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Structure-activity relationship (SAR) study of kaitocephalin known
to be a potent naturally occuring NMDA receptor ligand was
performed. This study led us to the discovery of (75)-kaitocephalin
as a highly selective NMDA receptor ligand. It displayed 22-fold
higher degree of selectivity for NMDA receptor over kaitocephalin,
though the binding affinity of (75)-KCP [K; = 29 nM] was 3.7-fold
less potent than that of KCP [K; = 7.8 nM].

lonotropic glutamate receptors (iGIuRs) are ligand-gated ion
channels and mediate excitatory neurotransmission in the
mammalian central nervous system. iGluRs are subdivided into
three major subtypes: kainic acid (KA), a.-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA), and N-methyl-D-
aspartate (NMDA) receptors according to their different
affinities for external agonists; KA, AMPA, and NMDA (Fig. 1).1
To elucidate the biological functions of iGluRs, many iGIuR
selective agonists and antagonists have been synthesized and
successfully provided in the research areas of neuroscience
and medicinal chemistry.

Among iGIuR subtypes, NMDA receptors (NMDARs) are
known to play an integral role in the regulation of signal
transduction in the central nervous system of the brain such as
memory and Iearning.l'2 It has been indicated that
neurodegenerative diseases such as Alzheimer’s disease and
Huntington’s disease are implicated with NMDAR dysfunction.2
It is speculated that, under these medical conditions, synaptic
glutamate levels are raised and the excess amount of
glutamate causes the prolonged NMDAR activation and
consequential loss and damages of synapses and neurons by
the excitotoxicity. Along this line, protection of the neurons
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from the glutamate overstimulation using NMDA antagonists
has become a promising strategy for drug discovery of these
neurodegenerative diseases.” One of the successful examples
is memantine which is currently used to treat patients with
Alzheimer’s disease.
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Fig. 1 Structures of iGluR ligands, kaitocephalin, and its analogues.

Kaitocephalin (KCP) (1) was isolated from Eupenicillium
shearii PF1191 by a screening program for glutamate receptor
antagonists (Fig. 1).3 KCP (1) is a structurally unique class of
amino acid natural products and found to protect neuronal cell
death of the cultured neurons from KA excitotoxicity.3 In 2010,
Miledi et al. examined preference for receptor subtypes by
electrophysiological studies using the recombinant NMDARs,
AMPA receptors (AMPARs), and KA receptors (KARs) expressed
in Xenopus laevis oocytes. These studies revealed that KCP
selectively antagonized the NMDARs (ICsqg = 75 £ 9 nM), and
weakly antagonized the AMPARs (242 + 37 nM) and KARs
(~100 um).*

Due to the novel structural feature and potent NMDAR
selective antagonist activity of KCP, KCP has received
significant attention to be a new lead molecule for developing
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potent neuroprotective agents. Since the discovery of KCP by
Shin-ya and Seto et cll.,3 nine total synthesis of KCP have been
achieved by seven research groups.s’13 Structure-activity

relationship (SAR) studies have been performed by two groups.

Chamberlin et al. designed analogues 2 possessing the partial
structural motif of KCP based on the putative ligand-KAR
modelling study. These analogues were found to reduce the
membrane current induced by 100 puM of KA at a
concentration of 100 pM.“ Kitahara et al. synthesized
analogues 3 in which the substituent group at C7 of KCP was
removed. The structurally simple analogues 3 resulted in
decreasing neuroprotective effects against the KA-induced
neurotoxicity than that of KCP (Fig. 1).15

We have established a facile synthetic route to supply a
hundred milligrams of Kcp.? Recently, the synthetic KCP was
successfully provided to solve the three dimensional structure
of the recombinant AMPAR (GluA2) ligand binding domain
(LBD) bound to KCP (Fig. 2, complex A).16 This analysis provides
the key interaction of KCP with the AMPAR LBD. The
glutamate-like right half moiety of KCP fits to the same binding
site as that of the native neurotransmitter, glutamate. The
carboxylic acid moiety at C9 in the left side chain could interact
with the backbone amides of Y450 and G451. Based on the
structural similarity of GIuA2 to those of NMDARs (GIuN1 and
GIuN2A), modelling studies of KCP with GIuN1 and GIuN2A
were examined. The KCP-GIuN2A LBD docking model is
depicted in Fig 2 (model B). This model suggests that KCP could
docks to the cleft of GIuN2A LBD in a similar manner to that of
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Fig. 2 Structures of KCP-iGluR ligand binding domain (LBD) complexes. Complex A:
Crystal structure of KCP-AMPA receptor (GluA2) LBD [PDB code 4GXS], Model B:
Docking model of KCP-NMDA (GIuN2A) LBD [PDB code 2A5T]. Sphere: H,0.
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complex A. Additional interactions between the N-benzoyl
moiety with E517 and R692 are recognized in this docking
model. We hypothesized that these interactions could account
for the selective binding of KCP to NMDARs. In this paper, we
would like to report SAR studies of KCP using five newly
designed analogues 4—8 to elucidate the effect at C7 for the
iGIuR subtype selectivity (Fig. 3). Analogue 4 is the C7-epimer
of KCP in which the position of the substituent at C7 of KCP is
compelled in a different angle. To inspect the role of the
carboxylate and the N-benzoylamide moieties at C9,

respectively, analogues 5 and 6 were designed and synthesized.

Analogues 7 and 8 correspond to the structurally simple
analogues in which the substituent at C7 is removed. These
new analogues were stereoselectively prepared and subjected
to the iGIuR binding assay using native iGluRs prepared from
rat brain synaptic membrane.
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Fig. 3 Structures of KCP (1) and its analogues 4—8.

(7S5)-KCP (4) was prepared according to our previous
method.” Analogues 5 and 6 were synthesized starting from 9
(Scheme 1).9 Carbamate 9 was transformed to E-o,f3-
unsaturated ester 12 via 10 in good yield over three steps. The
hydrogenation reaction of 12 using H,/Pd-C resulted in the
removal of the benzyl group and the saturation of the double
bond to give carboxylic acid 13. Treatment of 13 with DPPA
developed by Shioiri et alt’ gave the corresponding isocyanate
which was successively trapped with benzyl alcohol to provide
benzyl carbamate 14. After the removal of the Cbz group of 14,
the resulting amine was condensed with 3,5-dichloro-4-
benzyloxybenzoic acid to give amide 15 (36% yield from 12 in 4
steps). Amide 15 was converted to analogue 5 in 69% yield by
the global deprotection of Boc, benzyl, and ester methyl
groups using AlCl; and Me25.7 Analogue 6 was prepared from
12 in 3 steps via hydrogenation and deprotection reactions
(Scheme 1).

Analogues 7 and 8 were prepared starting from the known
alcohol 16 via o,pB-dehydroamino acid ester 17 (Scheme 2).
The key diastereoselective hydrogenation of 17 was achieved
under the reagent controlled conditions using chiral DuPhos-
Rh catalysts19 in a highly selective manner. According to the
empirical role of the asymmetric hydrogenation using chiral

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 5



Journal Name

hic & Biomoleculan Gl

CO,Me H,, PdIC CO,Me
NHCbz Boc20 NHBoc
Boc\ 90% Boc\
CO,Me CO,Me
10: R = CH,0H — TEMPO, KBr
11: R = CHO NaCIO, 83%
9
BnO,C._ P(OMe),
Hy, Pd/C
BnO,C. 2 R
™G 2 \4\ rr'-r N ~ N J_IJr
89%
12 13; R = COH DPPA, i-Pr,NEt,
14: R = NHCbz then BnOH, 80 °C
:\ 1) Hy, PdIC
15: R = NHCOAr <—! 3) ArCO;H EDCI, DMAP
36% from 12 (4 steps) Ar= al
BnO
cl pd
AICI3 Me,S
15 co2
9%
5 CO,H
COH
1) Hy, Paic  HOLC o
s 2
12 2) CH;N, AN
3) AICl3, Me,S MO coH

46% (3 steps) 6

Scheme 1 Synthesis of analogues 5 and 6.

Rh catalysts,20 the newly created stereogenic centers of 7 and
8 were putatively assigned as R and S, respectively. Removal of
the protecting groups with the H,/Pd-C gave (R,R)-7 and (R,S)-8,
respectively.
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Scheme 2 Synthesis of 7 and 8 from 16.

Binding affinities of KCP (1) and its analogues 4—8 for iGIuRs
were evaluated using native iGIuRs prepared from rat brain
synaptic membrane (Table 1 and Fig. 4).21'22 Radio-labelled
ligands: [*H]KA for KARs, [*HJAMPA for AMPARs, and [°H]CGP
39653 for NMDARs were employed in this assay. The binding

This journal is © The Royal Society of Chemistry 20xx
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affinity of KCP and its analogues 4—8 using native iGluRs was
tested for the first time in this study. KCP (1) showed potent
binding affinity for NMDARs at K; = 7.8 nM.

Table 1 K; values of 1 and 4-8 for NMDA, AMPA, and KA receptors using 3H-labelled
ligands® and rat brain synaptic membrane.

K; value® (nM) AMPA K,/NMDA K;
Compound NMDA AMPA KA ratio
KCP (1) 7.8+0.8 590+ 54 14000+£3300 76
(75)-KCP (4) 29+4 49000 + 14000 >10° 1700
5 510+ 50 3000+1200  >10° 5.9
6 1800 + 210 1600 * 600 55000 + 19000 0.89
7 5900+1300 56000 + 18000 26000 +7200 9.5
8 9100+1400  38000+9800 7500+1100 4.2

3H- Iabelled Ilgand% [ H]CGP 39653 for NMDARs, [ H]JAMPA for AMPARs, and
[H]KA for KARs. K, values are indicated as the mean %SE for three
determinations.
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Fig.4 Displacement of the specific *H-labelled ligand binding (NMDA, AMPA, and KA
receptors) to rat synaptic membrane by increasing concentrations of 1 and 4-8. Each
point is the mean of triplicate determinations.
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On the other hand, those for AMPARs (590 nM) and KARs
(14000 nM) were significantly lowered. The characteristic
iGIuR selectivity [NMDARs > AMPARs > KARs] observed in our
study shows good agreement with the results reported by
Miledi et al. It is noteworthy that the value at 7.8 nM is
superior to those of other known NMDA antagonists.la

In our surprise, (7S)-KCP (4) revealed potent binding affinity
for NMDARs at K; = 29 nM. It was only 3.7-fold less potent than
that of KCP. In addition, the degree of selectivity for NMDARs
of (7S)-KCP [AMPA K/NMDA K; ratio: 1700] was found to be
22-fold greater than that of KCP [AMPA K;/NMDA K; ratio: 76].

Furukawa et al. reported the structural insights into
competitive antagonism in NMDA receptors based on the X-
ray structure analysis of the GIuN1/GIuN2A NMDA receptor-
glycine/NMDA antagonists (AP-5 and PPDA) complexes (PDB
code 4NF5 and 4NF6, Fig. 5).23 These analyses revealed that
binding of antagonists (PPDA and AP-5) to GIuN2A results in
opening of the bilobed structure of the GIuUN2A LBD compared
to the glutamate bound form. Our structure analysis of KCP-
iGIuR complexes indicates that the large aryl group could place
around the top of the binding cleft opposite to the deeper
glutamate binding site. It is assumed that NMDARs could
accommodate the substituent at C7 of (75)-KCP in the opened
cleft.
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Fig,.5 Domain opening structures of Ligand-bound LBDs reported by Furukawa et
al.” A: Glutamate (agonist)-GIuN2A LBD. B: Antagonists (AP-5 & PPDA)-GIuN2A
LBD [PDB code 4NF5 and 4NF6].

glutamate

In Figure 6, the expanded view of the binding site for KCP-
GluA2 LBD and a tentative (75)-KCP-GIuA2 complex model are
depicted. The side chain at C9 of (75)-KCP (4) could turn to the
backbone of Y450 and G451 if the glutamate-like motif of the
right side chain of 4 could bind to the glutamate binding site
(Fig. 6, B). It is assumed that the resulting steric repulsion
and/or loss of interaction between the carboxylic acid at C9
and the backbone militate against the binding of 4 to AMPARSs
to lower the binding affinity. Further modelling and SAR
studies are currently under investigation.

4| J. Name., 2012, 00, 1-3

. \ Glutamate
binding site

Tentative (7S)-KCP-
GluA2 LBD model

KCP-GluA2 LBD

Fig. 6 A: Expanded view of the binding site for KCP-GIuA2 LBD (PDB code 4GXS).
B: Tentative (75)-KCP-GluA2 LBD binding model.

Analogues 5-8 revealed poor binding affinity to NMDARS
(65~1167-fold less potent than that of KCP). These results
prove the indispensable role of the left side chain moiety at C7
for the specific binding to NMDARs and experimentally
support our hypothesis on the presence of favourable
interactions predicted by the docking model B (Fig. 2). The
synergistic effects of the glutamate like moiety and the left
side chain moiety is crucial for the specific binding affinity.

Although analogues 4-8 displayed lower binding affinity for
AMPARs, analogues 5 and 6 possessing either the carboxylic
acid moiety or benzoyl moiety at C9 revealed almost the same
potency (5: 3000 nM, 6: 1600 nM) as that of KCP (1: 590 nM).
On the other hand, the binding affinity of 4, 7, and 8 for
AMPARs was significantly decreased. These results indicated a
favourable interaction between the benzoyl group at C9 and
AMPARs might be involved.

Conclusion

An important role of the side chain moiety at C7 of KCP for the
specific binding to NMDARs has been proved by the present
SAR study using five new KCP analogues. We discovered (7S)-
KCP (4) as a highly NMDAR selective ligand with potent binding
affinity at 29 nM. It displayed 22-fold higher degree of
selectivity for NMDA receptor over kaitocephalin. (7S)-KCP
would be an advanced lead for the design of NMDA selective
ligand and drug discovery of neuroprotecting agents. The
present SAR studies provide useful information about the role
of the hydrophobic aryl group and its feasibility as a tuneable
site for further derivatization. Pharmacological
characterization of KCP and its analogues, and studies in view
of chemical biology of natural products24 are currently
underway.
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