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Abstract

To understand the mechanism of allosteric coupling between the ligand-binding domain and the ion channel of the Cys-loop
ligand-gated ion channels (LGICs), we fused the soluble acetylcholine-binding protein (AChBP), which lacks an ion channel,
to either the cationic serotonin type-3A ion channel (3)for the anionic glycine ion channel. Both linear chimeras expressed
in HEK-293 cells display high affinity for the nicotinic agonist epibatidi&(= 0.2—05 nM), but are not targeted to the cell
surface. Only after substituting a ring of three loops located at the putative membrane side of the AChBP three-dimensional
structure by the homologous residues of Bl Tthe resulting chimera AChBP(ring)/5HX (i) still displayed on intact cells an
apparent high affinity for epibatidine, yet with a fourfold decredsg & 2.1 nM), (i) displayed a high proportion of low affin-
ity sites (1147 uM) for the resting state stabilizing competitive antagamibtingarotoxin andii{) was successfully targeted to
the cell surface, as seen by immunofluorescence labelling. The AChBP(ring)5¢filmera forms a pentameric structure, as
revealed by sucrose gradient sedimentation. However, no whole-cell patch-clamp currents were detectable. Interestingly, bind-
ing assays with membrane fragments prepared from cells expressing AChBP(ringd/ShHdwed a decrease in the apparent
affinity for the agonists nicotine and epibatidine (5-fold), concomitant with an increase in the proportion of high-affinity sites
(48+ 1 nM) for «-bungarotoxin. These results indicate that fusion of AChBP to an ion channel forms a pentameric receptor
exposed to the cell surface and able to convert between discrete allosteric states, but stabilized in a high affinity state for epibati-
dine that likely corresponds to a desensitized form of LGICs. These artificial chimeras might offer a useful system to investigate
signal transduction in LGICSo citethisarticle: T. Grutter et al., C. R. Biologies 328 (2005).

0 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

* Corresponding author.
E-mail addresseggrutter@pasteur.ffT. Grutter),changeux@pasteurfi.-P. Changeux).

1631-0691/$ — see front mattét 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
doi:10.1016/j.crvi.2004.11.004


http://http://france.elsevier.com/direct/CRASS3/
mailto:grutter@pasteur.fr
mailto:changeux@pasteur.fr

224 T. Grutter et al. / C. R. Biologies 328 (2005) 223-234

Résumé

Une chimére formée par la fusion d’une protéine liant I'acétylcholine a un canal ionique est stabilisée dans un état
proche de la forme désensibilisée des r écepteur s-canaux activables par un ligand. Afin de comprendre les mécanismes de
couplage entre le domaine de liaison de I'acétylcholine (ACh) et son canal ionique, nous avons fusionné la protéine soluble
liant 'ACh (AChBP) naturellement dépourvue de canal, soit a un canal cationique sérotoninergiqug J;5s0lt a un canal
anionique glycinergique. Ces chimeres AChBP/3HT AChBP/Gly possédent une haute affinité pour I'agoniste épibatidine
similaire a I'affinité pour 'AChBP soluble, mais ne sont pas adressées a la membrane plasmique. En revanche, en substituant
trois boucles localisées sur la face membranaire hypothétique de 'AChBP par les résidus homologues « sérotonine » dans la
chimére AChBP/5H1, la chimere correspondante AChBP(ring)/5H() manifeste encore une haute affinité pour I'épibati-
dine, avec toutefois une légere baisse d'affinkg (= 2.1 nM), (i) présente une forte proportion de sites de basse affinité pour
I'e-bungarotoxine, qui bloque de maniere compétitive le récepteur sous I'état de repio}est adressée a la surface de la
cellule. Cette chimére forme un pentamére mis en évidence par des expériences de centrifugation sur gradient de saccharos
mais aucun courant n’est détecté par électrophysiologie en condition cellule entiere. Cependant, en préparant des membranes
partir de cellules transfectées par la chimere AChBP(ring)iH®dus décrivons une perte d’affinité pour les agonistes (5 fois),
concomitante a une augmentation des sites de haute affinité pelmigarotoxine. Nous en concluons que la chimére forme
un pentamére de surface capable d’effectuer des transitions allostériques, mais qu’elle est bloquée dans un état de haute affinit
pour I'épibatidine, qui correspond probablement a la forme désensibilisée du récBptewiter cet article: T. Grutter et al.,
C. R. Biologies 328 (2005).
0 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction to mean atomic resolutiofb,6]. First, the structure

of an acetylcholine-binding protein (AChBP) from the

Ligand-gated ion channels (LGICs) of the Cys-loop fresh water snaiLymnaea stagnalishomologous to
super-family mediate fast neurotransmission. These the extracellular domain of nicotinic receptgrs, has
receptors are composed of three domains: an extra-been reported at 2.7 A by X-ray crystallograply.
cellular domain composing the ligand-binding pocket, The structure revealedsandwich core composed of
a transmembrane ion channel domain, and an intra- tWo twistedg-sheets. This pentameric protein, which
cellular domain that carries phosphorylation sites naturally lacks an ion channel, offers an exceptional
2]. Upon agonist application, these receptors undergo template for the modelling of the ligand-binding do-
a rapid conformational transition from a resting basal Main for the nicotinic receptor and all members of the
state (B state) to an open-channel state (A state). Pro-LGIC [8-10] and led to the resolution at the atomic
longed application of the agonist promotes the stabi- level of the complex of nicotine with its specific bind-
lization of the receptor in a refractory high-affinity ing site[11]. Second, electron-microscopy (EM) pic-
desensitized state (D state). This kinetic scheme is tures ofTorpedo marmorataeceptor have resolved at
accounted for by an extended concerted allosteric 4 A an alla-helix folds of the transmembrane domain

model[3]. Early studies with chimeras between mem-
bers of the LGICs super-family revealed that func-
tional chimeric constructs can be obtained betweén
nicotinic acetylcholine (ACh) receptor (nAChR) and
serotonin type-3A (5H3a) receptor, underlying the
functional autonomy of the ligand-binding and chan-
nel domaing4].

In the absence of X-ray data for the whole recep-
tor, structures of individual domains are now available

[6]. Though the recent EM pictures still lack atomic
resolution, the data offer the possibility to build a 3D
model of the entire receptor: a synapfiesandwich
ligand-binding module coupled to a four transmem-
brane«-helices ion channel (Taly et al., manuscript
submitted).

Cross-linking studies with the GABA-A receptor
pinpointed a set of loops that interact between the
two domaing12]. Asp-149 residue of the highly con-
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served Cys-loop (or loop 7 in nomenclature fr@sih)

is at about 5 A from Lys-279 located in C-terminal end
of helix M2 in the «1-subunit in GABA-A receptor
[12]. The homologous residue gR-subunit Asp-146
was found to interact with Lys-215 in the pre-M1 seg-
ment[13]. Similarly, Asp-57 of loop 2 is also close to
Lys-279 in the M2 helix in thed-subunit in GABA.

These studies define at least loops 2 and 7 located at

the bottom side of the extracellular domain that link

225

sensitized form in LGICs. We conclude that part of the
AChBP structure has retained during evolution some
structural elements that allow allosteric transitions.

2. Materialsand methods

2.1. cDNA constructs and site-directed mutagenesis

Synthetic genes for theymnaea stagnali&aChBP

the synaptic and ion channel domains. However, how and Gallus gallusa7 extracellular domain were en-

the two domains interact in the course of allosteric
transitions remains unclear.
In this paper, we fused AChBP either with the ion

channel and intracellular domains of the cationic sero-

tonin type-3A (5HEa) receptor or with the anionic

gineered by multiple PCR amplifications of synthetic
oligonucleotides containing silent restriction sites at
50 base pair intervals respecting mammalian-codon
frequency usage. cDNAs encoding AChBP and the
a7 extracellular domain were subcloned into the

glycine receptor. First, AChBP was chosen because plasmid pMT3 and both contained in ¥he pep-

its atomic structure is knowij5]; second AChBP

forms an homopentameric assembly as do 5Hand

glycine receptors; and finally AChBP has most likely
evolved without the constraint of an ion channel, and
may (or not) have lost the possibility to undergo al-
losteric transitions. Here, we show that AChBP lin-
early fused with an ion channel forms high-affinity
sites similar to that of the water-soluble form of
AChBP; however, the fused protein is not targeted
to the cell surface. Yet, after substituting a ring of

tide signal sequence o&7 nAChR subunit. The
pore domain of the 5H3s or the glycine recep-
tor was joined to AChBP or ta7 extracellular do-
main with a mutagenically-introducesall site, thus
yielding a fusion site after Arg-202 of AChBP. The
ring chimera was obtained by PCR amplification of
AChBP sequence with primers-5TCATCAACA-
TCCTCGAGGTGGATGAGAAGAACCAGGTTCTG
GACGTTGTCTTTTGGCAGCAGACGACATGG and
5-CTTTACATGCCATCGATCCGC CAACGTTTCT-

three loops located at the putative membrane side of CCTGTAGTCTAGACATCTACAACTTCCCCTTTG-

the three-dimensional structure of AChBP (loop 2, 7
and 9) with the homologous residues of 54T the
resulting chimera AChBP(ring)/5H is successfully

targeted to the cell surface, as seen by immunofluo-

ATGTGCAGAACTGTCGTATCAAAATTGGCAGC
and B-CGACAGAAAATAGTGACGATTCTGAATA-
CTTCATAAATCAGGGCGAGTGGGAGATCTTGG-
ATGTCAC that contained the corresponding 53T

rescence and assembles as a pentamer, as observed &equences. The same procedure was followed with
sucrose gradient sedimentation. However, this chimerathe 7 extracellular domain for engineering the cor-

displays a high proportion of low-affinity sites (micro-
molar range) for the resting state stabilizing compet-
itive antagonista-bungarotoxin ¢-BgTx) and does
not give significant ACh-gated currents in whole-
cell patch-clamp experiments. Interestingly, in vitro

responding ring. PCR fragments were then subcloned
into pMT3 into the silent restriction sites. All con-
structs except AChBP were tagged at the C-terminal
end with the human Influenza hemagglutinin (HA)
epitope (YPYDVPDYA). The nine HA epitope codons

binding assays with membrane fragments prepared (5-TACCCATACGACGTCCCAGACTACGCT) and

from cells expressing AChBP(ring)/5HA chimera

a stop codon were inserted by PCR after the last codon

show a decrease in the apparent affinity for agonist of the 3 translated region of the chimeric cDNAs. All

concomitantly with an increase of the proportion of
high-affinity sites (low nanomolar range) ferBgTx.

These results demonstrate that when fused into a ring

chimera with the 5H3a channel, AChBP is capable of

making allosteric transitions when expressed in HEK-
293 cells, but remains stabilized in the high-affinity
state for epibatidine, which likely corresponds to a de-

constructs were verified by restriction maps and se-
guencing.

2.2. Cell cultures and transfection

Plasmids were transiently transfected into human
embryonic kidney (HEK)-293 cells by calcium phos-
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phate precipitation. For electrophysiology and im- rents were recorded 2—-3 days after transfection, using
munofluorescence, cells were plated on pollysine the whole-cell patch-clamp technig{g], with cells
(100 pgml)-coated glass coverslips prior to trans- at a holding potentia-60 mV. Normal external so-
fection. Cells were maintained in minimum essential lution contained 140 mM NacCl, 2.8 mM KCI, 2 mM
Eagle’s medium supplemented with 10% foetal bovine CaCh, 2 mM MgClk, 10 mM glucose, and 10 mM
serum (Invitrogen), 2 mML-glutamine, 100 Yml HEPES NaOH, pH 7.3. Since 5-Hf channels are
penicillin and 100 pgml streptomycin (Invitrogen).  blocked by external Ga& and M¢t* [17], both ions
Twenty-four hours after transfection, cells were washedwere suppressed from the external medium just be-
with fresh medium and were used 24 h after for further fore (and during) ACh applications. Patch pipettes (1—

experiments. 2 MQ) were filled with a solution containing 140 mM
o . CsCb, 2 mM MgATP, 10 mM EGTA, and 10 mM
2.3. Binding experiments HEPES CsOH, pH 7.3. ACh and control solutions

were delivered directly to the cell with the aid of a

125 i ibatidi indi

[*#*]«-Bungarotoxin and3H]epibatidine binding computer-driven system (SF 77A Perfusion fast step,
assays were performed in phosphate-buffered saliné\yaier that ensured a 10-90% solution exchange in
(PBS), as described previougl], except that GF/C ¢ 14 s

filters (Whatman) were soaked in 0.5% polyethylen-
imine (PEI, Sigma). Membrane fragments were pre- 26.
pared from transfected cells as descrifEs] in PBS
supplemented with protease inhibitor cocktail tablets
(Roche). Water-soluble AChBP expressed in the HEK-
293 cells culture media was concentrated in a cen-
trifuge filter device (YM-50, Amicon) followed by a
dialysis against PBS for 3 ht{°l] «-Bungarotoxin and
[3H]epibatidine binding was determined as described
above. In all cases, thBmnax values of the chimeras
were less than the measurégh values, which ex-
clude ligand depletion. Non-specific binding was de-
termined with either 1 mM.-nicotine or 5 mM of ACh

or 5 mM carbamycholine. Protein concentration was
determined by the Bradford method.

Immunofluorescent localization of the chimeras

Transfected HEK-293 cells were fixed in 4% para-
formaldehyde in PBS. To label the C-terminal do-
main, fixed cells were incubated for 2 h with rabbit
polyclonal anti-HA antibody (Sigma) diluted 1:100.
Fluorescein-conjugated anti-rabbit 1gG (diluted
1:1000, Vector) was then applied for 1 h. Intracellular
expression of the chimeras was determined by addition
of 0.1% Trition X-100 for membrane permeabiliza-
tion. Glass coverslips were mounted in vectashield
mounting medium with a nucleus dye (Dapi, Vector)
and immunofluorescence was observed using a Zeiss—
Axiophot microscope.

2.4. Sucrose gradient

Membrane fragments were solubilized for 3—4 h 3. Resultsand discussion
in 150 mM NacCl, 5 mM EDTA, 50 mM Tris HCI . : .
pH 7.4, 0.02% Nah, and 1% Triton-X 100. Solu- LymnaeaAChBP was fused linearly either with

bilized chimeric receptors were layered onto 5-30% (e mouse cationic serotonin type-3A (S¢A) ion

linear sucrose gradient and centrifuged for 14 h at channel or with the human anionic glycine ion chan-

37000 rpm {2 = 7.5 x 101Y). Fractions of 200 pl nel at the level of pre-M1 (Arg—2_02) thus_ yielding
were incubated with 5 nM3H]epibatidine for 1 h. ~ AChBP/SHTsa or AChBP/Gly chimeras Kig. 1A

Samples were rapidly filtered on three filters soaked and B). We c_:hose this !OCUS because Qf the pres-
in 3% PEI and filters were scintillation-counted. Hu- €nce of the highly canonical Arg-203 residue that is

mana482 receptor (10 S) was used as standard. not conserved in AChBP, but may be crucial for the
expression of a full-length receptoFig. 1A). Tran-
2.5. Electrophysiology sient transfection of the different cDNAs into HEK-

293 cells did not give surface binding sites for ei-
Electrophysiological recordings were performed as ther AChBP chimeras as assayed in intact cells with
described previously14]. Briefly macroscopic cur- 4.5 nM of the cell-impermeant competitive antag-
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Fig. 1. (A) Sequence alignment dfymnaeaAChBP, chicka7, mouse 5H3Ea, and human Glycine receptors in the pre-M1 region. Numbering
refers to the AChBP. Under the sequence alignment is shown the corresponding secondary structures withGsoBAChBP andx-helix

M1 of the ion channel.K) Cartoon of the predicted topology of a subunit belonging to the LGIC super-family. Here, AChBP (the extracellular
domain) is linearly fused after Arg-202 with either 55 or glycine ion channel. The human hemagglutinin (HA) epitope is fused to the
C-terminal end of the chimeraC} [125I]a-Bng (left) and FH]epibatidine (right) binding for the chimeras?/5HT35, AChBP/5HT3 and
AChBP/Gly. 4.5 nM [29]a-BgTx for 2 h or 5 nM PHJepibatidine for 1 h were added on intact cells expressing chimeras. Samples were
filtered and counted. Valuels SD are specific binding determined by the difference between total binding (without nicotine) and non-specific
binding (with 1 mML-nicotine). D) Representative’H]epibatidine saturation (left) and competition (right) experiments for AChBPGHT
chimera @) and water-soluble AChBRX). For saturation, non-specific binding was determined with 1 mMcotine and indicated values

are specific binding. For competition 2 or 5 n¥H]epibatidine was used for water-soluble AChBP or AChBP/gkiThimera, respectively.

For both plots, normalized duplicate values of bou?’id][epibatidine are shown. Inset: Scatchard representation.
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Binding parameters of the chimeras

[3H]epibatidine binding

Nicotine binding

«a-BgTx binding

Constructs Kp (nM) nH K| (nM) nH K (nM) nH

Soluble AChBP @0+ 0.06 090+ 0.08 (3) 58+6 0.80+0.03 (2) 46+ 29! 1.6+£0.01(2)

Intact cells

AChBP/5HT3a 0.52+0.27 086+ 0.16 (2) 37045 100+ 0.16 (2) ND

AChBP/Gly 025+0.02° 094+017 (1)  145+29 0944016 (1) ND

AChBP(ring)/5HRa  2.134+0.32 106+0.03(3) 3680t 750 Q73+0.03 (2) 3500 113¢ 0.4640.07 (3)
204+49[23+13%  0.78+£0.27 (3)
109004 7200[77 + 13]3

Membrane fragments

AChBP(ring)/5Hs  142+3.9 094+0.04(2) 14800:1100 166+ 0.84 (2) 173+ 782 0.3840.06

48+1[81+1)3 0.6740.01 (3)

> 100000019+ 113

ND: not detected since these constructs do not reach the cell surface.

Nicotine binding was measured by equilibrium competition aga?ﬂek}e{pibatidine binding, yielding the apparentggfrom fitting the Hill
equation to the data and correct&g values were calculated from Cheng—Prussov equation. Values are mesasdard deviation (SD) and
the number of determinations is given in parentheses. Asterisks indicate SD of the fitted parameters.

1 «-BgTx binding affinity was measured by competition against initial raté%)rﬂla—Bng as previously describdd5].

2 «a-BgTx binding was measured by competition agaiﬁﬁ][apibatidine binding, yielding apparent K as describedli4] from fitting a
one-site inhibition model.

3 For AChBP(ring)/5HEa chimera a two-site inhibition model is also given according to equatig(l + (L/Kl)“H) +1-a)/1+
(L/K2)"H) wherea and (1 — «) are the proportions of high and low affinity sites, respectively (indicated in bracketsthe concentration
«a-BgTx, nH is the Hill coefficient, and’; and K, are the apparent affinity constants for high- and low-affinity sites, respectively.

All constructs were HA tagged to the C-terminal end, except water-soluble AChBP.

onist [ «-bungarotoxin ({2%]a-BgTx) in condi-
tions where significant 'f2]a-BgTx binding sites
were observed with the7/5HT3a chimera fused at
the same residue Arg-20Ei@. 1C, left). Similarly, no However, reliable ACh-evoked currents were not de-
intracellular 2] «-BgTx binding sites were detected tected for either AChBP chimeras using whole-cell
when cells were made permeable with 0.5% (w/v) of patch-clamp, whereag7/5HTza chimeric receptor
saponin (data not shown). However, both chimeric re- displayed significant ACh-evoked currentad. 2D).
ceptors showed equivalentH]epibatidine binding, Since epibatidine crosses the cell membrane, epiba-
a cell-permeant agonisFig. 1C, right). Saturation tidine binding data suggest that both AChBP/SAT
experiments with JH]epibatidine revealed that both and AChBP/Gly sites are produced inside the HEK-
AChBP chimeras displayed very high-affinity sites for 293 cells, retained in the ER/Golgi, thus explaining
epibatidine Kp = 0.52+0.27 nM for AChBP/S5HEa the lack of functionality.

and Kp = 0.25+ 0.02 nM for AChBP/Gly, Table 1 To address whether AChBP chimeras are targeted
andFig. 1D) very similar to the affinity of the water-  to the cell surface, we tagged the human hemagglu-
soluble form of AChBP Kp = 0.20+ 0.06 nM, see tinin HA epitope to the carboxy terminus of AChBP/
also[18]). The linearity of the Scatchard plot of the 5HT3a and AChBP/Gly known to preserve the func-
binding data to the fused proteins suggests homoge-tionality of the «7/5HT3a chimeric receptor[19].
neous population of sites with apparent Hill coeffi- Given the predicted membrane topology of the recep-
cients close to unity (segable 1and Fig. 1D, left tor, the HA epitope is expected to have an extracellular
inset). Competition experiments revealed a slight de- location that can be recognized by extracellular ap-
crease of the apparent affinity for nicotin (= 370t plication of anti-HA antibodies when the receptor is

45 nM for AChBP/5HEA and K| = 1454 29 nM for
AChBP/Gly) compared to the water-soluble AChBP
(K; =58+ 6 nM, Fig. 1D, right; see als¢7,11,18).
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Fig. 2. (A) Left, three-dimensional (3D) structure of AChBP (PBD code: 1188)with loops 2, 7 and 9 coloured in blue. These loops form

a ring of residues located at the membrane side of the 3D structure of AChBP. Right up, view from the channel of the ring. Right down, CPK
representation of 3D comparative models of chimeras AChBP4aHihd AChBP(ring)5HEa. AChBP and 5HEA residues are coloured in

orange and blue, respectively. The ring of ATresidues extends 10 A towards the extracellular domBiLinear schematic representation

of AChBP (same colour-code as in A). Aligned sequences of loops 2, 7 and 9 are indicated. Canonical residues are shown in red and conserved
residues betweea7 and 5HEa are indicated in greenCy Representative3[—|]epibatidine saturation experiments for AChBP/SAT(®)

and AChBP(ring)/5H%a (O) chimeras. Specific normalized duplicate values are shdninimunofluorescence localization @7/5HT3a

(left), AChBP/5HT3 (middle), AChBP(ring)/5HEx (right). Transfected cells were assayed for cell surface expression (surface) or for the
intracellular expression (permeabilized in the presence of 0.1% Triton X-100) of HA-tagged chimeras. Corresponding ACh-evoked currents
are indicated under each constru&) Sucrose gradient sedimentation of AChBP(ring)/3{TEach fraction was assayed f@l—ﬂepibatidine

binding. Arrow indicates the sedimentation coefficient (10S) of the huwd#?2 receptof20].

inserted on the cell surfacdify. 1B). Immunofluo- lack of botha-BgTx binding sites and of ACh-evoked
rescence was clearly visible on the cell surface of currents. We therefore reasoned that although high-
intact cells expressing7/5HT3a-HA, but notonthose  affinity sites were detected inside the cells expressing
expressing AChBP/5Hl-HA (Fig. 2D ‘surface con- the fused proteins, the interface between the binding
dition’) or AChBP/Gly-HA chimeras (not shown). and the channel domains was not properly formed,
However permeabilized cells showed fluorescence la- thus preventing cell surface expression and channel
belling inside the cellsKig. 2D ‘permeabilized con-  gating.

dition’). From these results, we concluded that the Examinations of the crystal structure of the AChBP
chimeras AChBP/5H35-HA and AChBP/Gly-HA [5] and of the recent EM structure of the transmem-
did not reach the cell surface, in accordance with the brane domain of thelorpedo nAChR [6] suggest
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Table 2

[®H]epibatidine binding results for chimeras displaying the different loops combination

Constructs loop 2 loop 7 loop 9 dpmgt Cell surfacé
AChBP AChBP AChBP AChBP 151G81600(3) no
(loop 2) 5HT3p AChBP AChBP 6006-2000(4) no
(loop 7) AChBP 5HEA AChBP 5204+ 270 (4) no
(loop 9) AChBP AChBP 5HEA 490+£90(3) no
(loops 2+7) 5HEA 5HT3p AChBP 5104200 (4) no
(loops 7+9) AChBP 5H3A 5HT3a 730+ 120(4) no
(loops 2+9) 5HEA AChBP 5HTzA 630+60(4) no
ring S5HT3a S5HT3A 5HT3a 8800+ 3600(4) yes
not transfected 270+230(3) -

1 Specific dpm are indicated. Non-specific values were determined in the presence of infnMine. For comparison between chimeras
binding values were normalized to the concentration of proteins (expressed in mg). Values are-r8&awith the number of determination
indicated in parentheses.

2 Cell surface was determined by immunofluorescence experiments on intact celldMaeigls and methods

that, in the chimeras, the putative membrane side deed a rim of fluorescence is observed on the surface
of the AChBP interacts, through still undefined spe- of intact cells after immuno-staining by anti-HA mAb,
cific interactions, with elements of the transmembrane as with «7/5HT3a-HA chimera Fig. 2D). Although
domain. The crystal structure of the AChBP shows we can not rule out the possibility that the ring chimera
that the putative membrane side of the protein, de- binding sites are not completely folded, as suggested
fined by the location of the C-terminus, is made of by the slight decrease (4- to 10-fold) of the apparent
three loops (loops 2, 7 and 9, according to nomencla- affinity for the agonists epibatidine and nicotine, these
ture of [5], Fig. 2A). Aligned sequences revealed that findings are more consistent with the conclusion that
loops 2 (orB1-52 loop: Asn-42 to Val-48, AChBP  thering of 5HTza residues facilitates proper folding of
numbering), 7 (or Cys-loop: Cys-123 to Cys-136) and the ligand-binding domain and the channel moiety that
9 (or 88-B9 loop: Phe-165 to Glu-172) are relatively is necessary for successful targeting of the receptor to
conserved among the Cys-loop super-family but are the cell membrane.

not conserved between AChBP and all members of To determine if all loops are required for target-
the LGIC (Fig. 2B). Therefore, we hypothesized that ing, we generated chimeras in which only one or two
restoring homogenous coupling between the two do- loops in AChBP were changed to 5B sequence.
mains would help both the targeting and gating of the Chimeras with single loop substitutions of either
chimeric receptor. In the AChBP/5HA-HA chimera, loop 7 or 9 displayed no significantHl]epibatidine

we substituted residues within these three loops of binding (Table 2. Loop 2 substitution showed de-
AChBP with their 5HEa counterparts. This created tectable $H]epibatidine binding, despite a lack of sur-
a ‘ring’ of 5HT3a residues serving as an interface of face expression, as assayed by immunofluorescence
~ 10 A between the AChBP and 5HZ portions of experiments. For all combinations of two loops no
the chimera, as visualized in the atomic structure of significant PH]epibatidine binding was detectedia-
AChBP and in our 3D model of the chimerfaig. 2A). ble 2. We verified that the lack of sites was due to
The AChBP(ring)/5HEA-HA chimera showed a four-  impaired protein folding and not to lack of protein
fold and a ten-fold lower apparent affinity for epi- expression since metabolic labelling of the proteins
batidine and nicotine, respectively, than its ringless with [3°S]methionine immunoprecipitated with anti-
counterparts Kp epibatidine= 2.13+ 0.32 nM for HA mAb yielded bands with the expected molecu-
AChBP(ring)/5SHTEBA-HA versus Kp epibatidine = lar weight on reduced SDS-PAGE (data not shown).
0.52+ 0.27 nM for AChBP/5HTEA-HA, Fig. 2C). In- Hence, only the three-loop substitution displayed cell
terestingly, contrary to AChBP/5HE-HA, the ring surface expression, thus suggesting that a synergistic
construct AChBP(ring)/5H3a-HA is targeted to the  interplay among all three loops is necessary for protein
cell surface as observed by immunofluorescence. In- folding and targeting.
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We next checked the functionality of the chi-
mera AChBP(ring)/5H3a-HA. No reliable currents
were detected either in transfected HEK-293 cells
(Fig. 2D) or in injectedXenopusoocytes (not shown)
in conditions where significant currents were observed
with the «7/5HT3a-HA chimera Fig. 2D). Remov-
ing the HA epitope did not yield functionality for
AChBP(ring)/5HTa (data not shown). To verify that
the ring of 5HTEA residues did not prevent function,
we generated the homologous ring in th&/5HT3a-

HA. Since loop 2 is fully conserved betweei7 and
BHT3a, We substituted only loops 7 and Big. 2B).
Significant ACh-evoked currents were detected in
a7(ring)/5HT3a-HA expressing HEK-293 cells (data
not shown). These results thus demonstrate (1) that
the AChBP(ring)/5HEx is not functional, (2) that the
ring of 5HT3a residues does not prevent function of
the receptor ime7(ring)/5HT3a and (3), thus that some
elements in the AChBP chimera prevent gating of the
5HT3a ion channel.

Since AChBP(ring)/5H3a-HA is not functional,
the possibility exists that unassembled subunits may
reach the cell surface without forming functional pen-
tameric receptors. To test this issue, we size fractioned
AChBP(ring)/5HTEA-HA chimera by sucrose density
gradient and showed a sedimentation coefficient of
~ 9.5 S, as expected for a glycosylated pentameric
structure[20] (Fig. 2E). Taken together, we conclude
that AChBP(ring)/5HEA-HA chimera expressed in
HEK-293 cells forms a membrane bound pentameric
structure with a central ion pore locked in a closed
high-affinity state for epibatidine (in the nanomolar
range).

As mentioned above, we report a slight decrease (4-
to 10-fold) in agonist affinity between AChBP/5H
and AChBP(ring)/5H3%a. This small decrease is prob-
ably due to the presence of 5glresidues that either
directly or indirectly modify the ACh-binding sites lo-
cated~ 30 A above the interface. An alternative hy-
pothesis would be a conformation change of the entire
receptor that consequently changes allosterically the
apparent agonist affinity from a high (D state) to a
low (B state) affinity. However, the expected changes
for a functional receptor in agonist affinities are com-
prised between 100- to 10 000-fold1], not consis-
tent with the 4- to 10-fold decrease we found for both
epibatidine and nicotineTéble 1. We thus decided
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compound known to exhibit higher affinity for the B
than for the desensitized D state. Three-finger snake
toxins block competitively nicotinic receptdia2] and
AChBP [23] by targeting the ACh-binding sites pref-
erentially to the B state of the recepti@4—26] We
therefore determined the affinity ef-BgTx for the
chimera by measuring on intact cells the displacement
of bound PH]epibatidine by increasing concentrations
of «-BgTx. Fitting the data to a one-site Hill equation
showed very low affinity (£ 1.1 uM) and a Hill co-
efficient of Q46+ 0.07, strongly suggesting a hetero-
geneous population of siteBif. 3A). Fitting the data

A

normalized

Bound [*H]epibatidine,

-10

9 8 -7 6 -5 -4 -3

Log [a-BgTx], M

o

QCJ— 1.0 -1 [ ]

=]

wWo

a o

2N

o c 0.5 - membrane
ITE

=g

£

o 0.0 - T 1

I I
10 20 30
Free [*H]epibatidine, nM

0 40

Fig. 3. (A) Displacement of 5 nM boun&H]epibatidine by increas-
ing concentrations ak-BgTx on intact cells @) or on membranes
(O) for AChBP(ring)/5HTA. Non-specific binding was determined
with either 5 mM ACh or with 5mM carbamylcholine and indicated
values are specific binding mea#isSD. Dotted and solid lines are
fitted curves for one site and two site inhibition models, respec-
tively. (B) Representativegﬁ]epibatidine saturation experiment for
AChBP(ring)/5HT3p on intact cells @) or on membranesY). Spe-

to discriminate between these hypotheses by using acific normalized duplicate values ®max are shown.



232 T. Grutter et al. / C. R. Biologies 328 (2005) 223-234

to a two-site Hill equation resulted in approximately [3H]epibatidine binding (not shown). Furthermore, we
20% of the sites displaying high affinity (2049 nM) confirmed by immunofluorescence that the triple mu-

and 80% low affinity fore-BgTx (11+7 uM, Table J). tant did not reach significantly the cell surface and
In our conditions, water-soluble AChBP displayed a likely impaired the folding of the protein.
high affinity fora-BgTx (K| = 4.64+2.9 nM, Table ), Second, we prepared membrane fragments from

as previously describdd,18]. To verify that this dra- AChBP(ring)/5HTBa-HA expressing cells and deter-
matic loss of the apparent affinity farBgTx was not mined the apparent affinity for both epibatidine and
due to changes in the intrinsic affinity due to the pres- «-BgTx. When binding assays were performed in
ence of 5SHEa residues near the toxin-binding site, we membrane preparations the apparent affinity for epi-
measured %] a-BgTx binding to a7(ring)/5HTza- batidine and nicotine decreased ty5-fold, whereas
HA chimera expressing cells; significant binding sites the proportion oftx-BgTx high-affinity sites increased
were detected at the same level @8/5HTza-HA up to 80% (IGo = 48+ 1 nM, Fig. 3A and B, Table .
chimera (data not shown). We thus concluded that These results suggest that, after in vitro preparation of
the three loops of 5H3x residues do not interfere  the membrane bound receptor, the chimera undergoes
with toxin binding and that the dramatic apparent loss discrete allosteric transitions. We conclude that when
of toxin affinity for AChBP(ring)/5HTEa-HA chimera the receptor is expressed at the cell surface of HEK-
was mainly due to the shift in the equilibrium between 293, it is stabilized mainly in a conformation close
D and B states. Hence, all these results strongly sup-to the D state of LGICs, but that during membrane
port the following conclusionsi) the presence of the  preparation the elements that stabilized the receptor
5HT3a ring residues gives rise to an allosteric change are partially or totally lost, thus shifting a new equi-
of the protein, yet not sufficient to promote a func- librium towards the B state. Further investigations are
tional receptor; the~ 20% of high-affinity sites for needed to identify such elements; one likely hypothe-
a-BgTx that likely correspond to the B state probably sis would be the presence of regulatory proteins such
do not allow any experimental detection of currents as protein kinase A known to desensitize the iid-
when ACh is present;ij most of the chimera mole-  ceptor through phosphorylation most probably in the
cules are stabilized~ 80%) in a low-affinity state  cytoplasmic loopg28]. This hypothesis is consistent
for «-BgTx (UM range), yet this major fraction repre- with the fact that water-soluble AChBP, which lacks
sents a high-affinity state for epibatidine (nM range); an ion channel, binds toxins in the nanomolar range in
these sites likely correspond to the desensitized statea state different from the state that binds agorjiks$.
of LGICs since agonists display high affinity for this During the preparation of the present manuscript,
state, whereag-BgTx stabilizes preferentially the B Bouzat et al.[29] reported the fusion ofymnaea
state of the receptd24-26} (iii) the native confor- ~ AChBP with the rat 5HEa ion channel into a func-
mation of AChBP is structurally homologous to the tional structure. The fusion site is located exactly at
3-D structure of the desensitized state of the nicotinic the same locus as the present report (at the level of
receptorg27]. Arg-202). They mutated also the three loops at the
We then tried to shift the equilibrium towards the putative membrane side of AChBP to human 3HT
B state by modifying the chimera itself or the environ- residues; loop 2: (Asn-42 to Glu-47), loop 7: (Cys-123
ment. to Cys-136) and loop 9: (Phe-165 to Glu-172). Their
First, we mutated Arg-11, Arg-148 and Asp-149 AChBP(ring)/5HTGa transfected in Bosc-23 cells (a
to the homologousx7 residue (R11V, R148W and highly transfectable modified version of HEK-293
E149S) in AChBP because, as viewed on the crys- cells) is targeted to the cell membrane, biadBgTx
tal structure[5], these residues form potential salt and is functional. This finding to some extent con-
bridges within or between neighbouring subunits. trasts with our data, since we failed to record reli-
Our hypothesis was that these salt bridges located able currents with our chimera. Yet, two differences
at the subunit interfaces would stabilize the D state can explain the contrasted results. First, the so-called
and the disruption of these strong interactions would ‘ring’ differs by two point mutations, Val48Leu and
favour the resting state. However, the triple mutant in 1le166Met. These differences while minor may ex-
AChBP(ring)/5HTBa-HA did not yield any detectable  plain the lack of functionality. Second, Bouzat et al.
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[29] used the rat 5H3a ion channel, whereas we cer’, the ‘Commission of the European Communities’
used the mouse one. Sequence alignment of the two(CEC contracts Nos. 2002-00258 and 2000-00318),
species revealed major differences in the cytoplasmic and the ‘Association francaise contre les myopathies’.
M3-M4 loop. A six-amino acid deletion and point We thank Drs J. Neyton for experiments with oocytes,
mutations are present in the rat sequence. Six Ser-P.J. Corringer for discussion, B. Molles for critical
phosphorylation sites are predicted in this region for reading of the manuscript and H. Betz for providing
the rat sequence, whereas only two are predicted for the human glycine receptor clone. A.T. is the recipient
the mouse sequence. These differences in the phos-of a fellowship from the ‘Association francaise contre
phorylation pattern might modify the function of the |es myopathies’.

receptor as observed for the mouse 3HEceptor

[30]. If that is the case, the pattern of phosphory-

lations of our ch|mera problably.prevents th_e T€CeP- neferences

tor from converting substantially into the resting state

in intact cells. However, we showed that discrete al-

losteric transition is possible after membrane prepa- [1] P.-J. Corringer, N. Le Novére, J.-P. Changeux, Nicotinic recep-

tors at the amino acid level, Annu. Rev. Pharmacol. 40 (2000)

ration for AChBP(ring)/5HEa and thus that part of

431-458.

AChBP has preserved the structural elements that are 5] a. karlin, Emerging structure of the nicotinic acetylcholine re-

necessary for allosteric transitions in agreement with
Bouzat et al[29].

In conclusion, we show in this paper that linear fu-
sion of AChBP with either the cationic 5HE ion
channel or the anionic glycine ion channel forms high-
affinity sites for epibatidine. These results suggest that
the AChBP module recognizes any ion channel mod-
ules of the Cys-loop super-family, extending the previ-
ous observatiofd] of autonomous folding of the two
main receptor domains: the ligand-binding and chan-
nel domains. This finding is of interest since AChBP
has probably evolved without the constraint of an ion

ceptors, Nat. Rev. Neurosci. 3 (2002) 102-114.

[3] J.-P. Changeux, S.J. Edelstein, Allosteric receptors after 30
years, Neuron 21 (1998) 959-980.
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tor combines distinct ligand-binding and channel specificities,
Nature 366 (1993) 479-483.
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channel and thus loops 2, 7 and 9 have diverged from (7] A.B. Smit, N.I. Syed, D. Schaap, J. van Minnen, J. Klumper-

their ancestral receptor. Replacement of the AChBP
ring (loops 2, 7 and 9) by the 5HX counterparts

restores a three-dimensional homogeneous coupling

between the extracellular domain and the ion chan-
nel necessary for targeting to the cell surface. Fi-
nally, we showed that the chimeric ring receptor is
able to mediate discrete allosteric transitions (i.e. shift
the equilibrium in favour to B) that consequently de-
crease the apparent affinity for both epibatidine and
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