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Abstract

Metabotropic glutamate receptdimGIluR9 belong to the family 3 of G-protein-coupled receptors. On these proteins,
agonist binding on the extracellular domain leads to conformational changes in the 7-transmembrane domains required
for G-protein activation. To elucidate the structural features that might be responsible for such an activation mechanism,
we have generated models of the amino terminal doi#i®) of type 4 mGIuUR(MGIu,R). The fold recognition search
allowed the identification of three hits with a low sequence identity, but with high secondary structure conservation:
leucine isoleucine valine-binding proteiblVBP) and leucine-binding proteifLBP) as already known, and acetamide-
binding proteinfAmiC). These proteins are characterized by a bilobate structure in an open state for/LEBRnd

a closed state for AmiC, with ligand binding in the cleft. Models for both open and closed forms ofR&ID have

been generated. ACPT-Ll-aminocyclopentane 1,3,4-tricarboxylic agid selective agonist, has been docked in the two
models. In the open form, ACPT-l is only bound to lobe | through interactions with Lys74, Arg78, Ser159, and Thr182.
In the closed form, ACPT-I is trapped between both lobes with additional binding to Tyr230, Asp312, Ser313, and
Lys317 from lobe Il. These results support the hypothesis that mGIuR agonists bind a closed form of the ATDs,
suggesting that such a conformation of the binding domain corresponds to the active conformation.
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Elucidating the activation mechanism of G-protein coupled recep+eceptor, several putative pheromones receptors and a taste recep-
tors (GPCR) is a major issue. In the case of most rhodopsin-liketor (Bockaert & Pin, 1998 Eight subtypes of metabotropic glu-
(family 1, see Bockaert & Pin, 199G PCRs, the agonists interact tamate receptors have been cloned so far. They are classified in
in a cavity within the 7-transmembrane dom&ifM), and stabi-  three groups according to their sequence similarities, transduction
lize the active conformatio(Bockaert & Pin, 1998 In the case of mechanisms, and pharmacological profiles et al., 1999; Schoepp
family 3 GPCRs, the agonist binding site is located within theiret al., 1999. Group | is composed of mGJR and mGIgR that
large extracellular domaifConn & Pin, 1997; Pin et al., 1999  both stimulate PLC hydrolysis. Group Il includes mgtuand
whereas the G-protein activation is still mediated by the intracel-mGlusR, which inhibit adenylyl cyclase, as do mGRI mGIwR,
lular loops of their 7TM domairiPin et al., 1994; Gomeza et al., mGIy,R, and mGIgR from Group Il
1996. It is actually not known how the agonist binding on the  As mentioned above, agonists bind within the large amino ter-
extracellular domain of these family 3 GPCRs leads to the conminal extracellular domaifATD) of these receptor®’Hara et al.,
formational changes required for G-protein activatiéin et al., 1993; Takahashi et al., 1993; Okamoto et al., 1998; Hampson et al.,
1999. 1999; Han & Hampson, 1999ldentifying the structure of this
This family 3 of GPCRs encompasses the metabotropic glutabinding domain and the conformational changes resulting from
mate receptorémGIuR), the GABAg receptor, a calcium-sensing agonist binding would shed some light on the activation mecha-
nism of these receptors. In 1993, O’'Hara et al. proposed that
mGIuR ATDs share structural similarity with bacterial periplasmic
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tallography(O’Hara et al., 1998 This proposal was based on a were not considered since they only match on a short part of the
low sequence identity17% between LIVBP and mGJR ATD) query sequenc@l2 amino acids overlap or lesand as a result, do
and the mutagenesis of critical binding residues. Since then, theot allow a global alignment with matching secondary structure
structures of LIVBP and LBP have been used for the generation olements(see below Interestingly, a Blosum 50 retrieved only
tridimensional models of mGluRCostantino & Pelliciari, 1996; LIVBP and LBP, whereas a Blosum 75 retrieved 2chs, 1com but
Costantino et al., 1999; Hampson et al., 1999ABAg (Galvez not LIVBP and LBP. Yet, sequence identity with mGRIATD was
etal., 1999, and calcium-sensindRay et al., 1999receptor ATDs,  low (19%), as previously observe@’Hara et al., 1998 Such a
and some of these models have been partially validated by mutdew sequence identity between the query sequence and the remote
genesis experiment®©’Hara et al., 1993; Brauner-Osborne et al., homologues falls in the so-called twilight zone, thus we carried out
1999; Galvez et al., 1999; Hampson et al., 9% ructural sim-  Psi-Blast(Altschul et al., 199Y and Segfold Fisher & Eisenberg,
ilarity was also detected between ionotropic glutamate receptot996 searches to increase the sensitivity and to support the sig-
(iGIuR) ligand-binding region and the lysifi@rgining/ornithine-  nificance of the initial results. These methods, which take into
binding protein(LAOBP), the histidine-binding proteitHBP), account not only the sequence but respectively sequence profiles
and the glutamine-binding protei®BP), which all belong to a and/or secondary structure predictions, retrieved again LIVBP and
PBP structural cluster different from the one of LIVRBP (Tam LBP with the lowest E-values. AmiCacetamide-binding protein,
& Saier, 1993; Stern-Bach et al., 1994; Lampiden et al., 1998PDB code: 1lpeawas next retrieved with a lower but acceptable
Felder et al., 1999 This observation was later confirmed by the significance. Other hits were not considered since they displayed a
crystal structure of the ligand-binding core of a GIuR subunitmuch lower significance. Interestingly, AmiC belongs to the same
(GluR2 in complex with an agonistArmstrong et al., 1998  structural cluster as LIVBP and LBP. Indeed, while AmiC shares
However, similarities between iGluRs and mGIuRs at both seconly 12% sequence identity with LIVBP and LBP, these three
ondary structure and binding site levels are too low to allow theproteins belong to the same family of the periplasmic binding
use of this crystal structure as a template. protein-like according to the SCOP classification and to the same
Periplasmic binding proteins serve as high-affinity active trans-cluster within this structural familyTam & Saier, 1993; Cham-
port of various nutrients such as sugars, inorganic anions, anberlain et al., 1997 LIVBP, LBP, and AmiC are bilobate proteins
amino acids. Many of these proteins have been crystallized withikely adopting open and closed structures along their activation
and without their ligands and their structures solved by X-raymechanism. Although LIVBP and LBP have been shown to un-
(Quiocho & Ledvina, 1996 They are all constituted of two glob- dergo closure upon ligand bindin@®lah et al., 1998 only the
ular domains linked by a hinge region and can be found either irstructures of their open forms have been soli&atk et al., 1989a,
an open unliganded, an open liganded, or a closed liganded forh989h. However, a model for a closed state has been proposed,
(Quiocho & Ledvina, 1996 Accordingly, it has been proposed but is not publicly availabléOlah et al., 1998 Conversely AmiC
that the substrate binds to a first lobe and then stabilizes the closdths only been crystallized in a closed sté®earl et al., 1994
form of the protein. Accordingly, the available 3D structures of LIVBP and LBP can be
To support a similar mechanism for family 3 GPCR ATDs, we used to construct a 3D model of mGIRIATD in a putative open
have investigated the possible three-dimensidB8))-structures  form, whereas the structure of AmiC may constitute a valuable
of mGlwR ATD taken as a representative member of this receptotemplate for a possible closed form.
family and using computational methods. Our aim was to generate
a homology-derived model for the open and closed forms of theAIignment
ATD, and then to analyze the models in terms of their agreement
with site-directed mutagenesis, pharmacological profiles, and pharFhe LIVBP, LBP, AmiC, mGIyR, mGlwR, and mGIyR sequence
macophore model@Bessis et al., 1999; Jullian et al., 199®ur alignment, generated as described in Materials and methods, is
results highlight some new putative residues for each lobe thatlisplayed in Figure 1. Other mGIuR sequences are not shown since
could interact with the agonist. Altogether, our data support thethe mGIuR family alignment is similar to literature dgfuvoisin
hypothesis that the agonist is bound to a closed form of the ATDet al., 1995. The alignment was further confirmed by the good
suggesting this state corresponds to the active state of the receptonrrespondence between X-ray and predicted secondary structure
elements of LIVBP and mGIuR&Fig. 1). Inspection of the sec-
ondary structure of mGIuRs reveals that some strapdsgp, Be,
Ba, and By identified in LIVBP and LBB were not predicted.
LIVBP «, anda, homologous helices were also not predicted for
mGIluRs. However, they were not predicted when LIVBP sequence
was submitted to PHDdata not shown They were also not de-
In 1993, O’'Hara et al. proposed that mGluR ATDs share structurapicted in the initial X-ray structuréSack et al., 1989aGaps into
similarity with PBP such as LBP and LIVBP. To identify new LIVBP or LBP secondary structure elements were avoided, except
possible structural templates for mGRIATD, we performed new  for a;x helix to maintain the alignment of conserved residues on
searches against an updated version of the protein data (RIDES. both sides of the gap. This insertion reflects a distortion into the
We first carried out a classical sequence similarity search usingnGluRs’«;x helices allowing a proper orientation of hydrophobic
Fasta3(Pearson & Lipman, 1988 The following results were residues, thus improving the structural quality of the model. Yet,
obtained when using a Blosum62 matrix. LIVBPDB code: 2liy the secondary structure homology between LIVBP and mf&lu
and LBP(PDB code: 2Ibpwere recognized as the best templatesATD reaches 58% compared to 19% sequence identity according
since matching residues were found all along the query sequende the alignment in Figure 1. This percentage results from the
and thus give rise to a subsequent global alignment. Other procomparison of the number of residues involved in secondary struc-
posed template§somerase 2chs, chorismate mutase 1com) .. .ture elements of LIVBR g-strands andx-helices, Fig. 1to the

Results and discussion

Template searching



2202 A.-S. Bessis et al.

BA 1 ol BB all i)
LBP 1 DDIKVAVVGAMS—————————————GPI-A0WGIMEFNGAEDA L KD INARGGIKGDELVGVEYD-DACD-PRQAVAVANE IVND—————m——————=— 68
LIVEP 1 EDTKVAVVGAMS———————— —————GPV-AQYGDOEFTGAEDAVAD I NARGETKGNRLOTARYD-DACD-PEQAVAVANEVVRD—————————————— 68
AmiC 1 MGSHQERPLIGLLFSET-----—---——--GVT-ADIERSHAYGALLAVEQLNREGGVGGRPIETLSQD-PGGD-FPDRYRLCAEDFIRN-————————————— 73
* * £
mGlu, R 43 ————m GDVIIGALFSVHHQPPAEKVPERKCGEIREQYGIQRVEAMFHTLDK INADPVL-LPNITLGSEIRDSCWHSSVALEQSIEFIRDSLISIRDEKDGLNR 139
mGlu, R 30 ————o GDLVLGGLFPVH)KGG----PAEECCPVNEHRGIQRLEAMLFALDRINRDPEL-LPGVRLGAHI LDSCSEDTHALEQALDFVRASLSRG--ADGSREI 120
mGlu, R 47 ————o GDITLGGLFPVHGRGS - ---EGKACGELFKEKGIHRLEAMLFALDRINNDPDL-LPNI TLGARI LDTCSRDTHALEQSLTFVQALIEK--—-DGTEVR 135
e T e T S P e e Py
pc ol BD BE oIV BF
LBP —————— e GIKYVIGHLCSSSTQPASD I YEDEGILMISPGATAPELTORG-YQHI MRTAGLDS S-QGPTARKY ILETVKPQRIAT IHDKQQYGE 152
LIVBP e ——GIKYVIGHLCSSSTQPASD I YEDEGILMITPAATAPELTARG-YQOLI LRTTGLDSD-QGPTARKY ILERVEPQRIATVEDRQQYGE 152
Amic ——mm e mm e e e - - RGVRFLVGCYMSHTRKAVMPVVERADALLCYPTPYEGFEY — ———— SPRIVYGGPAPNONSAPLARYLIRHYG-ERVVFIGSDYIYPR 154
4 * X +
mGlu, R CLPDGQTLPPGRTER--PIAGVIGPGSSSVATQVONLLOLFDIPQIAYSATSIDLSDKTLYKY FLRVVPSDTL-QARAMLD IVERYNW-TYVSAVETEGNYGE 238

mGlu, R CPD-GS--YATHSDAPTAVTGVIGGSYSDVSIQVANLLRLFQIPQISYASTSARLSDESRYDYFARTVPPDFF-QAKAMAEILRFFNW-TYVSTVASEGDYGE 218
mGlu, R CGS-GG--PPIITEP-ERVVGVIGASGSSVSIMVANILRLFEIPQISYASTAPDLSDNSRYDFFSRVVPSDTY ~-QRQAMVDIVRALEW-NYVSTLASEGSYGE 232
e E T U T T Rl R M R W o

oV BG oVl BH aVil BI wa ob
LEP GLARSVQDGLEA-ANANVVFFDGIT--AGEK~-DFSALIARLKKE-—NI-DFVYYGGYYPEMGOMLRQARSVGL-~~KTQFMGPEGVG-NASLENTAGDAREG 243
LIVBP GLARAVQDGLEK-GNANVVFFDGIT--AGEK--DFSTLVARLKKE--HI-DFVYYGGYHPEMGQILRQARAAGL——-KTQFMGPEGVA-NVSLSNIAGESAEG 243
AmicC ESNHVMRELYRQ-HGGTVLEEIYIP—--LYPSDDDLQRAVERI ¥ QA——RA-DVVE STVVGTGTAELYRAI ARRYGDGRRPPIASLT-TS—-EAEVAKMESDVAEG 249

LA L
mGlu, R SGMDAFFELAAQRG-LCIAHSDEIYSNAGEE--SFDRLLRELRERLPRARVVVCFCE-GMTVRGLLEAMRRLGVVG-EFSLIGSDGWADRDEVIEGYEVEANG 336
mGlu, R TGIEAFELEARARN-ICVATSERVGRAMSRA--AFEGVVRALLOK-PSARVAVLFTR-SEDARELLAATQRLNAS —~-FTWVASDGWGALESVVAGSERAREG 313
mGlu, R SGVEAFIQESRENGGVCIAQSVEIPREPRTG—-EFDEIIKRLLET-SHARGIIIFAN-EDDIRRVLEAARRANQTG-HFFWMGCSDSWGSESAPVLRLEEVAEG 330
T e R e e e e Nl

B o VI 13 o X
LBP MLVTMP-ERYDQDPANQGIVDALKADK-———m—— - mm e e —mm——mm—mm— o ________EDPSGPYVWIT-YARVQSLATALERTG 295
LIVBP LLVTKP-KNYDOVPANKPIVDATKAKK——————————— -— e e - ~QDPSGAFVWTT-YAALOSLOAGLNQS— 294
amic OVVVAPYFSSIDTPASRAFVOACHEFFmmmmmm mmmmm e mmm e —————————__ PENATTTAWAEAA- YWOTLLLGRARQRAG 304

+
mGlu, R GITIKL-QSPE——--VRSFDDYFLELRLDTNTRNPWFPEFWQHRFQCRLPGHLLENPNF EEKVCTGNESLE- -ENYVODSEMGFVINAIYAMAHGLON-MEHAL 431
mGlu, R ATTIEL-ASYP----ISDFASYFQSLDPWNNSRNPWFREFWEERFHCSFRQRD---—-—--—--CARHSLR-AVPFEQESKIMFVVNAVYAMAHALHN-MERAL 399
mGlu, R AVTILP-FRMS—---VRGFDRYFSSRTLDNNRRNIWFAEFWEDNFHCELSRHALFKGSHIKECTRRERIGQDSAYEQEGEVQFVIDAVYAMGHALHA-MERDL 427
| e T o e e U e e e O P e e e T T P e T el

I ax Ba BK BL BM BN

LBP . _SDEP-LALVEDLRANGANTVIG--—---PLEWDERGDLEG-FDFGVEF QWHADGS-STEAK 346
LIVEP - —————DDP-AEIAKYLKANSVDTVMG- - — - ~PLTWDEKGDLEG-FEF GVE DWEANGT-ATDAK 344
amic ~=m—m = m == ~NWRV-EDVQRELYDIDI DAPQG———mm— FVRVERQNRHSR-LSSRIAEIDARGVFQVRWOSPEPTRPDPYVVVHNLDDWSASMGGGPLE 385
mGlu, R CPGHVGLCDAMKPIDG-RELLDFLIKSSFVGVSGE-——-— EVWFDERGDAPGRYDIMNLQYTEANRYDYVAY 497
mGlu, B CENTTHLCDAMRPVNGRRLYKDEFVLNVEFDAPFREADTDDEVRFDRFGDGIGRYNIFTYLRAGSGRYRYQEV 471
mGlu, R CPGRVGLCPRMDPVDG-TQLLEY IRNVNFSGIAGN-----PVTFNENGDAPGRYDIYQYQLRNGSA-EYRVI 192

Fig. 1. Sequence alignment of mGlu/R ATD with LIVBP, LBP, and AmiC.«-Helices(red) and 3-strands(green of LIVBP, LBP,

and AmiC are data from PDBSufthttp://www.biochem.ucl.ac.ukbsnypdbsum. They were named according to Sack et(48893

except fora,, ap, andB,, which were not depicted in this X-ray structure. Secondary structure elements of mGluRs were predicted
on PHD(see Materials and methodsnsertions(l; — I4) of mGluRs compared to LIVBP or LBP are shown in blue. Residues from
lobe I (cyan, lobe Il (magenty and linkers(yellow) are identified with a strip of respective colors. Arg78, Serl59, and Thr182
(mGIwR), shown to be critical for agonist binding, are marked witht other putative binding residues are marked wth

number of residues involved in analogous predicted secondar@®pen form model

structure elements of mGJR ATD (Fig. 1). This result supports

the hypothesis of a structural homology between the two classes @n the basis of the sequence alignment with LBP and LIVBP, we
proteins, although a very low sequence identity was displayed. Theonstructed a 3D model for the open form of the m@&IWATD.
final alignment is close to the one previously published by O’'HaraThe X-ray structure of the LIVBP template is shown in Figure 2A.
et al. (1993, but different from an alternative one proposed by It reveals a binding site located within a cleft defined by two lobes
Costantino et al1999. It shows four major insertions for mGJR (Fig. 2A). The mGIyR ATD open model based on LIVBP and
(I amino acids 59-67;,1126-148, 4 353-401, }428-439, Fig.1 =~ LBP coordinates is displayed in Figure 2C. Using an iterative
compared to LIVBP and LBP sequences. To avoid the large inserapproach'see Materials and methogdsve obtained a model with
tions, Costantino et a(1999 suggested a different alignment but a satisfactory Profiles_3D scofEig. 30 that compares favorably

it does not optimally align secondary structure elements and théo the LIVBP one(Fig. 3A). Only one misfolddefined as a region
resulting model does not agree with recent mutagenesis résedts  with a negative Profiles_3D scorwith no effect on the putative
below). Conversely, the present alignment displays conserved bindbinding site was observedig. 2C). According to MODELER’s
ing residues Arg, Ser, and Thr at positions 78, 159, and 182probability density function§PDF), no violations were observed
Concerning AmiC, a pairwise sequence alignment with LIVBP andand only few residue&<2%) were located in a disallowed region
LBP was impossible due to the low sequence identity. As a resultpf the Ramachandran mégata not shown Insertions | to I, are
this alignment was structurally deduced as described in Materialsolored in blugFig. 1). Two of the four insertions found in mGJR

and methods. Interestingly, the conserved Ser and Thr residuesTD with respect to LIVBP and LBP, namely (23 amino acids
mentioned above are found aligned. and k (49 amino acids had to be respectively truncated from
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Fig. 2. 3D structures of templates from the PD®&) LIVBP and(B) AmiC. Lobe I, lobe I, and linkers are displayed as a ribbon with
similar colors as in Figure 1: cyan, magenta and yellow, respectively. Models of theR/@ID: (C) open form andD) closed form.
Insertions { to I4 are colored in bluétrl indicates truncated insertigrthe region(112-114 of negative Profiles_3D score in orange,
a-helices in red, an@-strands in green as in Figure 1.

amino acid 132 to 144 and 356 to 397. In fact, all models generatedonformation. Indeed, each pharmacophore model is characterized
with the large insertions displayed knots betwegard k and in by selective sites such ag r mGIwR (Fig. 4A). A few potent
their structural core. Accordingly, these insertions were reduced tgelective agonists are known; they all possess a glutamate embed-
7 and 10 amino acids as indicated above, to avoid knots whilaled in their structure and bind to the protein through the three
allowing enough flexibility. Amino acid 124 to 128, at the begin- glutamate common sites $amino function, S, and S (proximal
ning of I,, were constrained in the conformation of athelix as and distal acidic functiong Fig. 4A) (Bessis et al., 1999; Jullian
predicted by PHO(Fig. 1). Since all insertions appear out of the et al., 1999. The binding of leucine in LIVBRSack et al., 1989a
cleft (Fig. 20), the lack of information on these regions should not shows that ther-amino andw-acidic groups are bound to Thr102
affect the topology of the binding site model. Conversely, Arg78,and Ser79, respectively, and that the hydrophobic side chain inter-
Ser159, and Thr182, which are conserved in all mGIluRs and havacts with Tyr18. By analogy, Thr182 and Ser188GIuR), which
been shown to be critical for agonist bindiitglampson et al., align with Thr102 and Ser7@.IVBP), would bind to $ and S,
1999, are found at the surface of lobe | facing the cleft. On therespectively. The distal sitesSvould interact with Lys74 aligning
other hand, Arg106 of mGIR, which would be located at the with Tyrl8 of LIVBP (Fig. 1). This ligand binding mode is illus-
binding site according to Costantino et ak999 alignment, is  trated with the selective and highly functionalized agonist 1-amino-
not conserved within the mGIuRs and aligns with Leul06 of cyclopentane-1,3,4-tricarboxylic aqidCPT-I) (Acher et al., 199Y,
mGIlwR. In the present model it lies outside the cleft on the surfacewhich was manually positioned in the open form of mgRWATD
of lobe I. (Figs. 4A, left and 4B Interestingly, Arg78 was found there to
Agonist pharmacophore models have been established forymGluinteract with the distal functionSn agreement with recent mu-
mGlu,, and mGly receptors, which belong to group I, group Il, tagenesis experimentslampson et al., 1999
and group lll mGlu receptors, respectivelBessis et al., 1999; We have previously noted that when agonists are superposed in
Jullian et al., 1999 They show that in all three cases glutamate their bioactive conformationéS;-S; superimposex all chemical
would be recognized in an extended conformation. Consequentlygroups generating selectivity were localized on the same face of
the activation by selective Glu-like agonists would result fromthe superpositiofPin et al., 1998 With S;-S; interaction sites
specific interactions with the different ligand-binding environ- fitted into the open form model, we now observe that most of these
ments and not from the selection of a specific glutamate bioactiveselective chemical featurémcluding ;) are facing lobe I, while
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Fig. 3. Profiles_3D plots{A) LIVBP, (B) AmiC, (C) mGlwR ATD open form, andD) closed form.

residues interacting with;S5; sites(Thr182, Ser159, Lys74, Arg7J8 displayed in Figure 2D, was examined using MODELER’s PDF,
are situated on lobe I, as shown for ACPTHig. 4B). The gluta-  Profiles_3D score, and Ramachandran maps. Few resieiz%)

mate entity of ACPT-I, which is mimicked by carbons 1 to 3, lines were found in the disallowed regions of the Ramachandran map
lobe | while carbon 4bearing the selective,Sunction) and car-  (data not showp and the Profiles_3D pldfFig. 3D) is comparable

bon 5 are facing lobe Il. These observations suggest that lobe I the LIVBP(Fig. 3A) and AmiC(Fig. 3B) ones. A similar mGIyR
plays an important role in the selectivity of agonist binding in theseATD model was obtained by Hampson et 61999. However,
receptors. In agreement with this proposal, Takahashi €1293 these authors did not point out any critical residues belonging to
reported that residues 225 to 355 of mgiuwere critical in de-  lobe Il and involved in agonist binding. To detect such residues,
fining the characteristic pharmacological properties of this recepACPT-I was docked in our closed model and used as a molecular
tor compared to those of MGR. According to our alignment and probe, taking advantage of its four functional groups.

3D models for the ATD of mGIuR, these residues constitute the

main part of lobe II(Fig. 1). Yet, in our open model, the side

chains of the residues of lobe Il facing the putative glutamateDocking of ACPT-I in the closed form model

binding site in lobe | are too distant from the ligand to contact it

(Fig. 4B). Therefore, they cannot in the present form be |nvolvedbind to the receptor through the three glutamate binding sit; S

in ligand binding selectivity. These observations lead us to gener( e " .
- see above It also holds a fourth specific hydrophilic function
ate a model of the closed form of the m@RATD to get an insight (Su, Fig. 4A) (Bessis et al., 1999 ApCPT-I W);S (I:Ohosen in its

'tir:/tg :gglrt\IiZtnsal residues that might bind glutamate and other Selec{)utative bioactive conformation as determined in the pharmaco-

phore model. It was manually docked into the binding site of the
mGIlwR ATD closed form model similarly to leucine into LIVBP
(Sack et al., 1989aand L-serin-O-phosphatd_-SOP into the
mGIluR ATD model(Hampson et al., 19991-amino group(S;)
Atomic coordinates of LIVBP and LBP closed form are not yet in interaction with Thr182, 1-carboxylates,) with Ser159, and
publicly availablgOlah et al., 1993; Trakhanov & Quiocho, 1995  3-carboxylateS;) with Lys74 and Arg78. This initial complex was
However, the closing of the cleft between the two lobes is a generadubmitted to molecular mechanics and dynamics as described in
movement for the whole family of PBRQuiocho & Ledvina, Materials and methods.

1996; O’Hara et al., 1999A hinge-bending motion occurs while The final modelFigs. 4A, right and 4Cshows that ACPT-l was

the structure of each lobe remains similar. Consequently, only th&ept in the same conformation as in the pharmacophore model
linker 3D structure of LIVBP or LBP closed form is required to (Bessis et al., 1999%ince the 5-membered ring remained in the
construct the whole mGlR ATD model using structures of the same pucker all along the molecular dynamics. Therefore, this
open form lobes. Coordinates of this hinge region were obtainedesult provides a validation of the previous pharmacophore. The
using the structure of the three interdomain segments of AmiCoresent model suggests an important network of interactions in-
(Fig. 2B) after performing a structure-based alignment with LIVBP. volving amino acids of both lobes and anchoring the ligand by all
This last alignment was deduced from the superposition of lobe Its heteroatomgFigs. 4C, 5. This model allows us to propose how
of LIVBP and AmiC, followed by superposition of lobe Il as each of the $to S, sites are tied to the protein. The three protons
reported(Pearl et al., 1994 The resulting closed model, which is of the amino grougS,) are respectively bound to the oxygen atom

ACPT-I includes a glutamate structure; therefore, it is likely to

Closed form model
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Fig. 4. A: Docking of ACPT-I(carbon atoms in green, nitrogens in blue, oxygens inirethe mGluR ATD models(Ce trace shown,
lobes and hinge colored as in Fig. RApen form on the leftmanual docking closed form on the rightcomputational docking
Molecular structure of ACPT-1 is shown withy $0 S, binding sites as defined in the pharmacophore méBeksis et al., 199%nd
cyclic carbon atoms numbering. Expanded view of the binding of ACPT-I to the open form (®)dmtd the closed form modéC).
Side chains of binding residu¢sxperimentally definedHampson et al., 199%r proposed in this studyare displayed in cyatiobe

I) or magentglobe ).
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Lobe-I 1998. The two oxygen atoms of the-acidic group(S,) are bound
' to the hydroxyl side chain of Ser159, one of them to the backbone
NH of Ser159, the other one to the backbone NH of Thr182. One

;
Ser139 [/ Ala180  geris7

NH ~ / ('.!H | Phess : of the oxygen atoms of the second acidic gré8yp is bound to the
i “  ho

: three ammonium functions of Arg78 and Lys317, the other one to

HN Arg78 |T1;r-f_1-‘.:§- Lys74 ammonium function and to the proton of the hydroxyl group

. +Y of Ser157. The flexible side chain of Arg78 appears to be well

y “’-ﬁzN Phed08 orientated in the binding pocket through catidrinteractions with

o Jio three aromatic residues Phe55, Tyr179, and Phe408. The two ox-

o HNTLYSTAE==2 0 ygen atoms of the third acidic grod,) are bound to the ammo-

o ' o nium function of Lys74; furthermore, one of these atoms is bound
'H'arJE-Lyssﬁ s LA to the ammonium function of Lys317 and the other one to the

: proton of Ser313 hydroxy(Fig. 5). A stabilizing electrostatic in-

teraction occurs betweeny 8nd Arg78, Lys317, Lys74 side-chain

functions as well as between, 8nd Lys74, Lys317. Carbon 2 of

ACPT-1 and Ala180 methyl group are in lipophilic interaction, as

Lobe-l well as carbon 5 and Tyr230 phenol ring.
Fig. 5. Synthetic scheme of all interactions observed between ACPT-I and While binding to Arg78, Ser159, and Thr182 was expected, the

residues from the two lobéJable 1 of the closed form model of mGJ®8 ~ model suggests new bindings to Tyr230 and Asp312, which are
ATD. Hydrogen bonds are displayed with dashed lines. When interactiortonserved in all mGIuRs, and to Lys74, Serl57, Ser313, and Lys317,

occurs between charged functional groups, electrostatic interaction mayhich are subtype or group specifidable 1. The model also

also take place. Al symbol indicates the catidn interaction between the . . .
amino group of ACPT-I and Tyr230. The catidh interactions between predicts a cluster of aromatic residug2ness, Tyrl79, Phe408

Arg78 and the aromatic cluster formed by Phe55, Tyr179, and Phe408 at@cated around Arg78, which are also conserved in all mGIuRs
not materialized for clarity. Residues that are conserved in all mGIuRs aréTable 1. Asp312 and Tyr230 probably play a critical role in
in red, those that are either group specific or one receptor type specifignchoring the amino functional group of all mGIuRs agonist. Since
are in blue. they are situated on lobe I, they do not contribute to the binding
of agonists in the open form, but might play an important role in
the activation process. Interestingly, when the glutamyl residue of
of Thri182 side chain, to the oxygen atom of Ala180 backbone, angharathyroid C&"-sensing receptor, which aligns with Asp312 of
to the two oxygen atoms of Asp312. Simultaneously, an electromGIyR, is mutated, altered calcium homeostasis has been de-
static interaction takes place between the positive charge of thecribed(Brown & Hebert, 1997. This observation also supports
ACPT-I amino group and the negative charge of Asp312. Tyr230the putative critical role of this residue.
contributes to the positioning of the agonist ammonium moiety by Lys74, Arg78, Lys317, Serl57, and Ser313 form an important
means of a catioft interaction(Dougherty, 1996; Pullman et al., basic and hydrophilic cluster that can strongly bind the two distal

Ser313

Table 1. Residuesinvolved in the binding of ACPT-l to mGR ATD and homologous residifelsom other
mGIuRs according to the alignment of Figure 1 and known mGIuR alignment (Duvoisin et al., 1995)

Group 1l Group Il Group |

Lobe mGly mGlug mGlu, mGlug mGluw, mGlug DmGIUA mGluy mGlug

| Phe55* — — — — — — — —
Lys74 GIn Asn — Arg Arg Arg Tyr Tyr
Arg78 — — — — — — — —
Serl57 — — Ala — — — Gly Gly
Serl59 — — — — — — — —
Tyr179" — — — — — Pro — —
Alal180 — — — — — — Ser Ser
Thr182 — — — — — — — —
Phe408 — — — — — — — —

I Tyr230 — — — — — — — —
Asp312 — — — — — — — —
Ser313 — — — Gly Gly Gly Gly Gly
Lys317° — — — Leu Gin GIn Arg Arg

ln bold are residues identified as directly contacting the carboxylic or amino group of glutamaté? watte residues identified
as likely stabilizing the side chain of Arg78 and those labeled witfY)aare residues contacting ACPT-I and which are group I
selective.

bResidues identical to those of mGRiare indicated with —.
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acidic functions of ACPT-[S; and S siteg and may also explain  sion number P31423was used as a query sequence to search
the specific binding of phosphonic ligands as L-A@4amino-4-  structural data bank&.g., Brookaven Protein Data Bank, SCOP
phosphono butyric acjdon group-1ll mGIluRs. Among these res- Library). This was done according to various methods: Fasta3,
idues, which are shared between the two lobesble 1; Fig. 3, Psi-Blast, Seqfold, based on different techniques: sequence, se-
only Arg78 is common to all mGluRs. Consequently, only Lys74, quence profile similarities, secondary structure prediction. The PDB
Serl57, Ser313, and Lys317 could eventually explain ACPT-I sewas first searched using the Fasta3 meth®darson & Lipman,
lectivity. It can be noted that Ser313 and Lys317, which belong t01988 available at the EBI servdhttp;//www.ebi.ac.uk/fasta3
lobe 11, are conserved in group lll, as it is not the case for Lys74using the default parameters and different blosum scoring matri-
and Ser157 from lobe(ITable 1. No clear data on the involvement ces. We then performed a Psi-Blast r(tschul et al., 1997
of Lys74 in the activation process are yet available, but two typesising a standalone version. The sequence profile was built by
of results indicate that Serl57 does not play an essential role isearching the SwissProt Data Bank with a Blosum62 matrix. The
agonist binding nor in selectivity. While an alanine residue is foundconverged profile was subsequently utilized to search the PDB. We
in MGIugR in place of Serl57 in mGIR, ACPT-I affords similar  performed as well a Seqfold searthisher & Eisenberg, 1996
potency on both receptof®e Colle et al., 2000 Furthermore,  (Insightll version 2000, Molecular Simulations Inc., San Diego,
when this residudSer157 was mutated to alanine, hardly any California). Seqfold gives the ability to search against a fold li-
effect was noted on agonist bindirtglampson et al., 1999We brary(e.g., SCOP, httg/www.scop.mrc-Imb.cam.ac.ykcop using
suggest that the role of Serl57 in agonist binding is reduced beeither a DSC secondary structure predictiging & Sternberg,
cause of the strong ionic interactions taking place between th&996 alone or in combination with the Psi-Blast profile.
distal acidic function $Sand the three basic residues Lys74, Arg78,
and Lys317. According to Hampson's model, the Serl57 side-Sequence alignment
chain hydroxyl would bind to Arg78, providing a stabilization of
this important residue. However, Arg78 would be already posi-To get an optimal sequence alignment between i GRAID and
tioned by an aromatic clustésee aboveand binding to Serl57 LIVBP and LBP, we proceeded in three steps. A Clust@hétsion
would not be essential. Future studies using new probes or mutanisé) (Thompson et al., 1994nultiple sequence alignment was first
will clarify the role of the binding site residues. performed using the sequences of metabotropic glutamate receptor
Altogether, ACPT-I, which is trapped in the domain interface, ATD (rat mGlu,_gR plus theDrosophilareceptor DMGIWR), Ca?* -
binds to amino acids coming from both lobes and, as such, magensing receptor ATD, LIVBP, and LBP. A Blosum30 was used as
contribute to the stabilization of a closed form of mgRUATD, as  a scoring matrix; gap penalties and extension gap penalties were
described for acetamide bound to AmiBearl et al., 1994 set to 30 and 0.05, respectively. The alignment was then manually
Assuming a common activation mechanism for mGIuRs, LIVBP,modified to avoid gaps into secondary structure elements. For
and AmiC, the selected templates determined the magnitude of thelVBP and LBP, secondary structures were considered according
mGIlyR ATD hinge motion, which is~35° (Chamberlain et al., to various methods: crystallographic daBDB Sum, http//www.
1997). However, the amplitude of the rotation of the two domains biochem.ucl.ac.ukbsnypdbsum, Kabsch and Sander algorithm
appears to be quite variable among the family members. WhildInsightll version 980, MS), and secondary structure predictions
PBPs exhibit a large domain movement, with the amide sensofRost & Sander, 1993using PHD (http;//www.maple.bioc.
protein AmiC a small relative hinge motion was detect€tiam-  columbia.edyipredictproteirf). For mGlyR ATD, only the PHD
berlain et al., 1997; O'Hara et al., 1999hus, while the inter-  prediction could be used. The resulting alignment was then used to
subdomain hinge angle seems to be optimal for ACPT-I bound t@enerate 3D models of the mGRI ATD open form that were
the mGIuR ATD in a closed form model, we have no experimental evaluated as described below. The alignment was further itera-
data to attest to the accuracy of the angle of the open liganded dively modified to increase the structural quality of our model. The
unliganded form. In fact, this conformation may not be stable sincaalignment of AmiC with LIVBP and LBP was deduced from the
we suppose that an equilibrium occurs between the open and closstfuctural superposition of each lobe of the closed form of AmiC
conformations with and without a bound ligand, and that activationon the corresponding lobe of the open form of LIVBRearl et al.,
would be induced by the closed-liganded fof@ostantino et al., 1994).
1999; Galvez et al., 1999in agreement with recent data obtained
on the GABA-B1 receptofGalvez et al., 2000 To obtain the best
model of this latter form, we had to start with the generation of a
bound open form, because of the choice of the LIVBP templateBoth mGIlyuR ATD models(open and closed formsvere gener-
Obviously this first model could not account for the specific in- ated by the automated homology modeling tool MODELER 5.00
teractions of several agonists such as ACPT-I, while it was the cas@nsightll version 980, MS)(Sali & Blundell, 1990. The 3D open
with the closed form allowing interaction of the agonist functional form model was generated using the coordinates of LIVBP and
groups with both lobes. LBP open forms fronEscherichia colideposited at the PDB. The
Ultimately, the results of this study support the initial hypothesissequence alignment used was obtained as described above. Then
that mGIuR ATD would close upon ligand binding similarly to PBP. the quality of each model generated by MODELER was evaluated
with different independent criteria. Invalid models with important
structural violations, especially knots, were eliminated thanks to
the PDF of MODELER. The remaining models were then submit-
ted to the Profiles_3D algorithm using a sequence window of 21
amino acidgProfiles_3D, Insightll version 980, MEILuthy et al.,
To identify remote structural homologues, m@RUATD (amino  1992. This algorithm calculates the compatibility between a given
acids 1 to 492 fronRattus norvegicumGluR, SwissProt acces- sequence of amino acids, and its associated modeled structures and

Open and closed models of ME@ERIATD (AA47—-492)

Materials and methods

Template searching
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