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Abstract

Pentameric Ligand Gated lon Channels (pLGICs) mediate signal transduction. The binding of
an extracellular ligand is coupled to the transmembrane channel opening. So far, all known
agonists bind at the interface between subunits in a topologically conserved “orthosteric site”
whose amino acid composition defines the pharmacological specificity of pLGIC subtypes. A
striking exception is the bacterial proton-activated GLIC protein, exhibiting an uncommon
orthosteric binding site in terms of sequence and local architecture. Among a library of
Gloeobacter violaceus metabolites, we identified a series of cinnamic acid derivatives, which

antagonize the GLIC proton-elicited response. Structure-activity analysis shows a key



contribution of the carboxylate moiety to GLIC inhibition. Molecular docking coupled to site-
directed mutagenesis support that the binding pocket is located below the classical orthosteric
site. These antagonists provide new tools to modulate conformation of GLIC, currently used

as a prototypic pLGIC and opens new avenues to study the signal transduction mechanism.

Introduction

Pentameric Ligand Gated Ion Channels (pLGICs) mediate signal transduction by
binding agonists, typically neurotransmitters, within their extracellular domain (ECD) coupled
to a global allosteric reorganization leading to ion channel opening within their
transmembrane domain (TMD).! So far, pLGICs were found in animals, including vertebrates
and invertebrates, as well as in several bacteria and a single archea.? Thus, pLGICs constitute
a large superfamily of receptors that are activated by a wide range of small organic
compounds, notably the neurotransmitters acetylcholine (activating nicotinic acetylcholine
receptors, nAChRs), glycine (activating the GlyRs), glutamate (activating notably the
glutamate chloride channel GluCl from C. elegans), y-aminobutyric acid (activating the
GABAARSs) and serotonin (activating the 5-HT3Rs), but also by zinc and protons. Despite this
large diversity in chemical structures, the wealth of biochemical and structural data
accumulated over the past decades show that all these agonists, except protons and zinc,
mediate their effect through the binding to a topologically conserved site from bacteria to
human: the orthosteric binding site.!

Initially studied by photoaffinity labeling and mutagenesis, the X-ray data accumulated over
the past decade provide a better 3D picture of the orthosteric binding site. For instance, GluCl
was co-crystallized with glutamate, its agonist,> and the bacterial pLGIC from Erwinia
chrysanthemi ELIC was co-crystallized with bromopropylamine,* one of its agonists and with

acetylcholine,’ one of its antagonists (Figure 1). Furthermore, AChBPs, soluble nAChRs



homologues of the ECD, were co-crystallized with diverse agonists and antagonists, thus
providing a wide corpus of structural information.® The orthosteric site is located within the
ECD at the interface between subunits, halfway between the ECD apex and the membrane.! It
is formed by the A-, B- and C-loops from one subunit (principal component) and the D-, E-,
F- and G-loops from the next subunit (complementary component), where E- and D- "loops"
are in fact involved in adjacent B-strands and not from per-se loop structures. Extensive
studies on AChBPs showed that A-, B-, C- and D-loops bring in Trp, Tyr or Phe residues.
One of the aromatic residues forming the aromatic box comes from D-loop from the
complementary site of the interface. A systematic mutational analysis further corroborated a
key role for the B-loop, in which a Trp elicits direct cation-mt interaction with the ammonium
ion.” Similarly, A-, B- and C-loops of GluCl and ELIC bring in several aromatic residues for
the binding of the primary ammonium of bromopropylamine (ELIC) and glutamate (GluCl).
Site-directed mutagenesis studies showed that equivalent features are present if not strictly

conserved in the GABA 5, glycine and 5-HT3 receptors.®!® The complementary site appears

more variable, accounting for the pharmacological diversity of pLGIC subtypes.

The bacterial homolog GLIC from Gloeobacter violaceus, whose structure is the
highest resolved among pLGICs (first at 2.9 A'! then at 2.4 A'?), provides a strikingly
different picture. Indeed, we showed that GLIC is activated by protons and so far no organic
agonist targeting GLIC have been described.!? Nevertheless, we recently showed that not only
GLIC but also a chimera composed of the ECD of GLIC fused to the TMD of the alphal GlyR
are activated by protons, showing that the proton activation site(s), although not identified
precisely, is (are) carried by the ECD.!* Furthermore, the orthosteric site of GLIC constitutes
an outlier within the pLGIC family both in terms of amino acid composition and of local
conformation: 1) it carries a cluster of charged residues and not of aromatic residues facing the

orthosteric site at the level of the binding loops (Supplementary Figure 1) and ii) the local



conformation of the B-loop, a key component of the binding site of the X-ray solved pLGICs,
adopts an atypical upward extended conformation. In addition, the orthosteric agonist-binding
cavity itself, visible for the other members, is absent in GLIC, notably due to an arginine of
the B-loop which overlaps with the ligands when GLIC structure is surperimposed on those of
ELIC, AChBP or GluCl, and to a tight “clamp” of the C-loop. Thus, facing to other pLGICs,
the GLIC "orthosteric" site is atypical implicating that the ligand binding site in this region
could be also unusual.

Since the X-ray crystallographic structure of GLIC has been solved at the highest
resolution (2.8 A at the start of our study), this protein is particularly suitable for rational in
silico ligand binding studies. With the aim of discovering ligands binding to the orphan
orthosteric site of GLIC we combined in silico screening, electrophysiological recording and
chemical synthesis. We screened a library of compounds involved in the metabolism of G.
violaceus that allowed the development of the first series of cinnamic acid derivatives that

inhibit GLIC currents at a micromolar range.

Results

Initial identification of GLIC ligands using a library of Gloeobacter violaceus
metabolites

In the ligand-bound structures of ELIC, GluCl and AChBPs, relatively large binding
pockets are observed at the orthosteric site (Figure la-c), with a calculated volume ranging
from 330 to 540 A3 (defining the cavity as the empty volume distant from the bound ligand by
less than 5A, all volumes were calculated using HOLLOW (http://hollow.sourceforge.net),'’
and the smallest ligands, such as amino-acids, are about 150 A? large. On the contrary, in the
GLIC structure, Argl33 from the B-loop together with the capped conformation of the C-loop

fill almost completely the central part of the interface, producing three independent smaller



pockets in the apical and basal sides of the interface (Figure 1d). Those pockets, while small
(calculated volumes of 70, 90 and 180 A?%), may still receive ligands having the size of
neurotransmitters (Figure 1d), if extended farther than 5 A.
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Figure 1: High-resolution structures of orthosteric binding sites of pLGICs. Structures are
represented in cartoon as a dimer of extracellular domains (Ls-AChBP in complex with
nicotine (a, PDB entry: 1UW6), GluCl with glutamate (b, PDB entry: 3RIF), ELIC with
acetylcholine (¢, PDB entry: 3ROW) and GLIC (d, PDB entry: 3EAM)), the cavities
calculated by PyMol and lined by atoms within 54 of the ligand are shown in surface. For
GLIC, atoms within 54 of nicotine, glutamate and acetylcholine molecules when all the four

structures are superimposed were selected.

For in silico docking, we selected a list of 2736 low-molecular weight compounds that
are described in the KEGG (Kyoto Encyclopedia of Genes and Genomes

(http://www.genome.jp/kegg/)) database as being involved in the Gloeobacter violaceus

metabolic and regulatory pathways. Indeed, our electrophysiological assays do not allow high



throughput experiments. The 3D structures of compounds with their hydrogen atoms and their
charges were calculated using Corina'® and qpd!’.

To find initial hits by in silico screening, we chose in a first attempt to artificially
enlarge the cavity. For that, we choose to produce a model of GLIC where the C-loop, known
to be flexible from the various AChBP structures, is forced in an open conformation, through
its alignment on the nicotine-bound AChBP’s C-loop conformation (pdb: 1UW6), using
Modeller (data not shown).!'® Compounds were then docked on homology models using
FlexX 2.2." Among the best scores, 46 compounds were finally manually selected based on
the poses redundancy, reasonable size and polar properties to be experimentally tested on

GLIC.

Caffeic acid inhibits proton-elicited currents with micromolar affinity

As compounds available in the KEGG database are not related to any real compound
library and cover as well a large structural diversity, we were faced with the problem of
synthesizing or ordering the compounds with best scores. To overcome this difficulty, the
InChiKeys?® (The TUPAC International Chemical Identifier (InChI), IUPA, 5 September
2007) of the 46 selected compounds were determined. These compounds were then identified

in the French "Chimiothéque Nationale" (http://chimiotheque-nationale.enscm.fr/) and were

tested for their effect on the GLIC protein using two-electrode voltage-clamp
electrophysiology upon expression in Xenopus oocytes.

For the initial screening, we selected a procedure allowing identification of both
potentiating and inhibiting compounds: oocytes expressing GLIC were first challenged with a
pH 5.5 MES-solution (near the ECso of GLIC activation) during 30 sec, a period sufficient to
reach a steady-state current. Then the compounds were applied for 30 sec at a 0.lmg/mL

concentration (which gives an approximated 0.5mM concentration depending on the



molecular weight of the compounds) in the same pH 5.5 buffer. Finally, the compounds were
washed away with pH 5.5 buffer alone to check the reversibility of their effect. Only two
compounds modified GLIC currents: even if the rank of these two ligands was respectively 17
and 20 within the 46 potentially agonists initially selected, with corresponding FlexX scores
of -26.50 and -25.77, caffeic acid and 2-hydroxycinnamic acid inhibited GLIC currents at
micromolar concentrations when co-applied with protons. While the two active compounds
are very close in terms of chemical structure, the caffeic acid was slightly more potent and
was thus selected for further characterization. The 44 remaining selected compounds had no
effect and were excluded for further analysis. Even if this approach yielded active
compounds, the disappointing results from the initial docking showed the less relevance of the
artificially cavity-enlarged model as GLIC model. In order to be more realistic, the intact
GLIC structure will be used as a better model to describe the whole set of data and the initial
GLIC model was abandoned for further analysis.

Dose-response curve for the inhibition of pH 5.5-elicited GLIC currents by caffeic
acid shows that the current is decreased by 93.7% at the saturating concentration of 1mM with
an ICso at 16.7 £1.2uM (Table 1). This inhibition is reversible upon washing and is not
modified by a change of voltage (data not shown), excluding a channel-block effect since

caffeic acid is mainly deprotonated and therefore charged at this pH (pKa= 4.65).

Synthesis of cinnamic acid analogues

With the ambition to define pharmacophores implied in the inhibiting activity and to
identify novel more potent and/or more efficient potential ligands, we undertook a systematic
structure-activity analysis by introducing chemical modifications on the three functional parts
of the caffeic scaffold: 1) the catechol moiety, ii) the terminal carboxylate function and iii) the

ethylenic spacer.



A series of synthesized or commercially available compounds were elected for their similar

general shape derived from the cinnamic platform with a western aromatic part linked to an

eastern terminal function by at least two carbon atoms. In order to clearly visualize the

pharmacomodulations introduced, we adapted the compounds nomenclature in relation with

its carbon skeleton nature (Figure 2).
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Figure 2: Evaluated compounds and nomenclature adopted.
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We distinguished four different scaffold series: i) analogous to caffeic acid, the 3.4-
dihydroxylated styrene framework (named as x-Caf-y); ii) equivalent to cinnamic acid, the
variously substituted styrene skeleton (x-Cin-y); and in order to develop new fluorescent

ligands iii) the naphthalene (x-Napht-y) and iv) coumarin (x-Coum-y) platforms (Figure 2).

Concerning synthetic ligands of caffeic series (x-Caf-y; Figure 3a), standard
procedures of esterification” and amidation= of caffeic acid (Caf-CO.H) afforded in relatively
good yields the methyl and ethyl caffeates (Caf-CO.Me and Caf-CO.Et) and the amide
derivative Caf-CONHEt respectively. The primary amide Caf-CONH, was prepared
according to a two-step procedure using tritylamine as a synthetic equivalent of ammonia.>
Finally, the dihydrocaffeic acid (a,f-diH-Caf-CO,H) was obtained by catalytic
hydrogenation of caffeic acid. Reduction of methyl caffeate Caf-CO.,Me by in sifu prepared
AlH;* led to alcohol derivative Caf-CH,OH in modest yield.

In the case of synthetic ligands of cinnamic series (x-Cin-y; Figure 3b), we were
interested in preparing cinnamic acid analogues in which the carboxylic acid function was
modified. N-methoxy cinnamamide Cin-CONH(OMe) was synthesized in a good 70% yield
over two steps from cinnamic acid> In addition, the Knoevenagel condensation of
benzaldehyde with malonic acid using L-Proline as both solvent and organocatalyst afforded
the diacid analogue Cin-(COOH), in moderate 40% yield.»

To study the effect of the molecule length on ligand activity and affinity, we attempted
to prepare the vinylogous cinnamic acid Cin-CH=CH-CO.H. Its access was quite difficult.
Indeed, Knoevenagel-Doedner condensation of cinnamaldehyde with malonic acid in standard

condition under ultrasound activation did not give the expected adduct.
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Figure 3: Access to synthetic ligands of the caffeic (a)

The Knoevenagel vinylogous a-carboxycinnamic acid Cin-CH=C(COOH), was the
sole isolated compound in high 90% yield. In a second step, the diacid decarboxylation was

carried out under microwave irradiation giving a mixture of two separable stereoisomers in a
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7:1 ratio in favor of the E/E isomer which was isolated in 28% yield.

A total of fifteen commercial and nine synthetic compounds were thus used for further

analysis (Figure 4 and Table 1).



The carboxylate moiety is determinant for the inhibitory effect
Both commercial and synthetic derivatives were tested in Xenopus oocytes expressing
GLIC WT at pH 5.5, with the same protocol that was used for the initial screening of the

caffeic acid (Figure 4, Table 1).
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Figure 4: Activities of the caffeic acid analogues. a: Maximal inhibition of GLIC currents at
pH 5.5 by a 100 uM compound solution. b: Example traces of current inhibition by co-

application of protons and Caf-COOH or Caf-CONH.

Concerning the variation of phenyl substituents on Cin-COOH or Caf-COOH
scaffold, results showed that the nature of the weak deactivating atom or function, positioned
in meta or/and para of the unsaturated arm, had moderate effects on the compound’s activity
(change in ICso less than 3 fold). Nevertheless, steric hindrance of the conjugate acid imposed
by the presence of a methoxy group in position meta (3,4-diOMe-Cin-COOH, 12-fold
increase in ICso) results in an erosion of the corresponding ligand activity.

Furthermore, replacement of the deprotonable carboxylic acid function by analogous proton-



donating amide groups (Cin-CONHOMe, Caf-CONH; and Caf-CONHEt) or analogous
proton-accepting ester functions (Caf-CO;Et and Caf-CO:Et) resulted in a marked decrease
of the inhibitory activity (more than a 100-fold change in ICso). Converting the cinnamic acid
into hindered benzylidenemalonic acid (Cin-(COOH):) causes a complete loss of activity.
Conversely, reduction of the carboxylic acid group into the more flexible H-bond accepting
alcohol function (Caf-CH>OH) maintains a good activity.

Finally, structure-activity relationship studies were extended to evaluate the effect of
the linker nature between the aromatic part and acidic function. Modification of the trans-
acrylic acid region by the analogous hydrogenated propionic acid (a,p-diH-Caf-COOH) or
by the bioisosteric oxyacetic acid (a-H,B-0xa-Cin-COOH) has a slight but significant
decrease in inhibitory effect: the presence of an unsaturated linker able to delocalize with the
n-system improves potency over the simple CHz-CHz linker element (a,B-diH-Caf-COOH).
These results showed the importance of the rigid and planar conformation adopted by this
linking part to maintain the inhibiting activity. Similarly, replacement of styrene moiety by
naphthalene as constraint isoelectronic analogue (Napht-COOH) gives more or less the same
compound activity. Nevertheless, as expected according to the weaker potency of Cin-
(COOH);, coumarin analogue (Coum-COOQOH) exhibits an 8-fold lower potency than the
cinnamic acid (Cin-COOH). Surprisingly, elongation of the acrylic linker into an acrylic
vinylogue (Cin-CH=CH-(COOH),) favors the recovering of a good activity (2.5-fold

inferior to Cin-COOH).



Table 1: Activity of the cinnamic acid derivatives and analogues. For some compounds,

measured pK, is given. For solubility issues, some compounds were tested up to 300uM ™ or

100uM
. Maximal
Compound I1Cs0=SD ;lfm(lla{;; pK.  inhibition at ImM ':)‘;T:;f:
(% +SD)

Cin-COOH 34.6 £6.0 uM 1.0 £0.1 4.5 97.5+0.2 3
3-CI-Cin-COOH 13.7+£0.9uM 0.9 £0.05 4.8 95+1.9 3
3-CF3-Cin-COOH 25.3 £1.4 uyM 1.1 £0.06 4.6 94.6 £2.1 3
4-OH-Cin-COOH 9.59+1.7uM  0.64 +0.08 ND 91.4 £5.6* 3
3,4-OCH,0-Cin-COOH  28.8 £1.4 uM 1.1 £0.06 ND 79.7 £5.5%%* 3
Cin-CONHOMe ND ND - ND 3
Cin-(COOH), 7.94 £4.8 mM 0.6 +0.1 3.5/4.95 25.049.5 3
Cin-CH=C(COOH): 83.5+£54uM 0.9 +0.05 3.45/6.0 922423 3
a-H-B-oxa-Cin-COOH  53.3 £2.5 uM 1.3 +£0.07 ND 98.5 £0.5 3
a-OH-B-H-Cin-COOH ND ND ND ND 3
Cin-CN ND ND - ND 3
Caf-COOH 16.7+1.2uM 0.9 £0.05 4.65 93.76 £1.2 6
4-O-Me-Caf-COOH 13.5+£13uM 0.8 £0.06 ND 98.5 0.5 3
Caf-CH»-OH 73.9 £7.7 uM 1.4 +0.2 - 95.2 1.1 3
Caf-COOEt 246 +46 uM 1.3+0.3 - 91.8+4.4 3
Caf-COOMe 388 +67 uM 1.1+0.2 - 78.0 £7.2 3
Caf-CONH; 347 £90 uM 0.6 +0.1 - 51.6 £3.1* 3
Caf-CONHEt 295 £66 uM 1.0 £0.2 - 81.6 +2.1 3
a,B-diH-Caf~-COOH 86.8£52uM 0.9 +0.04 ND 90.5£2.2 3
3,4-di0-Me-Caf-COOH 206 +21 uM 0.97 £0.1 4.55 75.6 £2.4 3
Napht-COOH 61.4+7.9 uM 1.1 £0.1 ND 96.4 0.8 3
Napht-SO;H ND ND ND ND 3
Coum-COOH 282 £20 uM 1.2 £0.1 ND 84.0+£9.3 3
7-OMe-Coum-COOH 168 14 uM 1.4 £0.1 ND 96.0 £3.5 3

Notice that the more acidic naphthalene-2-sulfonic analogue (Napht-SOzH), the



cinnamonitrile analogue (Cin-CN), the Cin-CONHOMe analog and the hydrogenated
cinnamic acid bearing a proton-donating group in a position (a-OH,B-H-Cin-COOH) have
no significant effect on GLIC currents up to ImM.

Overall, engineering the catechol moiety or the ethylenic spacer has little effects on
the compounds activity, while modifying the terminal carboxylate function has a strong
deleterious impact, except for the alcohol derivative (Caf-CH,OH). It thus seems that a
scaffold to inhibit GLIC currents should comprise an activated or weakly deactivated
aromatic moiety linked to a polar function with proton-accepting abilities by a hydrophobic

planar arm.

pH-dependance of the inhibitory effect

To investigate the relation between the protonation state of the carboxylate moiety and
GLIC inhibition, we tested the inhibitory effect of Caf-COOH at various pHs. The maximal
inhibition at a 100uM concentration is reduced from 80% at pH 5.5 to less than 15% at pH
4.0, with an intermediate value of 42% at pH 4.5 (Figure 5). By contrast, the ICs is similar at
all tested pHs, ranging from 6 to 18uM. Two explanation are possible for this effect: either
the pH directly modify the structure of the compounds via protonation/deprotonation
mechanism, or this effect is a non-competitive mechanism between both ligands (maximal
inhibition reduced with unchanged apparent affinity). To check whether this effect is due to
direct protonation/deprotonation of Caf-COOH, we studied the pH-activity relationship of
the non titratable Caf~-CONHE derivative (Figure 5). The Caf-CONHEL is less potent but as
efficacious as Caf-COOH, since it inhibits the pHS5.5-elicited currents of GLIC at higher
concentrations (ICso of 295 uM vs 16.7 uM) but with similar maximal inhibition (93% vs
81%). However, we found that inhibition by near-ECso concentrations of Caf-CONHEt (300

uM) and Caf-COOH (9 uM), equally drops from 40% at pH 5.5 to 15 % at pH 4, showing



that Caf-CONHETt displays the same pH-dependence as Caf-COOH. This pH-effect is not

due to a titration of caffeic acid, since the non-titrable Caf-CONHEt has the same

dependence.
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Figure 5: pH-dependance of the caffeic acid effect. a: Dose-inhibtion curves of GLIC wild-
type by the caffeic acid obtained at pH 4.0, 4.5, 5.5 and 6.0. b: Inhibitory effect of Caf-COOH

and the non-charged Caf-CONHETt derivatives at pH 5.5 and pH 4.0.

Thus, at this stage, the shape of the concentration-inhibition curves argues for a non-
competitive inhibition of proton by Caf-COOH. Caf-COOH would bind and favor a closed-
channel conformation that would counteract the proton effects at low pHzo (pH allowing 20%
of the maximal response) concentration, but that would be overcome by maximal proton-

elicited activation at the pHioo (100% activation).

The caffeic acid inhibits GLIC near the orthosteric site
In order to investigate whether caffeic acid (Caf~-COQOH) binds nearby the orthosteric
region of GLIC, we performed a series of single mutations on GLIC, at positions known for

their implication in the binding of orthosteric ligands in other pLGICs (Figure 6 and



Supplementary Table 1), and which would interact with the carboxylate group. We mutated
titratable residues from the A-, B-, and C-loops in the principal subunit: Arg77 (hydrophobic
residue in other pLGICs), Argl33 (aromatic residue in other pLGICs), and Glul77/Glul81,
respectively. We also mutated a conserved arginine residue from P6 (E-loop) from the
complementary subunit (Argl05) into alanine. Those single mutants exhibit wild-type
properties regarding their proton sensitivity (pHso = 5.2, Imax = -5.9uA, ng = 2.0,

Supplementary Table 1).
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Caffeic acid inhibition for the E181A mutant was similar to that observed for the wild-type
(ICso = 24.1 +3.4uM, 80% inhibition at 100uM). For R77A, R105A and E177A, the
concentration-inhibition shifts to higher concentrations by more than 10-fold (ICso = 945, 420
and 506uM respectively, 15% inhibition at 100uM, Figure 2), while for the R133A mutant,
the caffeic acid has no more effect on the proton-elicited currents of GLIC even when applied
at ImM. This strongly suggests that the caffeic acid inhibitory site is located at the interface

between subunit, close to residues 77, 105, 133 and 177.

ICsos are correlated to a posteriori in silico docking

In order to investigate a more realistic binding site for the evaluated compounds and
interpret in a quantitative manner the structure-activity data, we ran another docking assay of
the whole series of derivatives, this time using the intact open-channel X-ray structure of
GLIC at 2.4A resolution'? (PDB entry: 4HFI). Since this structure does not exhibit cavities
overlapping the other pLGICs orthosteric cavity, we considered a larger region (i.e. at more
than SA from nicotine), thus enlarging the previously defined three small cavities (Figure 7).
At the bottom of the lower one that is below the C-loop, the 2.4 A structure highlights the
presence of an acetate molecule from the crystallization buffer, in tight interaction with Arg77
from the A-loop'?. As the carboxylate group of the derivatives seemed to be determinant for
their activity, we chose to target this particular cavity, which besides is surrounded by Arg77,
Argl05, Argl33 and Glul81, to investigate the binding of our compounds (Figure 7). The
docking was performed using leadit-1.3.0 (BioSolvelT, integrated version of FlexX) with a
binding pocket from the list of residues closer than 8A from the acetate molecule. The dimer
interface between chains C and D was used to dock 44 compounds, which had been converted

into sdf format with openlabel 2.3.1 (http://openlabel.org). Ten poses were kept for each

ligand, and the one yielding the best score was used for further analysis.



e

) X

(Loop C) |

s\
b R77
(Loop A)
\ R105
“ﬁ ?’ (Loop E)

N152

S .Q (Loop F)

Figure 7: Docking pose of caffeic acid in the cavity that is predicted to bind acetate and
ketamine. a: Cavity lined by atoms within 54 of the acetate molecule in the GLIC structure
(PDB entry: 4HFI). The enlarged view shows the molecular docking of a caffeic acid
molecule in this precise cavity. b: Hydrophilic interactions predicted by the best docking
pose. Dashes show inter-atoms distances <34. ¢: Residues of GLIC predicted to be at <54 of
the caffeic acid. Residues in grey form a hydrophobic ring protecting the catechol moiety,

hydrophilic residues in cyan contact the carboxylate and the hydroxyl moieties.

We compared the docking scores in this cavity with the measured 1Cso (Figure 8), for
the compounds with an ICso <300uM. Nineteen compounds could be docked and analyzed.
Three compounds displayed poor correlation between their docking scores and measured 1Cso.

The sixteen other ones yielded a satisfying correlation (Spearman nonparametric correlation



coefficient r=0.85, p<0.0001). The docking matched the structure-activity analysis: caffeic
acid and other good inhibitors docked with good score into the targeted cavity (Figure 7), with
the carboxylic acid positioned at the acetate binding site, facing the guanidinium residue of
Arg77, at the same position than the acetate molecule in the GLIC structure (Supplementary
Figure 2). The negative charge of the carboxylate is also close to the side chains of Argl05
and Glul81. The alkyl chain and the aromatic group are surrounded by five hydrophobic
residues (Ile25, Phe42, Val79, Ile131 and Leul76). Those residues form a narrow tunnel that

guides the two polar hydroxyl moieties in contact with Asn152 and the solvent.
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Figure 8: Correlation between docking scores in the acetate cavity and ICso of the

derivatives.

This docking pose accounts for the structure-activity pattern, notably for the key role
of the carboxylate function, and the weak impact of the nature of the substituents of the

phenyl part. Conversely, compounds without carboxylate and compounds presenting steric



hindrance did not dock properly in agreement with their weak inhibitory effects (Figure 8).
Altogether, these results suggest that the whole series binds to a common site, located in the
orthosteric region of GLIC, except for the three outliers that have intermediate 1Cso but a
weak docking score and for which we cannot conclude.

Overall, this a posteriori docking allows proposing an extracellular binding site for the

caffeic acid that is consistent with both structure-activity and mutagenesis data.

Discussion and Conclusions

In this study, we identified two cinnamic acid derivatives inhibiting GLIC at
micromolar concentrations. Our combined mutational, structure-activity and in silico docking
analyses support that those compounds can bind in a pocket near the orthosteric site.
Unexpectedly, our approach led to the discovery of antagonists and the docking assays were
successful even if they were conducted on the open-structure of GLIC. We have at present no
answer to this paradox, but a possible interpretation is that those compounds would bind a
closed-channel conformation with a higher affinity than the open-channel conformation (non-
exclusive binding). In such a scheme, the orthosteric site would reorganize in an inactive state
to allow a better interaction between the ligand and neighboring residues. Future experiments,
notably by X-ray crystallography are needed to challenge this hypothesis.

Our analysis shows that mutations of titratable residues surrounding caffeic acid in the
docking pose strongly decrease its inhibitory effect without significant changes in proton
activation pharmacology. This suggests that protons and caffeic acid “binding” sites do not
overlap completely. Furthermore, with the mutations presented in this work, we exclude some
residues for being responsible by themselves for the proton sensitivity in the “orthosteric” site
of GLIC. The proton activation site(s) are thus probably located in other parts of the ECD (at

least in part), a question which remains open and difficult to tackle since proton activation of



channels often involves clusters of charged residues as shown for ASICs or KcsA. In the case
of GLIC, it is thus plausible that more than one single residue is involved, a cluster that could
or could not include those responsible for the caffeic binding. Most pLGICs are modulated by
pH,?#3% and some of them can directly be activated like GLIC by a change of extracellular
proton concentration, such as the pHCl D. melanogaster, which is activated at high pH,3! or
the PBO-5/6 from C. elegans which is activated at low pH.3? Nevertheless, the residues
involved in these activations are also unknown and the sequence alignments show that their
orthosteric site is completely different from that of GLIC.

Little is known about both the pharmacology and the physiological role of the
prokaryotic pLGICs in bacteria. Concerning Gloeobacter violaceus, GLIC may constitute a
proton sensor allowing the regulation of the proton gradients that are critical for cyanobacteria
photosynthesis. The antagonists we identified are derived from cinnamic acid, which is part of
the metabolism of phenylpropanoids, derived from phenylalanine and biosynthesized by
plants. Gloeobacter violaceus is a photosynthetic bacterium, and even if its metabolism is not
completely described, it is possible that this bacterium can synthesize cinnamic acid
derivatives itself for quorum sensing or can be in contact with them in its native environment.

Anyhow, the cinnamic derivatives presented here will constitute useful tools to
investigate the molecular mechanisms of signal transduction operating in GLIC. Indeed,
several studies validated GLIC as a good model for understanding pLGICs properties: 1)
GLIC functions as a ligand-gated ion channel that generates cationic currents upon proton
binding,'? ii) the coupling of the ECD and the TMD in GLIC is similar to that occurring in
eukaryotic pLGICs since the ECD of GLIC can be functionally coupled to the TMD of the
alGlyR," iii) GLIC is sensitive to classical allosteric modulators of eukaryotic pLGICs such

35

as channel blockers,** alcohol** or general anesthetics,?> and the related binding sites were

studied and identified by X-ray crystallography.?’-*6-3% X-ray structures of GLIC in two



conformations, an open-channel and locally-closed form, allowed to enrich our knowledge of

1139 and gave clues to understand ion permeation'?. The

the allosteric transitions of pLGICs
availability of large amount of GLIC also allowed biophysical investigations notably by EPR
to probe the structural changes associated with desensitization.*® However, due to the GLIC
unusual mode of activation, involving labile protons, the homology between GLIC and
neurotransmitter-gated pLGICs with respect to the coupling of the agonist-binding site with
the rest of the channel to open it through an allosteric transition can be questioned. In this
context, our series of antagonists acting at the ECD thus provides new instruments to
investigate the conformational changes occurring at this level, as well as pharmacological

tools to perform biophysical experiments and to trap additional closed-channel conformations

of GLIC.

Experimental section

Identification of virtual compounds in virtual libraries using the InChiKey.

Various commercial and academic libraries had been collected and installed (190 libraries
covering appreciatively 7.7 million compounds, which 3D structures were calculated with
protons). Global indexation of the compounds was built with their [UPAC International
Chemical Identifiers (InChl).” To expedite the search of large number of compounds, the
indices were pre-indexed hierarchically according their first characters. Use of two level of
pre-indexation proved sufficient to extract efficiently dozens of thousands of compounds out

of a meta base composed of multi-millions of compounds.

Molecular Docking
The docking was performed using leadit-1.3.0 (BioSolvelT, integrated version of FlexX) with

a binding pocket including the following list of residues closer than 8A from the acetate



molecule (125, F42, R77, F78, V79, R105, 1131, R133, L176 and E181). The dimer interface
between chains C and D was used to dock 44 compounds, which had been converted into sdf

format with openlabel 2.3.1 (http://openlabel.org). Ten poses were kept for each ligand, and

the one yielding the best score was used for further analysis.

Functional assays

Chemicals, buffers, and media composition — The oocytes were obtained from the centre de
resources biologiques-Rennes. Injected oocytes were incubated in Barth’s medium (88 mM
NaCl, 1 mM KClI, 24 mM NaHCO,, 15 mM HEPES, 0.3 mM NaNO,, 0.7 mM CacCl,, 0.8
MgSO.). The electrophysiological buffers contain 100 mM NaCl, 3 mM KCl, 1 mM CacCl,, 1
mM MgCl, and 10 mM MES and are adjusted to the appropriate pH with HCl or NaOH.
Stocks solutions of the compounds were prepared in DMSO or water at 0.5 or 1 M and were
diluted directly in the buffer to the required concentration with pH adjusted to the indicated
concentration.

Electrophysiology recordings - Oocytes were prepared and recorded as previously described.”
Traces were analyzed by Clampfit (Axon Instruments) or AxoGraph X and SigmaPlot 11

(Systat) or Plot. All currents were measured at -40 mV. Concentration-inhibition curves were

fitted using :
(M)*m): oL l+100.
Imax IC 50)
[L]
Chemistry

Commercial reagents were purchased at Sigma Aldrich and used without purification. Prior to

use, Acetone, THF and MeOH were freshly distilled respectively from molecular sieves (3



A), sodium/benzophenone or Mg/, while DCM was dried by means of a SP-1 Stand Alone
Solvent Purification System apparatus (LC Technology Solutions Inc). DMF was freshly
distilled from CaH> at reduced pressure. All anhydrous reactions were carried out under argon
atmosphere. Analytical thin layer chromatography was performed using glass plates precoated
with silica gel 40 F2s4 and was revealed by UV-light. All flash chromatography separations
were performed on silica gel (40-63 pm). Melting points were recorded on a melting point
apparatus (Dr Totoli) and were uncorrected. Infrared (IR) spectra were obtained as neat films.
'H, 3'P and 3C spectra were recorded respectively at 300 MHz, 81 MHz and 75 MHz.
Deuterated solvent used as internal reference was specified for each compound. Purity of
synthesized compounds was determined by RP-HPLC using a 150 mm X% 2.1 mm (3.5 pum)
XBridge C18 column: compounds were eluted in 20 min with a gradient from 95%

MeCN/5% water/ 0.2%HCOOH to 5% MeCN/95% water/ 0.2%HCOOH.

General procedure for the synthesis of ester derivatives Caf-CO.Me and Caf-CO.Et. To a 0.5
M solution of caffeic acid Caf-CO.H (1 eq.) in anhydrous alcohol was carefully added thionyl
chloride (2.4 eq.). After refluxing for 1 h, the mixture was concentrated and the residue
purified by column chromatography (cyclohexane/EtOAc 5/5) to yield the desired compound.
(E)-Methyl 3-(3,4-dihydroxyphenyl)acrylate (Caf-CO,Me). White solid (65% yield); Rf =
0.50 (cyclohexane/EtOAc 5/5); mp 160-162°C (lit. 159°C)=; 'H NMR (MeOD-d, 300 MHz)
8=3.75 (s, 3H, CO.CH,), 6.25 (d,*J = 159 Hz, 1H, PhnCH=CHCO,), 6.79 (d,*J = 8.1 Hz, 1H,
CHarom), 693 (dd,:J =8.1 Hz,«J = 1.2 Hz, 1H, CHarom), 7.05 (d,+J = 1.1 Hz, 1H, CHarom),
7.54 (d,*J = 159 Hz, 1H, PhnCH=CHCO,); "C NMR (MeOD-d,, 75 MHz) 6 =52.1 (CO.CH,),
1149+115.2+116.5+123.0 (PhCH=CHCO, + 3 CHarom), 127.7+146.84149.6 (3 Cgarom),
1470 (PhCH=CHCO.,), 169.8 (CO.); IR (cm") v,. = 3479, 2952, 2577, 1666, 1625, 1605,

1536, 1515, 1433, 1387, 1307, 1277, 1237, 1192, 1156, 1045, 969; HPLC purity (A = 254



nm): 98 % (retention time: 12.4 min).

(E)-Ethyl 3-(3,4-dihydroxyphenyl)acrylate (Caf-CO,Et). White solid (85% yield); Rf = 0.45
(cyclohexane/EtOAc 5/5); mp 146-148°C (lit. 149-151°C)>; 'H NMR (acetone-d6,300 MHz) &
=1.13 (t,»J = 7.2 Hz, 3H, CO.CH.CH)), 405 (q,*J = 7.1 Hz, 2H, CO.CH.CH,), 6.14 (d, *J =
15.9 Hz, 1H, PhCH=CHCO,), 6.73 (d, J = 84 Hz, 1H, CHarom), 6.90 (dd, *J = 8.1 Hz,J =
1.8 Hz, 1H, CHarom), 7.03 (d, */ = 1.8 Hz, 1H, CHarom), 740 (d, *J = 159 Hz, 1H,
PhCH=CHCQO,), 8.02+8.28 (2 bs, 2 x 1H, 2 OH); *C NMR (acetone-d6, 75 MHz) §=14.7
(CO.CH.CH)), 60.6 (CO.CH.CH,), 1152+115.84116.4+122.5 (PhCH=CHCO, + 3 CHarom),
127.7+146.3+148.7 (3 Cgarom), 145.6 (PhCH=CHCO,), 167.5 (CO.); IR (cm") v,. = 3430,
2960, 2581, 1658, 1610, 1596, 1515, 1453, 1307, 1281, 1219, 1173, 1118, 1051, 973; HPLC
purity (A =254 nm): 99 % (retention time: 13.7 min).
(E)-3-(3,4-Dihydroxyphenyl)-N-ethylacrylamide (Caf-CONHEt). To a solution of caffeic
acid Caf-CO.H (108 mg, 0.60 mmol, 1 eq.) in DMF (1 mL), were added, at 0°C, DIEA (110
uL, 0.63 mmol, 1 eq.), ethylamine 70%wt in water (75 uL, 091 mmol, 1.1 eq.) then the
solution of BOP (280 mg, 0.96 mmol, 1 eq.) in DCM (1 mL). After stirring at room
temperature for 24 h, the mixture was concentrated, the residue poured into water and
extracted three times with EtOAc. The combined organic layers were then washed with HCI 1
M and brine, dried over Na,SO,, filtered and the filtrate concentrated. The residue was finally
purified by column chromatography (cyclohexane/EtOAc 3/7) to yield Caf-CONHEt as a
white solid (72 mg, 58% yield); Rf = 0.15 (cyclohexane/EtOAc 3/7); mp 178-181°C (lit. 117-
118°C)»; '"H NMR (MeOD-d, 300 MHz) § = 1.06 (t,*J = 7.4 Hz, 3H, CONHCH.CH,), 3.21 (q,
J =72 Hz, 2H, CONHCH.CH,), 6.25 (d,*J = 15.6 Hz, 1H, PhCH=CHCON), 6.67 (d,*J = 8.4
Hz, 1H, CHarom), 6.79 (dd, *J = 8.1 Hz,+J = 1.8 Hz, 1H, CHarom), 691 (d, +J = 2.1 Hz, 1H,
CHarom), 7.28 (d, *J = 15.6 Hz, 1H, PhnCH=CHCON); “*C NMR (MeOD-d,, 75 MHz) § =

14.9 (CONHCH.CH,)), 354 (CONHCH.CH.), 115.14116.5+118.5+122.1 (PhCH=CHCON + 3



CHarom), 128.4+146.7+148.7 (3 Cgarom), 142.1 (PhCH=CHCON), 168.6 (CON); IR (cm")
V.. = 3312, 2359, 1651, 1592, 1555, 1514, 1482, 1469, 1421, 1388, 1369, 1347, 1300, 1265,
1239, 1205, 1172, 1116, 992, 969; HPLC purity (A = 320 nm): 95.5 % (retention time: 9.8
min).

(E)-3-(3,4-Dihydroxyphenyl)acrylamide (Caf-CONH,). To a solution of caffeic acid Caf-
CO.H (200 mg, 1.1 mmol, 1 eq.) in DMF (1 mL), were added, at 0°C, DIEA (195 uL, 1.1
mmol, 1 eq.), tritylamine (738 mg, 2.8 mmol, 2.5 eq.) then the solution of BOP (475 mg, 1.1
mmol, 1 eq.) in DCM (2 mL). After stirring at room temperature for 96 h, the mixture was
concentrated, the residue poured into water and extracted three times with EtOAc. The
combined organic layers were then washed with HCl 1 M and brine, dried over Na,SO.,,
filtered and the filtrate concentrated. The residue was finally purified by column
chromatography (cyclohexane/EtOAc 5/5 to 3/7) to yield Caf-CONHTT as a white solid (132
mg, 28% yield). Rf = 0.35 (cyclohexane/EtOAc 5/5); mp 84-86°C; '‘H NMR (MeOD-d,, 300
MHz) 6 = 7.20-7.30 (m, 20H, CHarom); "C NMR (MeOD-d,, 75 MHz) 6 = 67.7 (CPh3),
1154+4116.5+119.3+122.3 (PhCH=CHCON + 3 CHarom), 127.9 (CHtrityl), 146.2+149.4 (2
Cgarom), 128.8+129.0+129.5+130.1 (CHtrityl), 142.7 (PhCH=CHCON), 168.7 (CONH); IR
(cm-1) v, = 3473, 1595, 1488, 1444, 1285, 1201, 1180, 1117, 1032, 946; HPLC purity
(A =320 nm): 70 % (retention time: 18.3 min). To a solution of Caf-CONHTTr (66 mg, 0.16
mmol, 1 eq.) in anhydrous DCM (300 xL), was added TFA (600 pL). After stirring at room
temperature for 3h, addition of triethylsilane (75 uL, 0.47 mmol, 3 eq.) and further stirring at
room temperature for 30 min., the mixture was concentrated and the residue purified by
column chromatography (EtOAc 100) to yield Caf-CONH, as a white solid (19 mg, 68%
yield); Rf = 0.45 (EtOAc 100); mp 165-169°C; 'H NMR (MeOD-d,, 300 MHz) & = 6.40 (d, 3/
= 15.6 Hz, 1H, PhCH=CHCON), 6.76 (dd, 3J = 8.1 Hz, 4/ = 1.5 Hz, 1H, CHarom), 691 (d,

3J = 84 Hz, 1H, CHarom), 7.01 (d, 4/ = 1.8 Hz, 1H, CHarom), 741 (d, 3/ = 159 Hz, 1H,



PhCH=CHCON); *C NMR (MeOD-d, 75 MHz) & = 115.1+116.5+117.8+122.3
(PhCH=CHCON + 3 CHarom), 128.2+146.8+149.0 (3 Cgarom), 143.4 (PhCH=CHCON),
171.7 (CONH2); IR (cm-1) v.. = 3330, 1680, 1649, 1626, 1564, 1528, 1451, 1207, 1196,
1137, 1109, 969; HRMS Calcd for CHNO, ([M+Na]): 202.0480, found 202.0486; HPLC
purity (A =320 nm): 98 % (retention time:7.1 min).

3-(3,4-Dihydroxyphenyl)propanoic acid (a,p-diH-Caf-CO.,H). To a solution of Caf-CO.H
(81 mg, 0.45 mmol, 1 eq.) in MeOH (4 mL) was added catalytic amount of Pd/C. After
stirring at room temperature overnight under an hydrogen atmosphere (1 atm), the mixture
was filtered over celite, washed with MeOH and the filtrate concentrated to yield a,p-diH-
Caf-CO.H as a white solid (80.5 mg, 99% yield); Rf = 0.21 (cyclohexane/EtOAc 5/5); mp
134-136°C (lit. 137-139°C)+; 'H NMR (MeOD-d, 300 MHz) 6= 242 (t,*J = 7.5 Hz, 2H,
PhCH.-CH.CO,), 2.65 (t,*J = 7.7 Hz, 2H, PhCH-CH.CO.,), 642 (dd, *J = 7.8 Hz, +J = 1.5 Hz,
1H, CHarom), 6.56 (d, *J = 1.8 Hz, 1H, CHarom), 6.57 (d, *J = 8.4 Hz, 1H, CHarom); “C
NMR (MeOD-d,, 75 MHz) 6=315 (PhCH-CHCO,, 374 (PhCH-CH.CO,),
116.4+116.5+120.6 (3 CHarom), 133.9+144.5+146.2 (3 Cqarom); IR (cm") v,. = 3300, 1713,
1604, 1518, 1444, 1362, 1284, 1194, 1149, 1113; HPLC purity (A = 240 nm) > 99 %
(retention time: 9.2 min).

(E)-4-(3-Hydroxyprop-1-enyl)benzene-1,2-diol (Caf-CH,OH). To a solution of LiAIH. (31
mg, 0.8 mmol, 1.9 eq.) in anhydrous THF (4 mL), was added dropwise a solution of benzyl
chloride (94 uL., 0.8 mmol, 1.9 eq.) in anhydrous THF (1 mL) and the mixture was stirred at
room temperature for 30 min. to allow formation of AlH.. To this solution was added
dropwise a solution of Caf-CO,Me (83 mg, 0.4 mmol, 1 eq.) in anhydrous THF (1 mL). After
further stirring at room temperature for Sh, the mixture was successively treated with NaHCO,
5% (10 mL) and HCI 1 M (10 mL) then extracted with DCM (3x10 mL). The combined

organic layers were washed with brine (15 mL), dried over Na,SO,, filtered and concentrated.



The residue was finally purified by column chromatography (cyclohexane/EtOAc 5/5) to
yield Caf-CH,OH as a brownish solid (25 mg, 35% yield); Rf = 0.15 (cyclohexane/EtOAc
5/5); mp 147°C (lit. 144-145°C)=; '"H NMR (MeOD-d, 300 MHz) 8 =4.16 (dd,*J = 1.5 Hz,J =
6.0 Hz, 2H, CH.OH), 6.11 (td,*J = 6.0 Hz,*J = 15.6 Hz, 1H, PhCH=CHCH.), 6.43 (d,*J = 15.6
Hz, 1H, PhCH=CHCH,), 6.72 (m, 2H, CHarom), 6.87 (d,*J = 1.5 Hz, 1H, CHarom); "C NMR
(MeOD-d,, 75 MHz) § = 64.0 (CH.OH), 114.0+116.3+119.9+126.7 (PhCH=CHCH, + 3
CHarom), 130.7+146.4+146.4 (3 Cgarom), 132.2 (PhCH=CHCH.,); IR (cm') v max 3600-
3300, 2928, 1652, 1591, 1458, 1416, 1058, 968; HPLC purity (A = 254 nm): 86 % (retention
time: 8.8 min).

(E)-N-Methoxycinnamamide (Cin-CONHOMe). To a solution of Cin-COH (300 mg, 2
mmol, 1 eq.) in anhydrous DCM (10 mL) was added dropwise thionyl chloride (365 uL, 5
mmol, 2.5 eq.). After refluxing for 2h and cooling, the mixture was concentrated and diluted
with anhydrous DCM (20 mL). O-Methylhydroxylamine hydrochloride (126 mg, 2.3 mmol,
1.1 eq.) and pyridine (390 uL, 4.9 mmol, 2.4 eq.) were added at 0°C. After stirring at r.t.
overnight, the reactive medium was washed with water, the organic layer was then dried over
Na,SO,, filtered and the filtrate concentrated. The residue was finally purified by column
chromatography (cyclohexane/EtOAc 5/5) to yield Cin-CONHOMe as a white solid (250
mg, 70% yield). Rf = 0.30 (cyclohexane/EtOAc 5/5); mp = 87-90°C (lit. 93-95°C)»; 'H NMR
(CDCl, 300 MHz) & 3.75 (s, 3H, OCH,), 6.56 (m, 1H, PhCH=CHCO), 7.20 (m, 4H, CHarom),
7.39 (m, 1H, CHarom), 7.65 (d, *J = 15.6 Hz, 1H, PhCH=CHCO), 10.70 (bs, 1H, NH); ~C
NMR (CDCl, 75 MHz) 8 64.3 (OCH)), 117.3 (PhCH=CHCO), 127.9+128.8+129.9 (3
CHarom), 134.7 (Cgarom), 144.8 (PhCH=CHCO), 164.7 (CO); IR (cm*) v max 3130, 1649,
1617, 1522, 1342, 1220, 1059, 972, 929; HPLC purity (A = 254 nm): 98 % (retention time:
12.3 min).

2-Benzylidenemalonic acid (Cin-(CO,H),). A mixture of benzaldehyde (200 pL, 2.0 mmol, 1



eq.), malonic acid (206 mg, 2.0 mmol, 1 eq.) and L-Proline (24 mg, 0.2 mmol, 0.1 eq.) was
heated at 95°C for 2h then cooled and diluted in DCM The organic layer was washed with
HCI 1M, then the aqueous layer was extracted with DCM. The combined organic layers were
dried over Na.SO,, filtered and the filtrate concentrated. The residue was finally recristallized
in DCM to yield the desired compound Cin-(CO.H), (152 mg, 40% yield). Rf < 0.05
(DCM/EtOH 9/1); mp = 188-190°C (lit. 191°C)«; H NMR (MeOD-d,300 MHz) 6 = 5.73 (bs,
2H, 2 COOH), 7.40 (m, 3H, CHarom), 7.58 (m, 2H, CHarom), 7.70 (s, 1H, PhnCH=C(CO.H).);
“*C NMR (MeOD-d,, 75 MHz) 6 = 128.6 (PhCH=C(CO.H).), 130.0+130.6+131.8 (3 CHarom),
134.3 (Cgarom), 146.6 (PhCH=C(CO.H).), 167.3+170.8 (2 CO); IR (cm") v.. = 2720, 1713,
1695, 1672, 1424, 1282, 1251, 909; HPLC purity (A =254 nm): 96 % (retention time: 11.2
min).

(E)-2-(3-Phenylallylidene)malonic  acid (Cin-CH=C(CO.H),). To a solution of
cinnamaldehyde (150 L, 1.2 mmol, 1 eq.) in pyridine (0.5 mL) was added malonic acid (273
mg, 2.6 mmol, 2.2 eq.) and piperidine (24 yL, 0.24 mmol, 0.2 eq.). After ultrasonic irradiation
for 3 h, the mixture was cooled, poured into cooled HCI 2M (15 mL) and filtered to yield the
desired compound Cin-CH=C(CO.H), as a yellow solid (235 mg, 90% yield); mp 186-188°C
(1it. 183-186°C)7; 'H NMR (MeOD-d, 300 MHz) 6 =7.29 (d, J = 14.5 Hz, 1H, CH=), 7.41 (m,
3H, CHarom), 7.55-7.65 (m, 2H, CHarom), 7.79 (dd, J = 11.7 and 14.5 Hz, CH=),7.87 (d, J =
11.6 Hz, 1H, CH=); “*C NMR (DMSO-d6, 75 MHz) & =122.1 (Cq(COOH).), 125.2 (CH=),
131.6+130.1+129.2 (CHarom), 137.1 (Cgarom), 150.9+148.7 (CH=), 169.0 (CO.H); IR (cm")
v max 3189, 3091, 1968, 1732, 1719, 1601, 1577, 1414, 1174, 995; HPLC purity (A = 320

nm): 99 % (retention time: 13.1 min).
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