains in structural models derived from homology modeling
(62), any interpretation based on the structural models is
speculative and requires further experimental studies em-
ploying double-mutant cycle analysi&g 63) with curare
analogs before any firm conclusions can be made. Nonethe-
less, the difference in the models for loop F in the two
receptors is consistent with the notion that loop F is an
important determinant of curare affinity.

In summary, our findings underscore the importance of
loop F in determining curare potency in the 5-44Teceptor.
In addition, they demonstrate the importance of conservative,
as well as the expected nonconservative substitutions, in
conferring drug potency. The unexpected finding that
H-V202I would produce the largest shift in curare potency
of any of the point mutants tested reveals the power of the
interspecies mutational analysis performed. Future experi-
ments employing mutant receptors, curare analogs, or both
coupled with additional molecular modeling studies of bound
curare in the mouse and human 544 Teceptors will shed
light on the role of critical residues in loops C and F in
shaping the three-dimensional architecture of the ligand
recognition site.
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