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A series of ring-substituted analogues of imidazole-4-acetic acid (#)£a partial agonist at both GABA

and GABA: receptors (GABA= y-aminobutyric acid), have been synthesized. The synthesized compounds
8a—I have been evaluated as ligands for thf.y.s GABAA receptors and thg; GABA( receptors using

the FLIPR membrane potential (FMP) assay and by electrophysiology techniques. None of the tested
compounds displayed activity at the GARAeceptors at concentrations up to 100@. However, the
5-Me, 5-Ph, 5p-Me-Ph, and 5-F-Ph IAA analogues8a,c,f,g, displayed full agonist activities at tha
receptors in the FMP assay (kn the range 22420uM). Ligand—protein docking identified the Thr129

in the oi; subunit and the corresponding Ser168 residya ims determinants of the selectivity displayed by
the 5-substituted IAA analogues. The fact that GABIAand8a displayed decreased agonist potencies at

a p1Serl68Thr mutant compared to the W1 receptor strongly supported this hypothesis. However, in
contrast to GABA and, which exhibited increased agonist potencies@i{(@hr129Ser}.y, mutant compared

to WT GABA, receptor, the data obtained f8a at the WT and mutant receptors were nonconclusive.

Introduction OH OH
y-Aminobutyric acid (GABA, Figure 1) is the major inhibi- HZN\//_\<0 HZN\/m

tory neurotransmitter in the mammalian central nervous system °

(CNS), where it exerts its physiological effects through the GABA Muscimol(1)

ionotropic GABA, and GABA: receptors and the metabotropic OH

GABAg receptors. The ionotropic GABA receptors belong to COOH Q_( —~ COOH

a superfamily of ligand-gated ion channels that also includes H@/ HN /O,\N HN N

the nicotinic acetylcholine, the glycine, and the serotonin (5- ) o

HTs) receptors. Whether the GABA receptor is a subgroup Isoguvacine (2) THIP (3) e Ay

of the GABAa receptors or a distinct group of GABA receptors

is still a matter of debaté3 The GABAa receptors are widely ?',,CH

distributed in the CNS and involved in a wide variety of CNS e A 0/ o 3

functions, whereas the GABAreceptors predominantly are HoN cooH  HN< oo HN

expressed in the retina and primarily implicated in visual

processing:® However, GABA: receptors have also been CACA® (+-CAMP ®) TPMPA @

identified in some CNS regions, where they have been proposed

to be involved in processes connected to regulation of sleep

and cognition processés. R}:(‘COOH a: Ry =Me, Ry =H hi Ry = H, Ry = Me
The ionotropic GABA receptors are transmembrane protein HN_ N :{ S::IF'»},FTQRZ':H : Ry = H. Ry = Ph

complexes composed of five subunits. So far, 19 human GABA 1‘/ d: ;h =orxlﬁe-l;f;{ F;2=FF|| K R~ Ph Rl

receptor subunits have been identified, and they have been 2 by R:;?Mibh,'ang | Ry =Ph. Ra=Me

classified intoa. (c1—a), B (B1—03), ¥ (y1—y3), 0, €, @, 6, 8a- g: Ry=pF-Ph,Ry=H

andp (p1—p3) subunit classes. Each of the subunits consists of
an amino-terminal domain and a transmembrane region consistFigure 1. Structures of GABA, the GABA agonists muscimol1j,
ing of four transmembrane-helices connected by intra- and 'ISA‘EJ“(‘S‘C'{‘heEZ)é AT:A'CP fg;;‘;:ﬁgi‘gk%?iﬁ dag:; gﬁﬁéﬁ (ae?o?ﬁf
extracellular I.OOp.S' In' the pentqmgric G.ABA receptor complex GABAc ’antagonist TPI\?IPAK), and the synthesized 2-, 5-, a’\nd 2,5-
the orthosteric site (i.e., the binding site for the endogenous gpgtityted IAA analoguesé—I).

agonist GABA) is formed at the interface between the amino-

terminal domains of two subunits, whereas the transmembrane ) ] )
regions of the subunits form the ion channel pore through which

CI~ ions can enter the cell upon activation of the receptor. The
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pseudoheteromeric complexes comprising differgnisub-
units1911 Although recent studies have indicated that GABA
and GABAc receptor subunits are capable of forming hetero-
meric complexes in the CNS, the functional characteristics and
physiological importance of these receptors have not been
explored!?

The overall molecular architecture of the orthosteric sites of
the GABAx and the GABAs receptors appear to be quite similar,
as most GABA agonists display some agonist/antagonist
activities at GABA: receptors as wefl4,5,6,7-Tetrahydroisox-
azolol[5,4¢]pyridin-3-ol (THIP, 3), a standard GABA agonist,
has been shown to be a partial agonist at GAB&ceptors
and a competitive antagonist at GABAeceptors3-15 Like-
wise, the GABA\ agonists muscimollj), isoguvacine (IGU,

2), and imidazole-4-acetic acid (IAA4) act as partial GABA
receptor agonist®:16 However, the fact that GABA and
GABACc receptors exhibit distinct antagonist profiles clearly
indicates that orthosteric sites of these receptors are not
identicall”

The understanding of molecular architecture of the orthosteric
sites in GABA, and GABAc receptors has been greatly
increased by the publication of crystal structures of acetylcholine
binding proteins (AChBPs) from snait&.2° These proteins
display weak but significant amino acid sequence homologies
with the amino-terminal domains of all ligand-gated ion
channels, including the GABA receptors, and this homology
has been exploited for the construction of homology models of
this region in both GABA and GABAc receptorg!—23 Such
homology models offer an insight into the identities of the
residues lining the binding pockets in the respective receptors.

The relationship between the ligand structure and binding/
activity at the GABA, receptor has been extensively studiéd.
On the basis of a hypothesis originating from the bioactive
conformation of muscimol and on pharmacological data for a
series of GABA ligands, a 3D pharmacophore model for
orthosteric GABA\ receptor ligands has been developeth
contrast, structureactivity studies of ligands targeting the
GABA receptor have been considerably more sptrd&28
cis-4-Aminocrotonic acid (CACAJS) has been the key ligand
for the identification of the GABA receptorg?® The compound
is a moderately potent partial GARAagonist and inactive at
GABA, receptors, but it has been shown to effect GABA
transport as wel>30In the search for selective GABAeceptor
ligands, the folded conformation of CACA has been used as a
scaffold for new compounds such eis-2-aminomethylcyclo-
propanecarboxylic acid (CAMP).H)-CAMP (6) has been
reported to be a selective GABAreceptor agonist with a
potency in the mid-micromolar range, displaying only weak
activity at the GABA, receptors and having no effects on GABA
transpore! Finally, the first antagonist capable of differentiating
the GABAc receptors from both GABAand GABAg receptors
was (1,2,5,6-tetrahydropyridin-4-yl)methylphosphinic acid (TP-
MPA, 7).17:32

In the present study, we report the design, synthesis, and
pharmacological characterization of a series of ring substituted
analogues of IAA4, Figure 1), a partial agonist at both GARA
and GABAc receptors. Furthermore, the molecular basis for the
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aReagents: (a) C¥DCH,PTPhCI~, NaHMDS, THF, 0°C to room temp;
(b) RB(OH), KsPOu(aq), Pd(PP¥.Cl,, 1,4-dioxane, 110C; (c) 6 M
HCl(aq), 1,4-dioxane, 76C; (d) NaClQ(aq), NaBPOy-H,0, 2-methyl-2-
butene in CHCN, room temp, the 6 M HCl(aq); (e) HCI/EtOH; (f) 48%
HBr(aq), 110°C; (g) n-BuLi, C,Cls or CHzl, THF, —78 °C.

has been investigated in a mutagenesis study based on homology
models of the GABA and GABAc receptor amino-terminal
domains.

Results

Chemistry. The synthesis of the 5(4)-aryl substituted 1AA
analogues is illustrated in Scheme 1. The key intermediate in
this strategy was the enol ethH), which was synthesized from
9 using a Wittig reaction. The preparation ®fin three steps
from imidazole has previously been publisiiéénd modifica-
tions of these procedures were used. Suzuki cross-coupling
betweenl0 and appropiate arylboronic acids provideth—g,
which as well as10 were converted to the corresponding
aldehydes12b—g in high vyields. The subsequent NaGIO
oxidation to the corresponding carboxylic acids proceeded
smoothly; however, because of purification problems, the acids
were subjected to Fischer esterification to yi@Rb—g, which
could be purified by column chromatography. Deprotection
using aqueous HBr gave the IAA analogugs—g. Further
introduction of substituents in the 2-postion was accomplished
by treatment ofil 1cwith n-BuLi followed by GClg or CHsl as
electrophiles givingl4h and 14i, respectively, which were
converted ta8h and8i by use of the same synthetic procedures
as described fo8b—g.

pharmacological characteristics of some of these compounds Attempts to use the same strategy for the synthesis of IAA

a Abbreviations: 1AA, imidazole-4-acetic acid; THIP, tetrahydroisox-
azolol[5,4€]pyridin-3-ol; CACA, cis-4-aminocrotonic acid; CAMR;is-2-
aminomethylcyclopropanecarboxylic acid; TPMPA, (1,2,5,6-tetrahydropyridin-
4-yl)methylphosphinic acid; IGU, isoguvacine; FLIPR, fluorescent imaging
plate reader; FMP, FLIPR membrane potential; DCVC, dry vacuum
chromatography.

analogues with substituents smaller than aryl or iodine failed.
Numerous attempts to hydrolyze the resulting enol ether all
resulted in severe polymerization of the corresponding aldehyde.
Instead, the 5(4)-methyl IAA analogu&d) was prepared
from commercially available 4(5)-hydroxymethyl-5(4)-meth-
ylimidazole (L9a Scheme 2). Conversion to the cyano com-
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Scheme 2 The functional properties of the IAA analogues at the GABA
CHO OH receptor were characterized in the FLIPR membrane potential
N/=\N a = b = (FMP) assay using a stable HEK293 cell line expressing the
Yy oms — ”NYN — HNGN human homomerip; receptor. The 2-substituted IAA analogues,
CHg CHg CHg 8h—k, were inactive both as agonists and as antagonists at the
17 18 19j p1-HEK?293 cell line at concentrations up to 100 (Table
1). In contrast, the 5-methyl analogBa displayed an agonist
R1>:(‘ OH R /¢ Rq CN potency similar to that ot at the receptor. Introduction of a
HN.N —S+  HNLN 9 uN N phenyl ring in the 5-position was also tolerated, although
Y Y Y compound8c exhibited a 32-fold lower agonist potency than
Re R Re 4. Introduction of a methyl group or a fluoro atom in the para
19a,j,k 20a,j,k 21a,jk position of the phenyl ring (compoun@&$ and8g) resulted in
le slightly increased agonist potencies compared to that of
cl la Eliﬂeh:‘iiﬂ Ry COOH compounddc. On the other hand, methyl substitutions into the
M. N k:Ry=H, Ry=Ph HN _/ N ortho or meta positions of the phenyl ring, yielding compounds
Y oen Y 8d and 8e, respectively, were detrimental to the receptor
cl Rz activity, as both compounds were inactive at concentrations up
22 8ajk to 1000uM (Table 1). Introduction of an iodo atom directly in
1f the 5-position of4 also eliminated activity at the; receptor
/_(\CN COOH COOH (compoun_d8b). ) _
NN e T\ g = _Interestlngly, the maximal responses d|_splayed by the 5-sub-
Yy OB = Ty TOH HNYN stituted IAA analogues at thg; receptor in the FMP assay
cl cl Cl increased with the size of the 5-substituehtvas a clear-cut
23 24 8l partial agonist exhibiting a maximal response of 32% relative
aReagents: (a)-BuLi, THF, then DMF,—78 °C; (b) NaBHi, EtOH: to the maximal response of GABA at the receptor, whereas the
(c) SOC}, room temp or 80°C; (d) NaCN, DMSO, room temp; (e) 48%  5-methyl and 5-phenyl analogues (compou8dsind8c) were
HBr(aq), 110°C, then HCI/EtOH, reflux; (f) KCN, DMF, KO, room temp; full agonists at the receptor (Table 1 and Figure 2). Finally,

(9) 10% TiCk in 20% HCl(aq), MeOH, GC. compound$f and8g displayed tendencies toward superagonism

with maximal responses of 111% and 115%, respectively (Table
1 and Figure 2).

GABA 5 and GABA Ligand—Receptor Modeling.In order
to identify structural determinants for the observed selectivity
for psGABACc over au32y.GABAA receptors displayed by the
5-substituted IAA analogue8a, 8c, 8f, and 8g, homology
models based on the model of the amino-terminal domain of
the ouf2y2GABAA receptor developed by Ernst et al. were

dina 4(5)-hvd thvl-2-phengb the- employed?! This model was developed by comparative model-
corresponding 4(5)-hydroxymethyl-2-phengBk) was synthe ing based on the X-ray crystal structure of thennae stagnalis

sized according to the literature procedure in which benzamidine . s .
and dihydroxyacetone are condensed in aqueous ammonia agcetylcholine binding protein (AChBP).
80 °C.36 The overall strategy used in the synthesisSafwas As mentioned above, a high degree of similarity exists
then used to convert the two hydroxymethyl analogues to the between the orthosteric binding pockets in the GABand
desired IAA analoguess(,k).363” However, as in the synthesis GABAc receptors. Of the 13 residues in the residue interval
of the 5(4)-aryl substituted analogues the final compounds were 100-250 in thep; GABA( receptor pointing toward the putative
obtained via the esters. The 2-chloro analoglgvas prepared agonist binding site and identified by mutational studies as being
from 22,38 which was converted t@4 by use of the same key binding site residue®, 10 residues are either identical or
Strategy used in the Synthesis&ﬁ Removal of thd\]_hydroxy conservatively substituted (Tyr/Phe, Thr/Ser, and Val/LeU) in
group was undertaken with Ti€to providesl. the GABAx ai1f3z interface. These 10 highly conserved residues
In Vitro Pharmacology. Since IAA (4)is a standard agonist have also been identified as key binding site residues in the
at both GABA, and GABA: receptors, the pharmacological GABAa receptor:? For the purpose of the present study, these
properties of the synthesized 2- and 5-substituted IAA analogues,strong similarities indicate that the GABAnd GABA¢ binding
8a—I, were characterized at both these receptor classes. ThePockets are sufficiently similar to allow us to use the GABA
binding affinities of the compounds at native GABAeceptors receptor model and substitute divergent residues with respect
(predominantlyoB2y2s GABAA receptors) were determined in - t0 theps GABAc receptor to provide a model for the GABA
a [3H]muscim0| bmdmg assay using rat brain membrane blndlng pocket. The hlgh Slmllarlty of the two blndlng pockets
preparations, and the functional properties of selected analogueglso indicates that GABA and other agonists bind in a similar
were determined at human32y2s GABA, receptors expressed ~ way in the two receptors.
in Xenopusoocytes using two-electrode voltage-clamp electro-  GABA, IAA (4), and the 2- and 5-substitued IAA analogues
physiology. As seen from Table 1, only the 5-methyl substituted 8a—| were manually docked into the GABAa,f3; interface
analogue3a exhibited measurable affinity for the native GARA  on the basis of the mutational studies referred to above and
receptors, and its binding affinity was 100-fold lower than that using the bioactive conformations of the ligands deduced from
displayed by the parent compourtl None of the tested  our previously reported pharmacophore ma@é?:*°The ligands
compounds8a—| displayed any measurable activity at the were docked into the orthosteric site of hWeGABAc receptor
humanouf2y2s GABAA receptor subtype at concentrations up in the same orientation as in the GARAeceptor. The resulting
to 1000uM (Table 1). ligand orientations and receptor interactions are shown in Figure

pound2lavia the chloride20awas performed as described by
Rosen et at* Hydrolysis of the cyano group was undertaken
by use of aqueous HBr to affor8a. The 2-methyl analogue
(8j) was prepared using the dimethylsulfamoyl protected 2-me-
thylimidazole (7)%° as starting compound. Treatment with
n-BuLi followed by DMF and acidic aqueous workup afforded
the corresponding deprotected aldehyt®),(which after NaBH
reduction resulted in the hydroxymethyl analogl@. The
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Table 1. GABAA Receptor Binding Affinities at Rat Synaptic Membranes and Functional Data on Oocytes Expreghing Receptors Using

Two-Electrode Voltage-Clamp and op/RHEK293 Cell Line in FMP Assay

o1f2y2s expressed ilXenopusocytes

p1-HEK293 cell line

[®H]muscimol binding ECso (uM)® EGso (uM)P

Ki (uM)® [pK; = SEM] [PECso & SEM] Riax [PEGCso + SEM] Rmax+ SEM
GABA 0.01& 8¢ 100 0.55 [6.3+ 0.03] 100
muscimol () 0.006 4 100 2.2[5.7+ 0.05] 101+ 5
IGU (2) 0.2Z 160" 8g 67 [4.24 0.03] 97+ 3
THIP (3) 0.092 239 (o 100 [4.0+ 0.06]"
IAA (4) 0.65 [6.2+ 0.01] 310 240 13[4.9+ 0.05] 3245
CACA (5) nd >5000 37.4 75
(+)-CAMP (8) nd >1000 39.% 104
TPMPA (7) 39 320 Kp)™ 1.3[5.94 0.04]
8a 67 [4.24 0.03] >1000 22 [4.6+ 0.04] 95+ 6
8b >100 nd >1000
8c >100 >1000 420 [3.4+ 0.04] 98+ 3
8d >100 nd >1000
8e >100 nd >1000
8f >100 nd 240 [3.6£ 0.05] 111+ 3
8¢ >100 nd 210 [3.7 0.04] 115+ 6
8h >100 nd >1000
8i >100 >1000 >1000
8] >100 nd >1000
8k >100 nd >1000
8l >100 >1000 nd

a2 The Rnax values are % of the maximal response of GABA. The data are based on at least three experiments performed in dublicate. nd, not determined.

b K; and EG values were calculated fronkpand pEG values found in bracket§.Data from Frglund et a# 9 Data from Ebert et a3 € Data from Ebert
et al’4 fData from Ebert et &2 9 Data from Ebert et af> " AntagonistK; and [K; values.! Data from Woodward et df using two-electrode voltage-
clamp on Poly(AJ RNA from rat cortex expressed Kenopusocytes) Data from Chebib et &€ using two-electrode voltage-clamp on humarmeceptors
expressed irXenopusoocytes ¥ Data from Duke et ai! using two-electrode voltage-clamp on humarreceptors expressed ¥enopusoocytes. Krehan
et al?® mData from Ragozzino et &l.using two-electrode voltage-clamp on Poly{ARNA from rat cortex expressed Xenopusoocytes.
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Figure 2. Concentration-response curves for GABA, muscini| (
IAA (3), 84, 8c, 8f, and8g at a HEK293 cell line stably expressing the
humanpl GABAC receptor in the FMP assay. The responses elicited
by the compounds are given AU (fluorescent units), and data are
the meant SD of duplicate determinations of single representative
experiments.

100 1000

3, illustrating our proposed binding modes for GABA and
compound8a in the GABAy, and GABA¢ receptors, respec-
tively.

In our model of the orthosteric site of tlgf2y2 GABAA
receptor, the carboxylate group of GABA binds in a bidentate
way to thea;Arg66 residue® This residue is conserved in all
six GABA4 a-subunits as well as in the; GABA¢ subunit

proposed to be involved in GABA binding on the basis of a
mutagenesis study.

In the proposed orientation in the GARAeceptor binding
pocket, the ammonium group of GABA and the protonated
imidazole ring of8a display catior-s interactions with the
aromatic ring of3,Tyrl57 (Figure 3a). The distance between
the ammonium nitrogen atom and the center of Tyrl57 in Figure
3is 5.1 A, well within the limits for a cations interaction
according to Gallavan et &.A conservative mutation of this
residue to phenylalanine significantly reduces the activity of
GABA and muscimol consistent with an impairment of agonist
binding, and mutation of the residue to a serine results in a
1000-fold reduced agonist activit§ln addition, the ammonium
group of GABA and an imidazole NH moiety in 8a display
a hydrogen bond (2.7 and 2.9 A, respectively) to the backbone
carbonyl group of3,Tyrl57. Thus, the cationic part of GABA
is proposed to bind in a similar location and with similar
interactions as the binding of the cationic parts of nicotinic
agonists such as nicotine and epibatidine to the AChBP of
Lymnae stagnalf$ and Aplysia californica'® The cation-x
interaction in the AChBP is provided by a tryptophan (Trp147)
in a position equivalent to GABAS,Tyr157.

In the GABA( receptor, the residue Tyrl98 is in a position
equivalent tq3,Tyr157 in the GABA receptor (Figure 3b). By
use of unnatural amino acid mutagenesis with fluorinated

(Argl04). These arginines have in mutational studies been phenylalanines, Tyr198 has unambiguously been shown to be
strongly implicated as binding partners to the carboxylate group involved in cation-s interactions, most likely to the ammonium

of GABA in GABA *142as well as in GABA receptorg343
The conformation of Arg66/Arg104 in the models (Figure 3) is

group of GABA“8 Recently, Pagdett et al., using the same
mutagenesis method, surprisingly concluded fhatyr97 (see

in agreement with that required by our pharmacophore model Figure 3a) rather thap,Tyrl57 is the catiors interaction

for GABAA ligands?® The a;Arg119 residue, which in our
model is located close t@;Arg66 have been mutated to lysine
with a resulting significant increase in the &Gor GABA.4
The location of Arg119 and its conformational flexibility makes
it possible for this residue to make additional stabilization of
the binding of the anionic part of GABA (Figure 3a). Analo-
gously, the corresponding residue mArgl58 has been

partner to GABA in the GABA binding pocket'® A cation—x
interaction is unambiguously established fTyr97, but in

our opinion it is not clear whether GABA is involved. As also
noted by Padgett et & this cation- interaction may be due

to interaction with some cationic moiety other than GABA. In
our model, 3,Arg207 is in an ideal position for such an
interaction and mutation of this residue to a cysteine has been
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GABA, GABA,

a a,Argl119 b
P 4

B,Tyr205 / '/
-'-"_’ _ I II"...-. Itz

/ Phe138

_/

Figure 3. Ligand—receptor interaction models for the orthosteric sites of (a) GABZceptor and (b) GABAreceptor. The ligands GABA and
8aare shown using orange and green carbon atoms, respectively. Other atoms in the ligands are colored by atom type. Hydrogens other than those
on the ligands are omitted for clarity. Proposed hydrogen bond interactions are shown as dashed lines.

shown to significantly reduce apparent GABA bindfigrhe be noted that the models in Figure 3 are homology models for
corresponding amino acid residue in W eGABA receptor is which details such as the precise distances between groups and
also an arginine (Arg249). Unfortunately, Phe13&®inwhich energy calculations should be viewed with due caution.

corresponds t@,Tyr97 in GABA,, has not been subjected to The smaller size of the side chain of the Ser186 residue in
the same mutagenesis experiments with fluorinated aromaticsthe p; receptor makes it possible for the orthosteric site in the
as Tyr97. Such experiments may clarify if the orientations of GABA( receptor to accommodate substituents in the 5-position
GABA in the orthosteric sites of GABAand GABA: receptors of IAA. In accordance with the virtually identical Bgvalues
are different. The mutagenesis data foilyr157 are difficult exhibited by4 and 8a at the p; GABAc in the FMP assay,
to interpret in terms of possible catiewr interactions because  Serl168 provides sufficient space for the methyl grou@Ban
of a surprisingly large increase in activity (467-fold) for the (Table 1). In contrast, the larger iodine substituerilircannot
p-fluorophenylalanine mutant compared to the phenylalanine be accommodated. Inspection of the interactions in ghe

mutant. GABA binding pocket for the phenyl group 8t and the para-
According to our models (Figure 3), the main difference in substituted phenyl groups i8f and 8g indicates that these
the vicinity of the ligands in the orthosteric sites of thgyy, substituents may also be fairly well accommodated with the

andp; receptors is the presence of a threonine residue (Thr129)phenyl group in an orthogonal conformation with respect to the
in theay subunit and a serine (Serl168) in the equivalent position imidazole ring (Figure 3b). I8¢, the phenyl substituent must

in p1. It has been shown in mutagenesis studies dhiahr129 have an orthogonal orientation with respect to the imidazole
lines the binding pocket of the GABAreceptof?5! and that ring. If the length of the phenyl group can be accommodated,
the Serl68 residue plays an important role in the function of the size of the phenyl group should be considered as the
the GABAc receptor?252 Mutational data indicate a hydrogen “thickness” of the phenyl substituent. Since the thickness of a
bond in the GABA\ binding pocket betweef,Tyr157 anda- phenyl ring is usually taken to be 3.4 A, it is smaller than twice
Thr129 with B,Tyrl57 as the hydrogen bond acceptdr. the van der Waals radius of an iodo substituent4.@ A). A
Harrison and Lummis have proposed a corresponding hydrogensimilar strucuture-activity relationship has recently been ob-
bond between Ser168 and Tyr198 in theGABA( receptort? served by us for a chloro vs a phenyl substituent in a series of
These hydrogen bonds are shown in Figure 3. The hydrogenGABA, ligands®*

bond in the GABA receptor (Figure 3a) positions the methyl The 2-substituted compound@h—k are all inactive at the
group of the side chain of the;Thr129 residue such that it GABAA receptor as well as at the GABAeceptor (Table 1).
decreases the size of the binding pocket compared to the sizdn our homology models, the 2-substituents of these compounds
of the binding pocket in the; GABAc receptor (Figure 3b). display strong steric repulsive interactions wi$Tyr205 and

In the model of thex,3, interface of the GABA receptor, the p1Tyr247 in the GABA, and GABAc receptor, respectively.
5-substituents irBa—g experience steric repulsions with this Thus, the models in Figure 3 are able to rationalize the
methyl group ofa;Thrl29, as illustrated by the 5-methyl observed pharmacological data in Table 1 and identifyhr129
substituted IAA 8a) in Figure 3a. The distance between the in GABAA andp;Serl68 in GABA as the major determinants
interacting methyl groups in Figure 3a is 3.49 A (carboarbon for the selectivity displayed by the 5-substituted IAA analogues
distance), and the distance between the closest hydrogen atom8a, 8¢, 8f, and8g for GABAc over GABAa.

is 1.79 A. Energy calculations of the methyhethyl interaction Mutagenesis Study.To investigate whether the selectivity
using the MM3 force fielé® and with the methyl groups in the  for GABAc over GABAx receptors displayed by the 5-substi-
relative positions as shown in Figure 3a indicate a repulsive tuted IAA analogues could be ascribed to a single amino acid
interaction by 2.97 kcal/mol compared to two noninteracting residue; the Ser168 residue in theGABA( receptor and the
methyl groups. This corresponds to a decrease in affinity by a corresponding Thr129 residue in the hunotarGABA A receptor
factor of ~100, rationalizing the observed lower binding affinity  subunit, the p1Serl68Thr ando;Thrl29Ser mutants were
displayed by8a compared to that o# at native GABA constructed.

receptors (Table 1) and the complete inactivity of the other = The 5-substituted IAA analogues were characterized phar-
5-substituted IAA analogues8l(—g) at the receptors. It should  macologically at tsA-201 cells transiently transfected with
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Table 2. Functional Characteristics at WT or S168T Receptors also characterized at HEK293 cells transiently expressing WT
Transiently Expressed in tsA Cells in the FMP Assay a1f2y2s and mutantaa(Thri29Ser,y»s receptors using the
WT p1 S168Tpl whole-cell patch-clamp technique. Introduction of the Thr129Ser
ECso (uM)P Rinax - ECso(uM)®  Rmaxt mutation in thea; subunit of the ratuf2y»s receptor resulted
[PECso+ SEM]  SEM  [pECso+ SEM] SEM in significantly increased potencies for GABA asadompared
GABA 0.43[6.4+0.04] 100 22[4.70.03] 100 to those at the W 32y2s (Table 3 and Figure 5). In contrast,
muscimol () 0.62[6.24-0.05] 104+ 6 24[4.64+0.05] 96+4 compound8a only elicited very small responses at the WT
IAA (4) 55[5.3£0.03] 37+4 ~100 ~10° o228 and theoy (Thrl129Ser),y2s receptor at concentrations
22 1}1%) [[g-_gi 8:35} ig?i‘?‘ iéggg ﬂg up to 1000uM (Table 3 and Figure 5). The Hill coefficients
of 220[3.7+004] 12746 >3000 nd for GABA at the WTaBzy2s, theou(Thr129Serfzy,s mutant,
8¢ 330[3.5£0.04] 94+5 >3000 nd and the WTp; were 1.03, 1.03, and 2.1, respectively, reflecting

@ The Rnax values are given as % of the maximal response of GABA at the hlgher number of b_lndlng sites in the homomegiceceptor
the respective receptors. The data are based on at least three individuafh@n in the heteromeric GABAreceptor.
experiments performed in duplicate. nd, not determinabieCs values The deactivation kinetics observed for GABA were markedly
were calculated from pEfvalues found in bracket§ Because of the low slower at the WTp; receptor than at the W,32y2s and ou-
efficacy of 4 at S'er168Thrp1_, the potency and maximal response of the (Thr129Seny»s receptors. The slow deactivation of WP
compound are given as estimates. . . .
receptors has been attributed to a long lifetime of the open
WT S168T channel, which must close before GABA can dissociat.
—=—GABA —0—GABA was therefore surprising that the deactivation of currents induced
) &~ Muscimol (1) —o—Muscimol {1) by compoundsa and4 at the WTp; receptors was quite fast
(completed within 10 s even at saturating concentrations)
compared to that of GABA (completed within-2 min). The
reasons for this interesting profile of the IAA analogues remain
to be investigated.

100 [

for GABA]
3

Response
max
(2]
o
T

Discussion
o
5 40T / A high degree of amino acid sequence homology exists
X between the GABA and GABAc receptor subunits, in particular
20 ; AN
. when it comes to the orthosteric sites in the receptors because
o= these sites have been under evolutionary pressure to remain able

- —— Il
0 0.01 0.1 1 10 100 1000

. to bind GABA. As a consequence of this, ligands conventionally
Agonist [uM]

considered as prototypic GABAreceptor agonists, such as
Figure 4. Concentration-response curves for GABA, muscini| ( muscimol (1), isoguvacineZ), THIP (3), and IAA () all display

and8§1at WT and Ser168p1 receptors transjently expressed in tsA201  4ctivities at the GABA receptors as well. The pharmacological
cells in the FMP assay. The responses elicited by the compounds areprofiles for these GABA agonists span from being agonists,

given as % of théqax for GABA at the respective receptors. The data . . .
for the WT and the mutanil receptor are given as closed and open Partial agonists, and antagonists at the GABéceptors (Table

symbols, respectively. Data are given as the mea®D of duplicate

determinations of single representative experiments. In the present study compoudgda partial agonist at GABA

WT or p;Ser168Thr in the FMP assay. The functional properties and GABAc receptors, has been used as a lead for studying its
of the analogues at the WT receptor transiently expressed instructure-activity relationships at the ionotropic GABA recep-
this cell line were in good agreement with those obtained at tors. IAA (4) is a naturally occurring metabolite of histamine.
the stablep;-HEK293 cell line (Table 2 and Figure 4). The The compound has various neurological effects believed to be
substitution of Ser168 with Thr in the; receptor resulted in ~ Mediated by the central GABAreceptors?® It penetrates the
dramatic reductions in the potencies for all the agonists testedPlood—brain barriers on systemic administration and is therefore
(Figure 4). The potencies of standard GABA agonists GABA advantageous from a bioavailability perspective compared to
and1 were reduced 40- to 50-fold at the mutant compared to Other known standard ligands for the ionotropic GABA recep-
the WT receptor, wherea 8a, 8¢, 8f, and8g displayed 20-, tors. In spite of this advantage in terms of drug delivérias
>100-, >20-, >10-, and>7-fold higher EGo values, respec-  attracted limited interest as a lead strucure and only very few
tively, at the mutant compared to those obtained at thepiyT ~ Studies on analogues 4fas potential ligands for the ionotropic
receptor. The functional properties of GABA, and8a were GABA receptors have been performee?

also characterized at the Wph receptor transiently expressed ~ In the present study, we have investigated the strueture
in HEK293 cells using the patch-clamp technique (Table 3 and activity relationships for 2- and 5-substituted IAA analogues at
Figure 5). Thep; receptor agonism displayed by compowgal the GABAx and GABA¢ receptors. Introduction of even small

in the FMP assay was verified at the human WTreceptor in substituents in the 2-position dfwas found to have detrimental
this conventional electrophysiological setup (Table 3). Com- effects on the activities of at both receptor classes, suggesting
pound4 was found to be a low efficacious partial agonist at that there is little space in the orthosteric sites of both the
the receptorRmax= 7.5%), and in concordance with the findings  a1f2y2s GABAs and thepy GABAc receptors around this

in the FMP assay compour@ (Rmax = 66%) was found to be  position of the IAA molecule. The observed inactivity of the
a more efficacious partial agonist than its parent compound 2-substituted analogues is in accordance with the proposed

(Table 3 and Figure 5). position and orientation of the IAA molecule in the homology
To investigate whether the substitution of Thr129 in the models of the orthosteric sites of thgSzy.s GABAA and pg

subunit with a Ser residue could introduce @ like” profile GABA( receptors (Figure 3).

of the 5-substituted IAA analogue at th®Sy.s GABAA In contrast to the lack of activity in the 2-substituted IAA

receptor, the functional properties of GABA, and 8a were analogues, several of the 5-substituted IAA analogues retained
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Table 3. Functional Characteristics @fi52y2, oa(Thrl29Sery,y», andpl Receptors Transiently Expressed in HEK-293 Cells Measured Using
Whole-Cell Patch-Clanfp

p1 a1 T129%B2y2 B2y
EGso (uM)® ECso (uM)P EGso (uM)®

(PEGo+ SEM)  nu+SEM Ryt SEM  (PEGo+ SEM) ny+SEM  Rumt SEM  (PEGo+ SEM N+ SEM  Ruat SEM
GABA 6 2.08+0.23 100 12.8 1.03 0.07 100 43 1.03- 0.012 100

(5.22+ 0.03) (4.89+ 0.04) (4.37+ 0.06)
IAA(4) 55 0.92+0.13 75+2.4 20 0.92+-0.05 39+7 138 1.17+0.04 23+ 4

(5.26+ 0.08) (4.70+ 0.03) (3.86+ 0.02)
8a 31 1.06+0.13 66+ 9 >1000 >1000

(4.50- 0.06)

a Ryax Values are given in % of the maximal response of GABA. The data are based on at least five individuaEs@}iszalues were calculated from
pEGs values found in brackets.

WT P, a(Thri29Senpy, WTp, studies of the receptor expressed Xenopusoocytes?? 64
_': fiila(':) z ma(:) g ﬁf’(ﬁ) Furthermore, the standard agonist&, and4 displayed agonist
& 82 & 8a < 5a potencies 4-fold lower, 120-fold lower, and 24-fold lower

potencies, respectively, than GABA at the receptor, and this
rank order is also in concordance with the literaftdré? Finally,
the high and low micromolar Ef values exhibited by the
competitive GABA: antagonists THIP3) and TPMPA 7),
respectively, are also similar to previous reported valéiéghile
the agonist and antagonist potencies obtained in the FMP assay
thus correlated well with the literature, the maximal responses
displayed by standard agonidts2, and4 compared to GABA
were somewhat higher than those reported previously for the
agonists. For example, in contrast to the full agonism displayed
o o e 0 10000 by both1 and2 and the efficacy of 32% displayed Hyin the
agonist] FMP assay,1, 2, and 4 have in previous studies of the

Figure 5. Concentration-response curves for GABA, |1A4)(and8a receptor expressed Dnenopumocytes_displayed efficacies of
atg(hﬂzj/z, al(Thr129Ser[32yz,pand p1 receptors transienﬁ? éxpressed 76-88%, 45-47%, and 3-9%, respectivelj* > Furthermore,
in HEK-293 cells measured using whole-cell patch-clamp. The In patch-clamp recordings @t expressing HEK293 cells, we
responses elicited by the compounds are given as % oRthefor determined the maximal responsefo be 7.5% of that of
GABA at the respective receptors. The data for thgzy2, ou- GABA (Table 3 and Figure 5). We have observed a similar
(Thr129Serfzy.. and p: receptors are given as closed, openiclosed, apparent overestimation of the maximal response of the partial
??ifep?g :Z\%?}oz}fgseﬁﬁcé'gfs'y' Each point represents the-meih/ agonist taurine at an; glycine receptor cell line in the FMP
' assay’! Although the efficacies determined for the 5-substituted

the agonist properties off at p; GABAc receptor while IAA analogues in the FMP assay thus might be higher than if
exhibiting no measurable binding affinity to native GABA  the analogues had been characterized in a conventional elec-
receptors and no functional activities at thg8,y.s GABAA trophysiology setup, the rank order of efficacies displayed by
receptor subtype (Table 1). The 5-substituted IAA analogues GABA, 4, and8a (GABA > 8a > 4) was the same in the FMP
8a,c,f,g exhibited agonist potencies on thereceptor similar ~ assay and in the patch clamp recordings (Figures 2 and 5). Thus,
to or up to 30-fold lower than that ef. Thus, there appears to it is clear that introduction of substituents in the 5-position of
be ample space in the orthosteric site of fhereceptor to 4 results in significant increases in the efficacy of the agonist.
accommodate the binding of 5-substituted IAA analogues. In We have not characterized the functional properties of the 5-Ph,
fact, the cavity or gap surrounding the 5-position of IAA is 5-p-Me-Ph, or 5p-F-Ph analoguesgc/f,g, at p1 in the patch-
clearly large enough to encompass a phenyl ring with a para clamp setup, but on the basis of the FMP data, it appears (Tables
substituent but not phenyl rings with ortho or meta substituents. 1 and 2) that the efficacies of these analogues may be even
This can be rationalized by the presence of repulsive steric further increased compared 4othan the 5-Me-IAA analogue
interactions between the 5-substituent and the methyl group of8a.
the side chain of the;; Thr129 residue in the GABAreceptor, The Ser168Thr mutation in thg, subunit of the GABA
whereas the smaller side chain of the Ser168 residue in thereceptor gives rise to an almost ” GARAike” profile for the
corresponding position in the GABA receptor allows binding ~ 5-substituted IAA analogue8a,c,f,g as well as for standard
of the 5-substituents i8a, 8c, 8f, and8g (Figure 3). agonists GABA,1, and 4 (Tables 1 and 2). Although the

The functional characterization of the IAA analogues at the potencies of all three agonists were significantly decreased at
p1 GABA( receptor was performed using the fluorescence-basedthe Ser168Thr mutant, the fact that the mutation has a
FMP assay. This assay has previously been applied in studiessignificantly larger impact on the potency & than on that of
of other ligand-gated ion channels, where the functional 4 seems to suggest that the Ser168 residue is a major determinant
properties determined for the receptors have been in goodfor the selectivity of8a for the GABAc receptor over the
agreement with those obtained in conventional electrophysi- GABAa receptor.
ological setup$%-%1 The functional characteristics displayed by On the basis of the functional agonist characteristics of the
the p1-HEK?293 cell line in the FMP assay were found to be in  WT and Serl168Thp; receptors and the homology models of
reasonable agreement with the findings of previous electro- the orthosteric site of the;3,y2s GABAA receptor, we expected
physiology studies. In the FMP assay GABA displayed ag,EC  that introduction of a Thr129Ser mutationdaGABAA would
value around 1uM at p;, which is similar to the potencies increase the agonist potencies of the 5-substituted IAA analogues
observed for the endogenous agonist in electrophysiological at the af2y2s receptor. However, whereas GABA antl

Peak current (% of GABA max)
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displayed increased potencies atth€Thr129Sen}2y s mutant
compared to the WT receptor, compoaiwas unable to elicit

Madsen et al.

doublets; m, multiplet), coupling constant()Hz), number of
protons]. Tetramethylsilane was used as internal reference in{CDCI

responses through neither of the receptors at concentrations ugox = 0). In DMSO-ds and CROD the solvent residual peaki(

to 1 mM (Figure 5). This observation does not exclude the
possibility that the agonist potency &a could in fact be
increased at theu(Thr129Ser),y.s mutant compared to the
WT receptor. However, since we are not able to test the

= 2.50 and 3.31, respectively) was used as internal refef@nce.
13C NMR spectra were recorded on the same instruments using
the central signals of CDE€(dc = 77.16), DMSO¢s (6c = 39.52),

and CROD (6c = 49.00) as reference sign&fs!F NMR spectra
were recorded on a Bruker Avance (500 MHz) instrument with

compound at concentrations higher than 1 mM, the results on cgcy, as external reference. Low-resolution MS (El) data were

8a at the WT and mutanto;82y2s must be said to be
nonconclusive. Nevertheless, theSer1684,Thrl29 residues

obtained on a Shimadzu GCMS-QP5050A. Low-resolution MS
(APPI) data were obtained on a Sciex API150ex analytical LC/

appear to be a general determinant of the observed differencesviS. High-resolution MS data were obtained on a JEOL HX 110/

in agonist potencies at the GABAand GABAc receptors.

Conclusion

110 mass spectrometer at Mass Spectrometry Research Unit,
Department of Chemistry, University of Copenhagen, Denmark.

The expected isotope patterns were always observed in the mass
spectra. Elemental analyses were performed at Analytical Research

In summary, a series of ring-substituted IAA analogues have pepartment, H. Lundbeck A/S, Denmark, or by J. Theiner,

been synthesized and characterized pharmacologically at GABA

Department of Physical Chemistry, University of Vienna, Austria.

and GABAc receptors using a fluorescence-based assay andMelting points were determined in capillary tubes and are uncor-

electrophysiological techniques. All of the synthesized com-
pounds8a—| were inactive at native GABAreceptors and at
recombinantuf2y2s GABAA receptors. Whereas the 2-substi-
tuted 1AA analogues3h—I| were inactive at thepy GABAc
receptors, the 5-Me, 5-Ph, (Me-Ph, and 5-F-Ph-IAA
analogues8a,c,f,g, displayed agonist potencies at the receptor
similar to or 30-fold lower than that of the parent compodnd
Furthermore, the IAA analogues were high efficacious partial
agonists or full agonists at the GABAreceptor, contrasting
with the low efficacy of4. Most notably, the present work has
led to the selective efficacious GABRAreceptor agonist,
compounda, which could become an important tool for further
pharmacological investigations of the GAB#eceptors. Similar
to the standard GABAagonist (-)-CAMP (6), 8adisplays mid-
micromolar EGp values at the; receptor. However, in contrast
to (+)-CAMP, 8a does not display measurable activity at the
af2y2s GABAA receptor at concentrations up to 1 mM.

The molecular basis for the observed GABGABAc

rected E/Z ratios were determined By NMR. The analytical data
obtained for compounds previously published are in agreement with
the data reported.

1-(Benzyloxy)methyl-5-formyl-4-iodoimidazole (9). 9was
prepared from 1-(benzyloxy)methyl-4,5-diiodoimidazole as de-
scribed by Carver et &8 with the following modifications: The
concentration of the starting material in dry THF was 0.075 mmol/
mL, 'PrMgCl (2M in THF) was used as base, and DMF was used
as electrophile. This resulted thbeing isolated in 75% vyield as
pale-yellow crystals: mp 4345 °C.

E/Z-1-(Benzyloxy)methyl-4-iodo-5-(2-methoxyethenyl)imida-
zole (10).(Methoxymethyl)triphenylphosphonium chloride (1.7 g,
4.9 mmol, dried azeotropically with toluene) was suspended in dry
THF (50 mL) and cooled to OC. NaHMDS (2 M in THF, 2.5
mL, 4.9 mmol) was added dropwise, and the resulting red
suspension was stirredrf@ h atroom temperatured (1.3 g, 3.8
mmol, dried azeotropically with toluene) was dissolved in dry THF
(6 mL), and this solution was added dropwise 4€0 The reaction
mixture was slowly heated to room temperature, stirred for 20 h,
and cooled to OC followed by addition of saturated aqueous JCH

selectivity of 8a has been addressed in a mutagenesis study and HO (1:1, 50 mL). The resulting mixture was stirred vigorously

based on ligandreceptor docking experiments using a homol-
ogy model for the GABA receptor. In this study the Thr129
residue in then subunit of theouB2y2s GABAA receptor and
the corresponding Serl168 residue in theeceptor have been
identified as major molecular determinants for the observed
differences in agonist potencies between the two receptors.

Experimental Section

Chemistry. General Procedures Chloromethyl benzyl eth&r
(caution: toxic and carcinogenjand 4,5-diiodoimidazofé were

and then extracted three times with EtOAc. The combined organic
phases were washed with brine, dried (Mgh@nd evaporated in
vacuo. DCVC afforded.0 (1.2 g, 87%) as a pale-yellow oil. The
formedE andZ isomers were not separated but isolated in a 10:7
ratio (E:2), R = 0.71, 0.64/EtOAcE-isomer, NMR (CDCJ): dy

7.46 (s, 1H), 7.387.23 (m, 5H), 7.18 (dJ = 13.2, 1H), 5.51 (d,

J = 13.2, 1H), 5.23 (s, 2H), 4.45 (s, 2H), 3.67 (s, 3H) ppm.
Z-isomer, NMR (CDC)): oy 7.51 (s, 1H), 7.387.23 (m, 5H),
6.18 (d,J = 6.8, 1H), 5.10 (dJ = 6.8, 1H), 5.30 (s, 2H), 4.38 (s,
2H), 3.68 (s, 3H) ppm. Both isomers, NMR (CQEI 6c 152.8,
149.4, 138.7, 136.0, 135.6, 130.2, 129.6, 128.3, 128.24, 128.19,

prepared according to literature procedures. All other chemicals 127.9, 127.8, 127.54, 127.46, 91.8, 90.8, 85.8, 83.0, 74.5, 73.4,
were >95% pure from commercial suppliers and used as received 69.8, 69.6, 60.1, 56.5 ppm. MS (E)m/z 370 [M]**. Anal.

unless otherwise stated. All reactions using moisture- and/or air-

sensitive reagent(s) were carried out in flame- or oven-dried

(C14H1sN204l) C, H, N.
General Procedure for Suzuki Cross-Coupling of 10 into

glassware under a nitrogen or argon atmosphere. Unless otherwisel1c—i. A solution of 10 (1 equiv), the appropriate boronic acid (2

stated, dry THF, BN, and DMF were obtained by storage over

equiv), and KPO, (3 equiv) in HO (8 mL/g10) and 1,4-dioxane

activated sieves (4 A) to a water content below 20 ppm, measured(42 mL/g 10) was degassed with argon for 2 h. Pd(BEI, (0.1

on a Metrohm 737 KF coulometer. TLC was run on Merck silica
gel 60 R4 plates, and compounds were visualized using KMnO
spraying reagent and UV light. Dry column vacuum chromatog-
raphy® (DCVC) was performed using Merck 15111 silica gel 60
(0.015-0.040 mm) using 8100% EtOAc in petroleum spirit 80
100 (v/v), with increments of 5%. If necessary, this was followed
by 1-20% CHOH in EtOAc (v/v), with increments of 1%.

equiv) was added. The reaction mixture was heated to°Clfor

17 h and then cooled to room temperature. £Eias added, and
the resulting solution was washed with® twice with 2 M NaOH
(aq) and then with KD again. The organic phase was dried
(MgSQOy) and evaporated in vacuo. DCVC of the residue afforded
the desired producilQ) as a mixture of th&- andZ-isomers, which
were not separated.

Reverse-phase chromatography (RPC) was performed using Merck E/Z-1-(Benzyloxy)methyl-5-(2-methoxyethenyl)-4-phenylimi-

LiChroprep RP-18 (4663 uM). *H NMR spectra were recorded
on a Varian Gemini 2000 (300 MHz), Varian Mercury Plus (300
MHz), or Bruker Avance (500 MHz) instrument, and the data are
tabulated in the following order: chemical shiff)([multiplicity

(br, broad; s, singlet; d, doublet; t, triplet; g, quartet; dd, doublet of

dazole (11c).Preparation was done according to the general
procedure usind0 (0.90 g, 2.4 mmol) and benzeneboronic acid to
afford 11c¢ (0.57 g, 73%) as a brown oil. The two isomers were
isolated in a 11:7 ratioH:Z), Ry = 0.61, 0.42/EtOAcE-isomer,
NMR (CDCl): oy 7.83-7.76 (m, 2H), 7.54 (s, 1H), 7.387.18
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(m, 8H), 6.92 (dJ = 13.2, 1H), 5.70 (dJ = 12.9, 1H), 5.23 (s,
2H), 4.51 (s, 2H), 3.65 (s, 3H) ppra-isomer, NMR (CDCJ): oy
7.83-7.76 (m, 2H), 7.61 (s, 1H), 7.387.18 (m, 8H), 6.18 (dJ =
6.6, 1H), 5.36 (dJ = 6.6, 1H), 5.30 (s, 2H), 4.41 (s, 2H), 3.54 (s,
3H) ppm. Both isomers, NMR (CDgt dc 152.7, 149.6, 138.4,

Journal of Medicinal Chemistry, 2007, Vol. 50, N&15&

1H), 5.32 (s, 2H), 4.45 (s, 2H), 3.56 (s, 3H) ppm. Both isomers,
NMR (CDCl): 6c 162.7, 162.6, 160.6, 153.2, 150.0, 138.0, 137.8,
137.4,137.3,136.5,136.3, 131.5, 131.4, 131.1,131.1, 128.7, 128.7,
128.6,128.5,128.2,128.2,128.1, 127.9, 127.9, 123.6, 121.7, 115.2,
115.1, 114.8, 114.6, 93.2, 91.8, 74.1, 73.2, 69.9, 69.8, 60.1, 56.7

137.2,137.2, 136.4, 136.1, 135.0, 134.8, 131.8, 128.4, 128.3, 128.1ppm. dr 61.1, 60.7 ppm. HRMS (El):m/z 338.1432 (calcd
128.0, 127.9, 127.8, 127.7, 127.7, 126.9, 126.4, 126.3, 126.1, 123.6 CooH1oN,0,F, 338.1431).

121.8,93.4,91.9, 74.1, 73.0, 69.8, 69.6, 60.1, 56.6 ppm. MS (EI):
m/z 320 [M]*.
E/Z-1-(Benzyloxy)methyl-5-(2-methoxyethenyl)-4-(2-meth-
ylphenyl)imidazole (11d).Preparation was done according to the
general procedure usintp (3.3 g, 8.8 mmol) and 2-methylben-
zeneboronic acid to affortlld (2.3 g, 77%) as an orange oil. The
two isomers were isolated in a 10:7 rati6:Z), Re = 0.48, 0.40/
EtOAc. E-isomer, NMR (CDCJ): 6y 7.55 (s, 1H), 7.387.28 (m,
6H), 7.24-7.13 (m, 3H), 6.62 (dJ = 13.0, 1H), 5.58 (dJ = 13.0,
1H), 5.29 (s, 2H), 4.53 (s, 2H), 3.51 (s, 3H), 2.28 (s, 3H) ppm.
Z-isomer, NMR (CDCJ): oy 7.62 (s, 1H), 7.387.28 (m, 6H),
7.24-7.13 (m, 3H), 5.98 (dJ = 6.8, 1H), 5.35 (s, 2H), 5.18 (d,
= 6.8, 1H), 4.46 (s, 2H), 3.31 (s, 3H), 2.32 (s, 3H) ppm. Both
isomers, NMR (CDG)): dc 151.2, 148.4, 140.3, 138.3, 137.0,

E/Z-1-(Benzyloxy)methyl-2-chloro-5-(2-methoxyethenyl)-4-
phenylimidazole (14h).A solution of11c (1.7 g, 5.2 mmol, dried
azeotropically with toluene) in dry THF (75 mL) was cooled to
—78°C followed by dropwise addition of-BuLi (1.6 M in hexane,
5.46 mmol). After the mixture was stirred at78 °C for 15 min,

a solution of GCls (1.7 g, 7.3 mmol) in dry THF (3 mL) was added
dropwise. The mixture was allowed to reach room temperature and
stirred for further 5 h. Saturated aqueous /Hand HO (1:1,

200 mL) were added, and the resulting mixture was extracted three
times with EtOAc. The combined organic phases were washed with
brine, dried (MgS@), and evaporated. DCVC of the residue
afforded14h (1.7 g, 91%) as a yellow oil. The product was isolated
as a mixture of thee- and Z-isomers in a 13:9 ratioHZ), R =

0.38, 0.32/(1:2 EtOAct-heptane), which were not separated.

136.9, 136.7, 136.6, 136.3, 135.2, 134.6, 130.5, 130.2, 130.0, 129.7 E-isomer, NMR (CDCJ): oy 7.79-7.75 (m, 2H), 7.387.22 (m,
128.5,128.4,128.1, 128.0, 127.8, 127.4, 127.0, 126.9, 125.8, 125.48H), 6.91 (d,J = 13.2, 1H), 5.65 (dJ = 13.0, 1H), 5.34 (s, 2H),
124.8, 124.6, 123.3, 93.0, 91.8, 74.2, 73.4, 69.8, 69.7, 59.6, 56.3,4.63 (s, 2H), 3.67 (s, 3H) pprz-isomer, NMR (CDCJ): oy 7.79—

20.1, 20.0 ppm. MS (APPI)m/z 335 [M + H]*.
E/Z-1-(Benzyloxy)methyl-5-(2-methoxyethenyl)-4-(3-meth-
ylphenyl)imidazole (11e).Preparation was done according to the
general procedure usint (3.6 g, 9.6 mmol) and 3-methylben-
zeneboronic acid to afforéile (2.2 g, 70%) as an orange oil. The
two isomers were isolated in a 21:19 rati&1Z), R = 0.53, 0.44/
EtOAc. E-isomer, NMR (CDC)): dy 7.66 (br s, 1H), 7.58 (br d,
J=17.3, 1H), 7.55 (s, 1H), 7.367.22 (m, 6H), 7.04 (br dJ = 7.7,
1H), 6.94 (d,J = 13.0, 1H), 5.72 (dJ = 13.2, 1H), 5.24 (s, 2H),
451 (s, 2H), 3.65 (s, 3H), 2.37 (s, 3H) ppd-isomer, NMR
(CDCly): o6y 7.71 (br s, 1H), 7.62 (s, 1H), 7.61 (br d,= 8.4,
1H), 7.36-7.22 (m, 6H), 7.06 (br dJ = 8.2, 1H), 6.19 (dJ =
6.8, 1H), 5.37 (dJ = 6.8, 1H), 5.31 (s, 2H), 4.41 (s, 2H), 3.55 (s,
3H), 2.37 (s, 3H) ppm. Both isomers, NMR (CREI oc 152.7,

7.75 (m, 2H), 7.387.22 (m, 8H), 6.23 (dJ = 6.6, 1H), 5.37 (s,
2H), 5.36 (d,J = 6.3, 1H), 4.51 (s, 2H), 3.56 (s, 3H) ppm. Both
isomers, NMR (CDGJ): d¢ 153.9, 150.6, 137.6, 137.2, 136.8,
136.6, 134.3, 134.0, 132.5, 132.1, 128.5, 128.4, 128.3, 128.1, 129.0,
128.0, 127.7,127.7,127.1, 126.9, 126.7, 126.6, 125.7, 123.7, 93.3,
91.8, 73.3,72.8, 70.5, 70.4, 60.2, 56.7 ppm. MS (APPz 355
[M + H]*. Anal. (GoH1aN20-Cl) C, H, N.
E/Z-1-(Benzyloxy)methyl-5-(2-methoxyethenyl)-2-methyl-4-
phenylimidazole (14i).A solution of11c (2.0 g, 6.1 mmol, dried
azeotropically with toluene) in dry THF (75 mL) was cooled to
—78°C followed by dropwise addition of-BuLi (1.6 M in hexane,
6.4 mmol). After the mixture was stirred at78 °C for 15 min,
CHsl (1.2 g, 8.5 mmol) was added dropwise. The mixture was
allowed to reach room temperature and stirred for further 18 h.

149.6, 138.7, 138.6, 137.8, 137.4, 137.3, 137.2, 136.6, 136.3, 135.0Saturated aqueous NEI and HO (1:1, 200 mL) were added, and
134.8,128.5, 128.5, 128.4, 128.0, 128.0, 127.9, 127.8, 127.7, 127.7 the resulting mixture was extracted three times with EtOAc. The
127.2, 127.0, 125.5, 124.0, 123.6, 123.6, 121.8, 93.6, 92.1, 74.1,combined organic phases were washed with brine, dried (MgSO

73.1, 69.8, 69.6, 60.0, 56.5, 21.3 ppm. MS (APRt)z 335 [M +
H]*.

E/Z-1-(Benzyloxy)methyl-5-(2-methoxyethenyl)-4-(4-meth-
ylphenyl)imidazole (11f). Preparation was done according to the
general procedure usint0 (2.5 g, 6.6 mmol) and 4-methylben-
zeneboronic acid to givélf (1.7 g, 74%) as an orange oil. The
two isomers were isolated in a 14:11 ratiiZ), R = 0.50, 0.42/
EtOAc. E-isomer, NMR (CDCJ): oy 7.68 (d,J = 8.0, 2H), 7.57
(s, 1H), 7.37#7.27 (m, 5H), 7.19 (dJ = 8.5, 2H), 6.93 (dJ =
13.0, 1H), 5.71 (dJ = 13.0, 1H), 5.26 (s, 2H), 4.53 (s, 2H), 3.66
(s, 3H), 2.36 (s, 3H) ppn¥Z-isomer, NMR (CDCJ): 6y 7.72 (d,J
= 8.0, 2H), 7.64 (s, 1H), 7.377.27 (m, 5H), 7.17 (dJ = 8.5,
2H), 6.20 (d,J = 6.6, 1H), 5.37 (dJ = 6.6, 1H), 5.32 (s, 2H),
4.43 (s, 2H), 3.57 (s, 3H), 2.36 (s, 3H) ppm. Both isomers, NMR
(CDCly): 0c 152.8, 149.6, 138.8, 138.7, 137.3, 137.3, 136.6, 136.3,

and evaporated in vacuo. DCVC of the residue afforiiéd(1.6
g, 80%) as an orange oil. The product was isolated as a mixture of
the E- andZ-isomers in a 6:5 ratioH:Z), Rr = 0.55, 0.47/EtOAc,
which were not separated-isomer, NMR (CDCJ): oy 7.81—
7.77 (m, 2H), 7.387.18 (m, 8H), 6.75 (dJ = 13.0, 1H), 5.61 (d,
J=13.2,1H), 5.22 (s, 2H), 4.54 (s, 2H), 3.63 (s, 3H), 2.46 (s, 3H)
ppm.Z-isomer, NMR (CDCJ): 6y 7.81—7.77 (m, 2H), 7.387.18
(m, 8H), 6.17 (dJ = 6.6, 1H), 5.34 (dJ = 6.8, 1H), 5.29 (s, 2H),
4.42 (s, 2H), 3.55 (s, 3H), 2.49 (s, 3H) ppm. Both isomers, NMR
(CDCl): 6c 153.1, 149.6, 145.6, 145.1, 137.0, 136.7, 136.3, 135.3,
135.1,128.6, 128.5, 128.4, 128.2, 128.1, 127.9, 127.9, 127.7, 127.6,
127.1, 126.6, 126.2, 126.1, 124.7, 123.5, 122.0, 94.3, 92.3, 72.9,
72.1, 69.8, 60.1, 56.6, 13.6, 13.5 ppm. HRMS (Et)/z 334.1669
(calcd G1H2oNL05, 3341681)

General Procedure for Hydrolysis of the Enol Ethers 10,

136.2, 135.9, 132.3,132.1, 129.0, 128.7, 128.6, 128.5, 128.2, 128.011c—i, and 14h,i. The enol ether was dissolved in 1,4-dioxane,
127.9, 127.9, 127.0, 126.5, 124.8, 123.4, 121.5, 93.8, 92.2, 74.2,and 6 M HCI (aq) (50 equiv) was added. The reaction mixture was

73.2,69.9, 69.7, 60.1, 56.6, 21.1 ppm. HRMS (Et)z 334.1670
(calcd G1H2oN203, 334.1681).
E/Z-1-(Benzyloxy)methyl-4-(4-fluorophenyl)-5-(2-methoxy-
ethenyl)imidazole (11g).Preparation was done according to the
general procedure usint0 (2.6 g, 6.9 mmol) and 4-fluoroben-
zeneboronic acid to givélg (1.7 g, 71%) as an orange oil. The
two isomers were isolated in a 10:8 ratig:.Z), R = 0.48, 0.40/
EtOAc. E-isomer, NMR (CDCJ): oy 7.77 (ddJ=12.9,J = 8.9,
2H), 7.57 (s, 1H), 7.397.28 (m, 5H), 7.07 (dd) = 8.9,J = 2.0,
2H), 6.90 (d,J = 12.9, 1H), 5.67 (dJ = 12.9, 1H), 5.27 (s, 2H),
4,54 (s, 2H), 3.67 (s, 3H) pprZ-isomer, NMR (CDCJ): oy 7.76
(dd,J=12.7,J= 8.9, 2H), 7.63 (s, 1H), 7.397.28 (m, 5H), 7.03
(dd,J=8.9,J=2.1, 2H), 6.21 (dJ = 6.6, 1H), 5.34 (d] = 6.6,

heated to 70C for 20 min, cooled to room temperature, and poured
into saturated aqueous NaHg®H 8) followed by three extrac-
tions with EtOAc. The combined organic phases were washed with
brine, dried (MgS@®), and evaporated in vacuo. DCVC furnished
the aldehyde.
1-(Benzyloxy)methyl-5-(formylmethyl)-4-iodoimidazole (12b).
Preparation was done according to the general procedureffom
(1.0 g, 2.8 mmol) to givel2b (0.79 g, 78%) as colorless crystals:
mp 105-107 °C, Ry = 0.58/EtOAc. NMR (CDGCJ): oy 9.62 (s,
1H), 7.53 (s, 1H), 7.427.33 (m, 3H), 7.27#7.24 (m, 2H), 5.24
(s, 2H), 4.40 (s, 2H), 3.81 (s, 2H) ppric 195.8, 139.7, 135.3,
128.6, 128.4, 127.9, 126.1, 88.2, 74.1, 70.0, 39.8 ppm. MS
(APPI): m/z 357 [M + H]*. Anal. (CsH13N20,l) C, H, N.
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1-(Benzyloxy)methyl-5-(formylmethyl)-4-phenylimidazole (12c). in vacuo, and the crude product was purified by filtration through
Preparation was done according to the general procedurelfitom  silica gel (most impurities were eluted with EtOAc, and the acid
(1.5 g, 4.7 mmol) to givel2c (1.1 g, 79%) as a yellow oIl = was eluted with MeOH). The purified acid was generally more than

0.35/EtOAc. NMR (CDGJ): 6y 9.68 (t,J= 1.4, 1H), 7.60 (s, 1H), 95% pure according to LC/MS. The crude acid was dissolved in
7.51-7.47 (m, 2H), 7.39-7.23 (m, 8H), 5.24 (s, 2H), 4.42 (s, 2H), absolute EtOH (80 mL), and HCI/EtOH was added. The reaction
3.91 (d,J = 1.4, 2H) ppm.doc 197.0, 142.0, 138.0, 135.5, 133.3, mixture was heated to reflux for 30 min (1 h for the synthesis of
131.8, 128.6, 128.5, 128.3, 128.0, 127.4, 118.7, 74.0, 69.9, 39.013b, 13d, and 136, cooled to room temperature, and evaporated
ppm. MS (El): m/z 306 [M]*. in vacuo. The residue was suspended in saturated aqueous NaHCO
1-(Benzyloxy)methyl-5-(formylmethyl)-4-(2-methylphenyl)- followed by extraction with EtOAc. The combined organic phases
imidazole (12d). Preparation was done according to the general were washed with brine, dried (MgQQand evaporated in vacuo.
procedure fromlld (2.1 g, 6.2 mmol) to givd2d (1.5 g, 76%) as DCVC afforded the desired ethyl ester.
a yellow syrup R = 0.33/EtOAc. NMR (CDCJ): oy 9.59 (t,J = 1-(Benzyloxy)methyl-5-(ethoxycarbonyl)methyl-4-iodoimida-
1.4, 1H), 7.62 (s, 1H), 7.397.23 (m, 7H), 7.26-7.15 (m, 2H), zole (13b).Preparation was done according to the general procedure
5.28 (s, 2H), 4.47 (s, 2H), 3.72 (= 1.4, 2H), 2.29 (s, 3H) ppm. from 12b (0.62 g, 1.7 mmol) to givel3b (0.29 g, 41%) as a
oc 197.3, 142.9, 137.8, 137.6, 135.9, 133.1, 130.4, 130.2, 128.7, colorless oil,R; = 0.67/EtOAc. NMR (CDGJ): on 7.49 (s, 1H),
128.3, 128.0, 125.5, 119.5, 74.1, 69.9, 38.7, 20.1 ppm. MS 7.38-7.31 (m, 3H), 7.277.26 (m, 2H), 5.36 (s, 2H), 4.41 (s, 2H),
(APPI): myz 321 [M + H]". Anal. (GoH20N202) C, H, N. 4.12 (9, = 7.1, 2H), 3.72 (s, 2H), 1.24 (§ = 7.1, 3H) ppm.dc
1-(Benzyloxy)methyl-5-(formylmethyl)-4-(3-methylphenyl)- 168.9, 139.5, 135.8, 128.7, 128.4, 128.0, 127.8, 87.8, 74.4, 70.0,
imidazole (12e).Preparation was done according to the general 61.4, 30.9, 14.1 ppm. MS (APPl)m/z 401 [M + H]*. Anal.
procedure fronlle(1.6 g, 4.7 mmol) to givd2e(1.1 g, 75%) as (CisH17N205l) C, H, N.
an orange syrupR = 0.34/EtOAc. NMR (CDCJ): on 9.72 (s, 1-(Benzyloxy)methyl-5-(ethoxycarbonyl)methyl-4-phenylimi-
1H), 7.59 (s, 1H), 7.43 (s, 1H), 7.38.26 (m, 7H), 7.13 (dJ = dazole (13c).Preparation was done according to the general
6.4, 1H), 5.27 (s, 2H), 4.45 (s, 2H), 3.95 (s, 2H), 2.39 (s, 3H) ppm. procedure fromi2c(1.0 g, 3.3 mmol) to givd3c(0.58 g, 50%) as
Oc 197.4, 1425, 138.3, 137.9, 135.8, 133.8, 128.7, 128.4, 128.4,a pale-yellow oil,Rr = 0.42/EtOAc. NMR (CDCJ): oy 7.68—
128.1, 128.1, 128.1, 124.2, 118.5, 73.8, 69.8, 39.1, 21.4 ppm. MS7.66 (m, 2H), 7.58 (s, 1H), 7.437.40 (m, 2H), 7.3#7.29 (m,
(APPI): mVz 321 [M + H] ™. Anal. (GoH20N20;) C, H, N. 6H), 5.41 (s, 2H), 4.46 (s, 2H), 4.14 @= 7.1, 2H), 3.88 (s, 2H),
1-(Benzyloxy)methyl-5-(formylmethyl)-4-(4-methylphenyl)- 1.24 (t,J = 7.1, 3H) ppm.oc 170.0, 141.6, 137.7, 136.1, 134.2,
imidazole (12f). Preparation was done according to the general 128.6, 128.4, 128.2, 128.0, 127.4, 127.1, 120.3, 74.0, 69.8, 61.3,
procedure froml1f (1.5 g, 4.5 mmol) to givel2f (1.1 g, 75%) as 30.2, 14.1 ppm. MS (APPI)m/z 351 [M + H]*.
an orange syrupR = 0.34/EtOAc. NMR (CDCJ): oy 9.68 (s, 1-(Benzyloxy)methyl-5-(ethoxycarbonyl)methyl-4-(2-meth-
1H), 7.56 (s, 1H), 7.44 (d = 8.0, 2H), 7.36-7.29 (m, 3H), 7.26- ylphenyl)imidazole (13d).Preparation was done according to the
7.24 (m, 2H), 7.20 (dJ = 8.0, 2H), 5.23 (s, 2H), 4.41 (s, 2H), general procedure froh2d (1.4 g, 4.4 mmol) to givd.3d (0.44 g,
3.91 (s, 2H), 2.35 (s, 3H) ppm¢ 197.3, 142.2, 137.7, 136.9, 135.8, 27%) as a yellow oilR; = 0.45/EtOAc. NMR (CDCJ): oy 7.58
131.0, 129.2, 128.5, 128.2, 127.9, 127.0, 118.1, 73.7, 69.7, 38.9,(s, 1H), 7.36-7.16 (m, 9H), 5.37 (s, 2H), 4.45 (s, 2H), 4.04 {q,
21.0 ppm. MS (APPI):m/z 321 [M + H] ™. = 7.3, 2H), 3.63 (s, 2H), 2.31 (s, 3H), 1.17 Jt= 7.3, 3H) ppm.
1-(Benzyloxy)methyl-4-(4-fluorophenyl)-5-(formylmethyl)imi- doc 169.8, 141.9, 137.7, 137.1, 136.1, 133.2, 130.2, 130.1, 128.4,
dazole (12g).Preparation was done according to the general 128.1,127.8,127.7,125.2,121.0, 74.1, 69.7, 60.9, 29.4, 19.9, 13.8
procedure fronllg (1.6 g, 4.6 mmol) to givd2g (1.2 g, 77%) as ppm. MS (APPI): m/z 365 [M + H]*.
a yellow syrupR = 0.33/EtOAc. NMR (CDCJ): 6y 9.69 (s, 1H), 1-(Benzyloxy)methyl-5-(ethoxycarbonyl)methyl-4-(3-meth-
7.57 (s, 1H), 7.51 (dd) = 8.5,J = 5.4, 2H), 7.3%7.30 (m, 3H), ylphenyl)imidazole (13e).Preparation was done according to the
7.27-7.25 (m, 2H), 7.07 (ddJ = 8.9,J = 8.5, 2H), 5.25 (s, 2H), general procedure frorti2e(1.1 g, 3.3 mmol) to gived.3e(0.40 g,
4.43 (s, 2H), 3.90 (s, 2H) ppm¢ 197.0, 163.1, 161.1, 141.4, 137.8, 33%) as an orange ol = 0.43/EtOAc. NMR (CDC)): dy 7.55
135.7,130.0, 128.9, 128.8, 128.6, 128.3, 128.0, 118.4, 115.5, 115.3(s, 1H), 7.53 (br s, 1H), 7.45 (br d,= 7.5, 1H), 7.34-7.25 (m,
73.8, 69.8, 38.9 ppmir 62.3 ppm. MS (APPI):m/z 325 [M + 6H), 7.11 (br dJ = 7.5, 1H), 5.37 (s, 2H), 4.41 (s, 2H), 4.12 (q,
H]*. J=7.1, 2H), 3.86 (s, 2H), 2.38 (s, 3H), 1.22Jt= 7.1, 3H) ppm.
1-(Benzyloxy)methyl-2-chloro-5-(formylmethyl)-4-phenylimi- Oc 169.8, 141.4, 137.8, 137.5, 136.0, 133.9, 128.3, 128.1, 127.97,
dazole (15h).Preparation was done according to the general 127.96, 127.7, 127.6, 124.1, 120.1, 73.9, 69.6, 61.1, 29.9, 21.2,
procedure froml4h (1.6 g, 4.6 mmol) affordind.5h (1.0 g, 63%) 13.9 ppm. MS (APPI):m/z 365 [M + H]*.
as a yellow syrup,Ry = 0.50/(1:1 EtOAaA-heptane). NMR 1-(Benzyloxy)methyl-5-(ethoxycarbonyl)methyl-4-(4-meth-
(CDCly): 64 9.72 (t,J=1.4, 1H), 7.52-7.49 (m, 2H), 7.4%7.29 ylphenyl)imidazole (13f). Preparation was done according to the
(m, 8H), 5.35 (s, 2H), 4.52 (s, 2H), 3.94 @@= 1.4, 2H) ppm.dc general procedure from2f (0.62 g, 2.0 mmol) to givé3f (0.71 g,
196.8, 141.0, 136.0, 132.9, 132.7, 128.6, 128.3, 127.9, 127.7, 127.6 69%) as a yellow oilR; = 0.49/EtOAc. NMR (CDCJ): oy 7.58
127.3, 120.5, 73.3, 70.6, 39.5 ppm. MS (APPi)vz 341 [M + (d,J = 8.2, 2H), 7.53 (s, 1H), 7.317.19 (m, 7H), 5.33 (s, 2H),
H]*. 4.38 (s, 2H), 4.08 (g = 7.1, 2H), 3.83 (s, 2H), 2.33 (s, 3H), 1.18
1-(Benzyloxy)methyl-5-(formylmethyl)-2-methyl-4-phenylimi- (t, J=17.1, 3H) ppmoc 169.6, 141.2, 137.3, 136.3, 135.9, 131.1,
dazole (15i). Preparation was done according to the general 128.8, 128.2, 127.8, 127.6, 126.9, 119.6, 73.7, 69.4, 60.9, 29.8,
procedure fronl4i (1.6 g, 4.7 mmol) affordindl5i (1.2 g, 77%) 20.8, 13.7 ppm. MS (APPI)m/z 365 [M + H]™.
as a yellow oil,R; = 0.38/EtOAc. NMR (CDGCJ): oy 9.66 (1, = 1-(Benzyloxy)methyl-5-(ethoxycarbonyl)methyl-4-(4-fluorophe-
1.4, 1H), 7.53-7.51 (m, 2H), 7.387.25 (m, 8H), 5.18 (s, 2H), nyl)imidazole (13g).Preparation was done according to the general
4.45 (s, 2H), 3.85 (dJ = 1.4, 2H), 2.41 (s, 3H) ppmic 197.6, procedure fron12g(0.46 g, 1.4 mmol) to givd3g(0.24 g, 45%)
145.5, 139.8, 136.1, 134.0, 128.5, 128.4, 128.2, 127.6, 127.2, 127.0as a pale-yellow oilR; = 0.37/EtOAc. NMR (CDGJ): oy 7.66—

118.2, 72.4, 69.8, 39.3, 13.2 ppm. MS (APPii)z 321 [M + H]*. 7.62 (m, 2H), 7.56 (s, 1H), 7.387.29 (m, 5H), 7.127.09 (m,
General Procedure for the NaCIQ, Oxidation of Compounds 2H), 5.41 (s, 2H), 4.46 (s, 2H), 4.14 (§= 7.2, 2H), 3.84 (s, 2H),
12b—g and 15hi. A solution of NaCIQ (3 equiv) and NakPOy- 1.24 (t,J = 7.2, 3H) ppm.dc 169.9, 163.2, 161.2, 140.9, 137.7,

H,O (5 equiv) in water (3.3 mL/mmol aldehyde) was added 136.1,130.3,129.1, 129.0, 128.6, 128.3, 128.0, 120.1, 115.5, 115.3,
dropwise at 0°C to a solution of the aldehyde and 2-methyl-2- 74.1, 69.9, 61.4, 30.1, 14.1 pp 61.7 ppm. MS (APPI):m/z
butene (20 equiv) in CKCN (6.6 mL/mmol aldehyde). The resulting 369 [M + H]*.

two-phase system was stirred vigorously for 90 min at room  1-(Benzyloxy)methyl-2-chloro-5-(ethoxycarbonyl)methyl-4-
temperature followed by additionf & M HCI (aq) to pH 1. The phenylimidazole (16h).Preparation was done according to the
resulting turbid solution was continuously extracted with EtOAc. general procedure frorh5h (0.53 g, 1.6 mmol) to givel6h (43

The organic phase from the continuous extraction was evaporatedmg, 7%) as a spectroscopically pure colorless oil and 2-chloro-
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4(5)-(ethoxycarbonyl)methyl-5(4)-phenylimidazole (0.17 g, 41%).
Analytical data forl6h: R = 0.61/(1:1 EtOAaf-heptane). NMR
(CDCly): 6y 7.62 (brdJ= 7.3, 2H), 7.40 (tJ = 7.8, 2H), 7.36-
7.30 (m, 6H), 5.50 (s, 2H), 4.53 (s, 2H), 4.14 @= 7.3, 2H),
3.86 (s, 2H), 1.24 (tJ = 7.3, 3H) ppm.oc 169.7, 140.3, 136.4,
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procedure. The crude product obtained frb8i(0.35 g, 0.96 mmol)
was dissolved in a minimum of MeOH and precipitated withCEt
to afford 8f (0.24 g, 83%) as a light-brown solid: np250 °C.

NMR (CD;OD): dy 8.96 (s, 1H), 7.45 (dJ = 8.0, 2H), 7.39 (d,
J = 8.0, 2H), 4.86 (br s, 2H), 3.87 (s, 2H), 2.42 (s, 3H) ppiv.

133.2,132.5,128.6, 128.5, 128.2, 127.8, 127.5, 127.4,122.3, 73.5171.9, 141.6, 134.5, 132.3, 131.2, 129.1, 125.0, 124.0, 30.8, 21.4

70.6, 61.6, 30.6, 14.1 ppm. MS (APPIywz 385 [M + H]'.
Analytical data for 2-chloro-4(5)-(ethoxycarbonyl)methyl-5(4)-
phenylimidazole: Colorless oiR = 0.38/(1:1 EtOAafi-heptane).
NMR (CDCl): 6n 12.8 (br s, 1H), 7.44 (d) = 7.1, 2H), 7.31
(dd,J=7.1,3=7.8, 2H), 7.25 (dJ = 7.3, 1H), 4.10 (q) = 7.1,
2H), 3.68 (s, 2H), 1.17 (= 7.1, 3H) ppmoc 170.7, 130.9, 130.6,
128.6, 127.4, 127.1, 61.2, 32.4, 13.9 ppm. MS (APRIjz 265
[M + H]+ Anal. (C13H13N202C|) C, H, N.
1-(Benzyloxy)methyl-5-(ethoxycarbonyl)methyl-2-methyl-4-
phenylimidazole (16i). Preparation was done according to the
general procedure from5i (1.1 g, 3.5 mmol) to givel6i (0.62 g,
49%) as an orange oiR = 0.43/EtOAc. NMR (CDGJ): 0y 7.65—
7.63 (m, 2H), 7.46-6.75 (m, 8H), 5.34 (s, 2H), 4.47 (s, 2H), 4.12
(9,3 =7.3, 2H), 3.80 (s, 2H), 2.43 (s, 3H), 1.22 Jt= 7.3, 3H)
ppm. 6c 170.1, 145.2, 139.0, 136.3, 134.2, 128.4, 128.2, 128.0,

ppm. MS (APPI): m/z217 [M — HBr]*. Anal. (C2H1oN202-HBr-
0.25H0) C, H, N.
4(5)-(Carboxymethyl)-5(4)-(4-fluorophenyl)imidazole Hydro-
bromide (8g). Preparation was done according to the general
procedure. The crude product obtained frd®g (0.11 g, 0.30
mmol) was partially dissolved in acetone and precipitated with
n-heptane to affor@g (55 mg, 61%) as a light-brown solid: mp
202 °C (dec). NMR (CROD): 6y 8.98 (s, 1H), 7.637.60 (m,
2H), 7.34-7.30 (m, 2H), 4.90 (br s, 2H), 3.87 (s, 2H) ppog
171.8,166.0, 164.1, 134.7,131.7, 131.6, 131.3, 124.5, 124.2, 124.2,
117.6, 117.5, 30.7 ppmdr —113 ppm. MS (APPI):m/z 221 [M
— HBr]*. Anal. (C;HgN,O,F-HBr-0.25H,0) C, H, N.
4(5)-(Carboxymethyl)-2-chloro-5(4)-phenylimidazole Hydro-
bromide (8h). Preparation was done according to the general
procedure. The crude product obtained fra®h (0.14 g, 0.52

127.5,127.3, 126.7, 120.0, 72.6, 69.7, 61.1, 30.3, 13.9, 13.3 ppm.mmol) was dissolved in a minimum of MeOH and precipitated with

MS (APPI): m/z 365 [M + H]*.
General Procedure for Deprotection of 13b-g and 16h,i.The

Et,O to afford8h (0.13 g, 78%) as colorless crystals: mp 2@
(dec). NMR (CROD): 6y 7.59-7.52 (m, 5H), 4.92 (br s, 2H),

ethyl ester was suspended in 48% HBr (aq) (50 equiv). This mixture 3.84 (s, 2H) ppmdc 171.7, 133.8, 131.2, 130.6, 129.2, 129.1, 127.7,

was heated to 110C for 1 h, cooled to room temperature, and

125.8, 31.1 ppm. MS (APPI):m/z 237 [M — HBr]". Anal.

evaporated in vacuo. The residue was dissolved in water, filtered (C;;HgN2O,CI-HBr-0.25H0) C, H, N.

through cotton, and coevaporated in vacuo. Additional coevapo-

rations from water provided the crude hydrobromide.
4(5)-(Carboxymethyl)-5(4)-iodoimidazole Trifluoroacetate (8b).

4(5)-(Carboxymethyl)-2-methyl-5(4)-phenylimidazole Hydro-
bromide (8i). Preparation was done according to the general
procedure. The crude product frdi6i (0.21 g, 0.57 mmol) afforded

Preparation was done according to the general procedure. The crud8i (0.11 g, 61%) as gray crystals: mp 1EC (dec). NMR

product (0.18 g) obtained from3b (0.22 g, 0.55 mmol) was
dissolved in a minimum of MeOH and precipitated with EtO
afford 8b as the hydrobromide salt (0.11 g, 81%). MS (APRt)z
253 [M + H]™. (8b was contaminated with a small amount of IAA
(4) (191:9) judged byH NMR and HPLC analyses.) An analytical
amount was purified by RPC [@D)—(0.1% TFA}(0 — 6%
CH;CN), with increments of 3%] to give the product as light-brown
crystals (25 mg): mp 125130°C. NMR (D;O): 6y 8.73 (s, 1H),
3.80 (s, 2H) ppmoc 173.1, 136.6, 131.5, 70.6, 31.7 ppm. Anal.
(C5H5N202|'C2HF302) C, H, N.
4(5)-(Carboxymethyl)-5(4)-phenylimidazole Hydrobromide

(CDsOD): 6y 7.58-7.49 (m, 5H), 4.87 (br s, 2H), 3.83 (s, 2H),
2.68 (s, 3H) ppmdc 172.0, 131.4, 130.8, 130.5, 128.9, 128.9, 128.2,
123.4, 30.9, 11.4 ppm. MS (APPI)/z 217 [M — HBr]*. Anal.
(C12H12N202-HBr-1.5H20) C, H, N.
2-Methyl-1-(N,N-dimethylsulfamoyl)imidazole (17)3%® N,N-
Dimethylsulfamoyl chloride (13.0 mL, 121 mmol) and;Ht(70
mmol) were added to a solution of 2-methylimidazole (61 mmol)
in 1,2-dichloroethane (70 mL), and this mixture was stirred at room
temperature for 20 h. After filtration and wash of the filter cake
with 1,2-dichloroethane, the combined filtrate and wash were
washed with saturated aqueous,8@x, dried, and evaporated in

(8c). Preparation was done according to the general procedure. Thevacuo. Distillation (92-95 °C, 0.5 mmHg) afforded the title

crude product obtained froBc(0.20 g, 0.57 mmol) was dissolved
in a minimum of MeOH and precipitated with Ef@o afford 8c
(0.11 g, 71%) as colorless needles: mp50°C. NMR (CD;0OD):
on 8.99 (s, 1H), 7.5%7.52 (m, 5H), 4.88 (br s, 2H), 3.89 (s. 2H)
ppm. dc 171.9, 134.7, 132.2, 131.1, 130.6, 129.2, 127.9, 124.4,
30.8 ppm. MS (APPI):m/z 203 [M — HBr]*. Anal. (C3H10N2O5-
HBr) C, H, N.
4(5)-(Carboxymethyl)-5(4)-(2-methylphenyl)imidazole Trif-
luoroacetate (8d).Preparation was done according to the general
procedure fron13d (0.17 g, 0.47 mmol) to give the hydrobromide
of 8d(0.10 g, 68%). MS (APPI)myz 217. Part of the hydrobromide
8d was purified by RPC [(HO)—(0.1% TFA)—(0— 15% CHCN),
with increments of 5%] to give the product as colorless crystals
(28 mg): mp 106-103°C. NMR (D;0): dy 8.66 (s, 1H), 7.43
7.32 (m, 2H), 7.36-7.21 (m, 2H), 3.56 (s, 2H), 2.15 (s, 3H) ppm.

compound (10.3 g, 90%) as a colorless oil. NMR (CP)Cloy
7.22 (d,J= 1.4, 1H), 6.92 (dJ = 1.4, 1H), 2.90 (s 6H), 2.61 (s,
3H) ppm.dc 146.2, 127.4, 120.1, 38.7, 15.8 ppm.
4(5)-Formyl-2-methylimidazole (18)% A solution of 17 (5.5
g, 29 mmol) in dry THF (200 mL) was cooled to78 °C. n-BulLi
(20 mL, 1.6 M in hexane, 35 mmol) was added keeping the
temperature below-76 °C. After the mixture was stirred at78
°C for 30 min, DMF (14 mL, 182 mmol) was added followed by
stirring at —78 °C for 1 h. The reaction mixture was heated to
room temperature ovel h and stirred at room temperature for 30
min. The pH was adjusted to 1 with concentrated HCI (aq), and
the resulting mixture was stirred for 2 h. The pH was then adjusted
to 8 with saturated aqueous NaHg@nd THF was evaporated in
vacuo. The residue was extracted with EtOAc(350 mL). The
combined organic phases was dried (Mgs@nd evaporated in

oc 174.6, 138.6, 132.6, 130.9, 130.9, 130.7, 129.5, 126.4, 125.6,vacuo to afford the title compound (2.6 g, 82%) as faint yellow

124.7, 30.9, 19.1 ppm. Anal. {(&1::N20»°0.6GHF30,) C, H, N.
4(5)-(Carboxymethyl)-5(4)-(3-methylphenyl)imidazole Hydro-
bromide (8e). Preparation was done according to the general
procedure. The crude product (0.12 g, 56%) obtained ¥8e{0.23
g, 0.64 mmol) was pure according to NMR: mp-712 °C. NMR
(CDsOD): 0n 8.99 (s, 1H), 7.44 (t, 1H) = 7.5 Hz), 7.38 (br s,
1H), 7.34 (br d, 2HJ = 7.3 Hz), 4.91 (br s, 2H), 3.88 (s, 2H),
2.42 (s, 3H) ppmdc 171.9, 140.7, 134.6, 132.3, 131.7, 130.5, 129.6,
127.8, 126.2, 124.2, 30.9, 21.5 ppm. MS (APP)z 217. Anal.
(ClelzNzoz'HBr'Hzo) C, H. N found 8.39, N calcd 8.89.
4(5)-(Carboxymethyl)-5(4)-(4-methylphenyl)imidazole Hydro-
bromide (8f). Preparation was done according to the general

crystals. NMR (DMSOdg): 0y 12.74 (br s, 1H), 9.61 (s, 1H), 7.84
(brs, 1H), 2.33 (s, 3H) ppmic 184.9, 179.1, 151.5, 147.1, 141.6,
132.8, 126.7, 14.2 ppm. Anal. §8¢N,0) C, H, N.
4(5)-(Hydroxymethyl)-2-methylimidazole (19j)37 NaBH;, (92
mg, 2.43 mmol) was added to a solutionl&(0.27 g, 2.43 mmol)
in ethanol (12 mL). This mixture was stirred for 3 h, after which
brine (5 mL) was added. The resulting mixture was extracted three
times with EtOAc, and the combined organic phases were dried
(MgSOQy). Evaporation in vacuo provided the title compound (0.26
g, 95%) as colorless crystals, which was used without further
purification. NMR (DMSO#és): oy 6.71 (s, 1H), 4.30 (s, 2H), 2.23
(s, 3H) ppm.oc 143.6, 137.0, 117.7, 56.3, 14.0 ppm.
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4(5)-(Chloromethyl)-2-methylimidazole Hydrochloride (20j)37
19j (0.46 g, 4.1 mmol) was dissolved in SQ¢1.2 g, 10.3 mmol)
and stirred at room temperature for 4 h. Ckl@ mL) was added
followed by evaporation in vacuo to provi@dj (0,64 g, 93%) as
yellow crystals, which were used without further purification. NMR
(DMSO-dg): Oy 7.59 (s, 1H), 4.84 (s, 2H), 2.58 (s, 3H) ppis
145.6, 128.8, 118.0, 54.2, 11.5 ppm.

4(5)-(Hydroxymethyl)-2-phenylimidazole (19k)3¢ A suspension
of benzamidine hydrochloride (3.13 g, 20 mmol), dihydroxyacetone
dimer (3.68 g, 41 mmol), and Nj&I (4.4 g) in NH,OH (30 mL)
was heated at 82C for 30 min. The cooled reaction mixture was
extracted with EtOAc (6x 100 mL), dried (MgS@), and
evaporated in vacuo to giik9k (2.67 g, 77%) as colorless crystals.
NMR (DMSO-dg): on 7.93 (d,J = 8.0, 2H), 7.42 (tJ = 8.0, 2H),
7.32 (t,J = 8.0, 1H), 7.00 (s, 1H), 4.44 (s, 2H) pprec 143.9,
129.7, 129.0, 127.4, 126.5, 123.6, 123.4, 36.1 ppm.

4(5)-(Chloromethyl)-2-phenylimidazole hydrochloride (20k)3®
19k (0.55 g, 3.1 mmol) was dissolved in SQ@.74 g, 6.2 mmol)
and stirred for 90 min at 80C, after which the reaction mixture

Madsen et al.

4(5)-(Carboxymethyl)-2-phenylimidazole Hydrochloride (8k)3¢
Preparation was done as described 8arfrom 21k (0.53 g, 2.9
mmol). The residue was dissolved in concentrated HCI (aq) (5 mL)
and stirred at 50C for 24 h to provide a suspension. The product
was filtered off, washed, and dried in vacuo to aff@&td(0.23 g,
43%) as colorless crystals: mp 202203.5°C. NMR (DMSO-
ds): Op 8.18-8.08 (m, 2H), 7.68-7.62 (m, 3H), 7.61 (s, 1H), 3.86
(s, 2H) ppm.oc 170.5, 143.3, 132.2, 129.9, 128.5, 126.9, 123.5,
118.8, 30.6 ppm. Anal. (GH10N2O,-HCI-H0) C, H, N.
1-(Benzyloxy)-2-chloro-5-(cyanomethyl)imidazole (23)A sus-
pension of22%8 (2.0 g, 6.8 mmol) in DMF (15 mL) was added to
a solution of KCN (2.5 g, 39 mmol) in #0 (2 mL), and the reaction
mixture was stirred for 24 h at room temperature. Saturated aqueous
NaHCGQ; (5 mL) was added (pH 8) followed by two extractions
with EtOAc. The combined organic phases were dried (MgSO
and evaporated in vacuo. The resulting brown oil was subjected to
CC (n-heptane/EtOAc 100:6- 60:40) to provide23(0.99 g, 59%)
as a brown oil. NMR (DMSQd): 6y 7.55-7.51 (m, 2H), 7.56-
7.44 (m, 3H), 6.86 (s, 1H), 5.30 (s, 2H), 4.09 (s, 2H) pp¥s.

was cooled to room temperature and evaporated in vacuo. Thel30.7, 128.3, 127.8, 126.8, 125.1, 120.7, 119.5, 114.6, 79.4, 10.6

residue was dissolved in CH{OWU mL), and the resulting solution
was evaporated in vacuo. Additional coevaporations with GHCI
gave20k (0.67 g, 93%) as brown crystals, which were used without
further purification. NMR (DMSQOdg): 0y 8.23-8.13 (m, 2H), 7.84
(s, 1H), 7.64 (tJ = 3.3, 3H), 4.93 (s, 2H) ppmic 144.6, 132.5,
131.0, 129.8, 127.3, 123.5, 119.9, 35.0 ppm.

4(5)-(Cyanomethyl)-2-methylimidazole (21j$” 20j (0.28 g, 1.7
mmol) was added to a solution of NaCN (0.41 g, 8.4 mmol) in
DMSO (10 mL), and the resulting solution was stirred at room
temperature for 24 h. Saturated aqueous Naki(B@L) was added
(pH 8) followed by continuous extraction with EtOAc. The organic
phase was dried (MgSQand evaporated in vacuo. The residue
was washed with EO and treated with activated carbon to afford
19j (0.11 g, 56%) as pale-yellow crystals, which were used without
further purification. NMR (DMSOdg): oy 11.66 (br s, 1H), 6.88
(s, 1H), 3.72 (s, 2H), 2.23 (s, 3H) ppri¢ 144.2, 129.5, 119.2,
114.0, 16.7, 14.1 ppm.

4(5)-(Cyanomethyl)-2-phenylimidazole (21k¥¢ A solution of
20k (0.67 g, 2.9 mmol) in DMSO (8 mL) was added to a solution
of NaCN (0.72 g, 14.6 mmol) in DMSO (10 mL), and this reaction

ppm. Anal. (G-H10NzOCI) C, H, N.
4(5)-(Carboxymethyl)-2-chloroimidazole Hydrochloride (8l).
Preparation was done via 5-(carboxymethyl)-2-chloro-1-hydroxy-
imidazole hydrochloride (24), which was prepared as described for
8a from 23 (0.89 g, 3.6 mmol) to give the 1-hydroxyimidazole
(0.44 g, 58%) as pale-yellow crystals. NMR (DMSf): o 6.85
(s, 1H), 3.63 (s, 2H) ppmic 170.5, 126.4, 126.1, 121.3, 29.5 ppm.
A solution of 24 (0.20 g, 0.95 mmol) in methanol (6 mL) was
cooled to 0°C followed by dropwise addition of TiGlI(10% in
20% aqueous HCI, 2.6 mL, 1.7 mmol). The reaction mixture was
stirred at 0°C for 3 h, heated to room temperature, and stirred 1 h
at room temperature. The pH was adjusted to 8 with saturated
aqueous NaHC¢) and the resulting mixture was extracted three
times with EtOAc. The combined organic phases were dried
(MgSQy) and evaporated in vacuo. The residue was dissolved in
concentrated HCI (aq) (5 mL) and stirredrfd h at 50 °C.
Evaporation in vacuo afforde®| (0.12 g, 63%) as colorless
crystals: mp 194C (dec). NMR (DMSOdg): 6y 11.45 (br s, 1H),
7.15 (s, 1H), 3.58 (s, 2H) ppmc 171.2, 130.6, 128.6, 119.8, 32.1
ppm. Anal. (GHsN2O,CI-HCI) H. C found 31.08, C calcd 30.48.

mixture was stirred at room temperature for 5 h. Saturated aqueousN found 13.65, N calcd 14.22.

NaHCG; (5 mL) was added (pH 8), and this mixture was extracted
with EtOAc. The organic phase was dried (Mgg$@nd evaporated
in vacuo to affordL9k (0.33 g, 62%) as brown crystals, which were
used without further purification. NMR (DMS@g): oy 12.55 (br
s, 1H), 7.91 (dJ = 7.0, 2H), 7.45 (tJ = 7.0, 2H), 7.35 (tJ =
7.0, 1H), 7.20 (s, 1H), 3.90 (s, 2H) ppme 146.2, 132.0, 130.6,
129.1, 128.6, 125.2, 119.3, 115.8, 17.1 ppm.
4(5)-(Carboxymethyl)-5(4)-methylimidazole Hydrochloride
(8a) 38 4(5)-(Cyanomethyl)-5(4)-methylimidazol@g) for use in
this reaction was obtained frof®avia 20aas described by Rosen
et al3* A solution of21a(0.30 g, 2.5 mmol) in 48% aqueous HBr
(15 mL) was boiled under reflux for 90 min and then evaporated
in vacuo. The residue was dissolved in HCI/EtOH (15 mL), and
this solution was boiled under reflux for 2.5 h followed by

Pharmacology. Materials. Culture media, serum, antibiotics,
and buffers for cell culture were obtained from Invitrogen (Paisley,
U.K.). GABA was obtained from Sigma, and TPMPA was
purchased from Tocris Cookson (U.K.). The compounds muscimol,
THIP, and isoguvacine were synthesized in the lab. The cDNA for
the humanpl subunit (p1-pcDNA3.1) was a kind gift from Dr.
David S. Weiss (University of Alabama, AL).

[®H]Muscimol Binding to Rat Brain Tissue. The affinities
toward GABA. receptors was determined in rat brain membrane
preparations usingit]muscimol as the radioligand and performed
as described previousty.

Molecular Biology. The Serl68Thr mutation in humapi-
pcDNA3.1 and the Thr129Ser mutation in atpCis were made
using the QuickChange mutagenesis kit according to the manufac-

evaporation in vacuo. EtOAc (30 mL) and saturated aqueous turer’s instructions (Stratagene, La Jolla, CA). The absence of

NaHCGQ; (6 mL) were added. After two extractions with EtOAc
the combined organic phases were dried (Mgsihd evaporated

unwanted mutations was verified by sequencing the cDNAs.
Generation of the Stable Ip;-HEK293 Cell Line. The stable

in vacuo. The residue obtained was dissolved in concentrated HClhpl-HEK293 cell line was constructed essentially as previously

(ag) (15 mL) and stirred o5 h at 50°C followed by evaporation
in vacuo. The residue was suspended in boiling acetonitrile.
Filtration and drying in vacuo afforde8a (291 mg, 66%) as
colorless crystals: mp 203-204.9°C. NMR (DMSO-g): oy 8.90
(s, 1H), 3.73 (s, 2H), 2.22 (s, 3H) ppric 170.6, 132.4, 126.6,
122.7, 29.3, 8.8 ppm. Anal. (8sN,0,-HCI) C, H, N.
4(5)-(Carboxymethyl)-2-methylimidazole Hydrochloride (8j)3¢
Preparation was done as described&aifrom 21j (275 mg, 2.27
mmol) affording8j (169 mg, 42%) as colorless crystals: mp 172.2
173.7°C. NMR (DMSOg): 0n 7.34 (s, 1H), 3.73 (s, 2H), 2.54
(s, 3H) ppm.dc 170.6, 144.4, 126.3, 116.9, 30.4, 11.4 ppm. Anal.
(CeHsN202-HCI-0.5H,0) C, H, N.

described for stable cell lines of glycine recept@®@Briefly, HEK

293 cells were maintained at 3T in a humidified 5% CQ@
incubator in culture medium [Dulbecco’s modified Eagle medium
(DMEM) supplemented with penicillin (100 U/mL), streptomycin
(100ug/mL), and 10% dialyzed fetal bovine serum]. The cells were
transfected with p1-pcDNA3.1 using Polyfect as a DNA carrier
according to the protocol by the manufacturer (Qiagen, Hilden,
Germany). The transfected cells were maintained foB 2veeks

in culture medium containing 3 mg/mL G-418. G418-resistant
colonies were isolated and maintained in culture medium supple-
mented with 1 mg/mL G-418 and for-B weeks. Cell colonies
were screened for a functional response to AMDGABA in the
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FLIPR membrane potential (FMP) assay (see below). On the basisclamp techniqué$in voltage clamp mode were used to record from

of this screening, where several cell clones exhibiting a significant
response to GABA exposure were identified, one single clone was
selected for further characterization.

Transient Transfections. The HEK 293 cells (ECACC, U.K.)
used for the patch-clamp experiments were maintained aC3m
a humidified 5% CQ incubator in culture medium [Dulbecco’s
modified Eagle medium (DMEM) supplemented with penicillin
(200 U/mL), streptomycin (10@g/mL), and 10% dialyzed fetal
bovine serum]. Before transfection the cells were split into 35 mm
Petri dishes. After 1824 h, the cells were transfected with a
combination of raty;-pCis, S2-pCis, andy,s-pCis (1:1:2 ratio), with
rat oy (Thrl29Ser)-pCigi-pCis, andy,spCis (1:1:2 ratio), or with
humanp;-pcDNA3.1 and cotransfected with plasmid coding for
green fluorescent protein (pGreen Lantern, Life technologies,
Paisley, U.K.) in order to visualize transfected cells. Targefect F1
was used as a DNA carrier in DMEM without serum according to
the manufacturer’s protocol (Targeting Systems, CA) and used for
the patch-clamp experiments 282 h after transfection.

In the experiments using transiently transfected tsA-201 cells,
the tsA-201 cells (a transformed HEK293 cell line) were maintained
at 37°C in a humidified 5% C@incubator in DMEM supplemented
with penicillin (100 U/mL), streptomycin (10@g/mL), and 10%
dialyzed fetal bovine serum. The cells were split into 10 cm tissue
culture dishes, and the following day they were transfected with
WT and Ser168Thril-pcDNA3.1 using Polyfect as a DNA carrier.
After 16—24 h, the cells were split into poly-lysine-coated black
96-well plates (Packard) and used the following day for the FMP
assay.

FLIPR Membrane Potential (FMP) Assay. The stable p1-
HEK293 cell line and tsA-201 cells transiently transfected with
WT or S168T Ip1-pCDNA3.1 were characterized pharmacologi-
cally in the FMP assay according to the protocol of the manufacturer
(Molecular Devices). The cells were split into paylysine-coated
black 96-well plates (Packard) in culture medium (in the case of
the stable cell line, the medium was supplemented with 1 mg/mL
G-418). After 16-24 h, the medium was aspirated, and the cells
were washed with 100L of assay buffer [Hanks buffered saline
solution supplemented with 20 mM HEPES, pH 7.4]. 100of
assay buffer containing loading dye was added to each well (in the

antagonist experiments, various concentrations of the antagonists

were dissolved in the buffer), and the plate was incubated &C37
in a humidified 5% CQ incubator for 30 min. The plate was
assayed in a NOVOstar plate reader (BMG Labtechnologies)

measuring emission [in fluorescence units (FU)] at 560 nm caused

by excitation at 530 nm before and up to 1 min after addition of

25 uL of agonist solution. The experiments were performed in

duplicate at least three times for each compound.
Concentratiorresponse curves for agonists and antagonists in

the FMP assay were constructed on the basis of the maximal

neurons in the whole-cell configuration using an EPC-9 amplifier
(HEKA, Germany). A clamping potential 6f60 mV was usually
used. Series resistance was—@®% compensated. Whole-cell
currents were recorded on a computer hard disk and on videotape
using a VR-10 data recorder (Instrutech, NY) and analyzed
subsequently using Pulse software (HEKA, Germany).

Extracellular solution containing the agonists was applied using
a gravity-fed seven-barrelled perfusion pipet (List, Germany) ending
approximately 100um from the recorded neuron. When the
application was switched from one barrel to another, the extracel-
lular solution surrounding the neuron was exchanged with a time
constant of~50 ms.

For the ouf32y2s and the ay(Thrl29Serp,y,s receptors the
agonists were applied fd s every 1 min. For the; receptors,
agonists were applied for-5 s every 30 s, except for GABA,
which was applied for 25 s every +2 min. Between these drug
applications, drug-free ABSS was applied from one of the barrels
in order to quickly remove the drugs from the cell. For the agonist
concentration-response relationship, the equation

lmax

= 1 + antilog[(log EG, — A)ny]

was fitted to the experimental data, whére the membrane current,
Alis the logarithm of the agonist concentratitya is the maximum
current that the agonist can induce,d&iS the agonist concentration
eliciting 50% of I, and ny is the Hill coefficient. Data were
described using mean and standard error (SE) or 95% confidence
intervals.

In some experiments with; receptors, where current fade was
observed during application of high agonist concentrations at the
normal clamping potential of-60 mV, it was desirable to test
whether this fade was due to desensitization or to shift of the ClI
concentration gradient. For this purpose, the clamping potential was
stepped between40 and+40 mV at 0.5 s intervals for the duration
of the agonist response in order to avoid a net shift of the ClI
gradient. This procedure always abolished current fade, leaving no
sign of desensitization gf; receptors.

Molecular Modeling. The model of the extracellular domain

of the aufzy. GABAA receptor was downloaded from http://
www.univie.ac.at/brainresearch. Alternative conformations of amino
acid residues in the binding pockets have been explored by the
manual rotamer option in Insight Il 2000 (Accelrys Software Inc.).
Only low-energy conformations of the residues with respect to
nonbonded interactions have been considered in the final ligand
receptor models.
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Whole-Cell Patch-Clamp Experiments. Petri dishes with
transfected cells were transferred to the stage of an Axiovert 10
microscope (Zeiss, Germany), and the culture medium was
exchanged for extracellular recording solution at room temperature
(20—22°C). The extracellular solution contained the following (in
mM): NaCl 140, KCI 3.5, NgHPO, 1.25, MgSQ 2, CaC} 2,
glucose 10, and HEPES 10; pH 7.35. The cells were viewed at
200x magnification, and cells containing green fluorescent protein
were visualized with UV light from a HBO 50 lamp (Zeiss,
Germany). The cells were approached with micropipettes 6f3.7
MQ resistance manufactured from 1.5 mm OD glass (World
Precision Instruments, Sarasota, FL). The intrapipette solution
contained the following (in mM): KCI 140, Mggll, CaC} 1,
EGTA 10, MgATP 2, and HEPES 10; pH 7.3. Standard patch-

assistance.

Supporting Information Available: Data from microanalysis.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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