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Abstract: The discovery of the first class of subtype-selective inhibitors
of the human excitatory amino acid transporter subtype 1 (EAAT1)
and its rat orthologue GLAST is reported. An opening structure—activity
relationship of 25 analogues is presented that addresses the influence
of substitutions at the 4- and 7-positions of the parental skeleton
2-amino-5-0x0-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile. The most
potent analogue 1o displays high nanomolar inhibitory activity at
EAAT1 and a >400-fold selectivity over EAAT2 and EAAT3, making
it a highly valuable pharmacological tool.

The excitatory amino acid transporters (EAATS) belong to
the solute carrier family 1 (SLC1), and carry out the concentra-
tive uptake of (§-glutamate (Glu) [and aspartate (Asp)] from
the glutamatergic synaptic cleft.® Five EAAT subtypes have
been identified to date, in humans termed EAAT1—EAATS.
For historical reasons the nomenclature differs in rodents: the
orthologues of human EAAT1, EAAT2 and EAATS3 subtypes
are termed GLAST, GLT-1 and EAAC-1, respectively, whereas
the nomenclature for EAATA4,5 is conserved across the species.

The EAATSs display differential localization and overall
distribution patterns in the adult rodent brain. Whereas GLAST
(EAAT1) and GLT-1 (EAATZ2) are astroglial transporters,
EAAC-1 (EAAT3) and EAAT4 are predominantly found in
neurons.* GLT-1 (EAAT2) is the predominantly expressed
subtype, found throughout the brain and spinal cord, and has
been shown to be responsible for >90% of the Glu uptake in
the adult brain.*"® GLAST (EAAT1) is found at the highest
levels in the cerebellum with lower levels in the cortex and
spinal cord,” and EAAC-1 (EAATS3) is expressed in high
densities at postsynaptic terminals in the whole brain, particu-
larly in the hippocampus, cerebellum, and basal ganglia.*
EAAT4 is highly enriched in the Purkinje cells of the cerebel-
lum, but the transporter has also been detected in the rat fore-
and midbrain albeit in dramatically lower levels.**>®? Finally,
EAATS is found exclusively in the retina.**° In agreement
with the distribution and densities of the CNS subtypes, EAAT2
knockout mice have displayed pronounced loss of hippocampal
neurons, seizures, and 50% mortality at 6 weeks of age. In
contrast, knockout of GLAST (EAAT1), EAAC-1 (EAATS3),
or EAAT4 in mice have been reported not to cause significant
abnormalities in anatomy or in CNS-related phenotypes.*®
However, such studies may not be fully conclusive when it
comes to elucidation of the physiological importance of the
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Figure 1. EAAT ligands L-serine-O-sulfate (L-SOS), (RS)-2-amino-
3-(1-hydroxy-1,2,3-triazol-5-yl)propionate, and (4R)-4-methylglutamate
(4-Me-Glu).

specific transporter subtype, as the absence of physiologic and
phenotypic effects in the knockout mice may also be ascribed
to compensatory mechanisms. Hence, we believe that valuable
information about the physiological functions and thus thera-
peutic potentials of a specific EAAT subtype may be addressed
in a more subtle way by studying the actions of a selective
ligand.*

Over the past 4 decades, the interest in glutamatergic
neurotransmission as a therapeutic target has prompted the
synthesis of an astonishing number of ligands targeting iono-
tropic and metabotropic Glu receptors.**~** In contrast, me-
dicinal chemistry efforts in the EAAT field have been far more
limited.***> The vast majority of EAAT ligands published to
date are analogues of endogenous substrates Glu and Asp and
display nonselective activities as substrates or inhibitors at the
EAAT1, EAAT2, and EAAT3 subtypes.**'> However, the
EAAT2 subtype appears to be more susceptible to inhibition
by such amino acid analogues compared with EAAT1 and
EAATS3, given the number of ligands found to display preference
or selectivity for this subtype.***® In contrast, no truly EAAT1-
selective ligands have been reported. Nevertheless, the interest
in such compounds is reflected in the notable attention paid to
the few compounds that display a bare minimal of preference
for the subtype.>*® Best two examples are (RS)-2-amino-3-(1-
hydroxy-1,2,3-triazol-5-yl)propionate and L-serine-O-sulfate (L-
SOS) (Figure 1). The former displays very weak activity at the
EAAT1 subtype (ICsp ~ 100 xM) and only 3- and >10-fold
lower activities at EAAT2 and EAATS3, respectively.'® It has
not been established whether it is a substrate or an inhibitor of
the transporters. L-SOS displays weak substrate activity at
EAAT1 and EAAT3 (ICsp &~ 100 uM) and only a 10-fold lower
activity at EAAT2.Y” Although the Glu analogue (4R)-4-
methylglutamate (4-Me-Glu) is a completely nonselective EAAT
ligand, it is actually the most EAAT1-discriminating ligand
described to date, being a substrate at EAAT1 and an inhibitor
of EAAT2,3."8° However, since the compound will inhibit Glu
uptake through EAAT1—3 with similar potencies and further-
more is a very potent iGIURS agonist, it is not well-suited as a
pharmacological tool for studies of EAATS in native tissues.™

In this paper, we present the discovery of the first subtype-
selective inhibitor of EAAT 1 and the opening of the structure—activity-
relation (SAR) which investigates the influence of the substi-
tutions at the 4- and 7-positions of the parental skeleton 2-amino-
5-0x0-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile for the
subtype-selective EAAT1-activity.

A small commercially available compound library consisting
of 3040 compounds (obtained from Chembridge Corporation)
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Table 1. Inhibition of [*H]-p-Asp Uptake in HEK293 Cells Stably Expressing Human EAAT1, EAAT2, and EAAT3?
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@The ICs, for analogues la—y are given in uM with plCsy & SEM in brackets (n = 3—7).

was screened for inhibitory activity at EAAT1-, EAAT2-, and
EAAT3-expressing HEK293 cell lines in a [*H]-D-Asp uptake
assay. Interestingly, we found 1a to inhibit the [*H]-p-Asp
uptake through EAATL selectively, showing no inhibitory
activity at EAAT2 or EAATS3. A subsequent verification of this
preliminary screening result gave 1Cs values for 1a of 4.7 uM,
>100 uM, and >100 uM at EAAT1, -2, and -3, respectively
(Table 1). In comparison, the standard EAAT inhibitor pL-threo-
B-benzyloxyaspartate (TBOA) inhibited [*H]-p-Asp transport
through all three EAAT subtypes with 1Csy values in the low
micromolar range (data not shown).?

The discovery of 1a prompted us to commence the building
of a SAR for this class of EAAT1 inhibitors by exploring the
4- and/or 7-position. The parental skeleton 2-amino-5-oxo-
5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile comprising sub-
stituents in the 4- and/or 7-positions (1a—y) is readily available
as a mixture of the four stereoisomers from the multicomponent
reaction (MCR) of 1,3-cyclohexandinone (which delivers the
R?® substituent), an aldehyde (which allows the incorporation
of the R? substituent), and malononitrile (Scheme 1). The MCR
has been described under a large variety of reaction conditions
such as in EtOH/amine base,?* H,O/catalytic HTMAB,* H,0/
DAHP,?* and solvent-free/NaBr under microware conditions.?®

In all, 25 compounds were synthesized by us or obtained from
commercial suppliers and their pharmacological activities
determined at the EAAT1-, EAAT2-, and EAAT3-expressing

HEK293 cell lines in the [*H]-p-Asp uptake assay. The ICsq
values of the analogues are summarized in Table 1, and
concentration—inhibition curves for selected analogues are
shown in Figure 2. The inhibitory activities displayed by the
analogues at EAAT1 were found to be dependent on the nature
of the R and R? substituents (Table 1). None of the analogues
la—y showed any significant inhibitory activity at the EAAT2
and EAATS subtypes at high-micromolar concentrations (all
ICso values >100 uM, Table 1).

Building the SAR, analogues 1a—t which bear one aromatic
substituent in both the 4- and 7-positions show differential
inhibitory potencies at EAAT1 with 10 being the most potent
inhibitor (ICsp = 0.66 uM). In detail, inhibitory activity is
maintained while the R? substituent spans a phenyl (non-, mono-,
or disubstituted), a naphthyl, or a five-membered hetereoaromatic
moiety (furan and thiophene). For the R? substituent a mono or
disubstituted phenyl ring is allowed; however, larger o-substituents
may result in decreased activity (o-fluoro in 1a vs the o-methoxy
group in 1f). The volume size of the pocket occluding the R?-
substituent is probed successfully with a naphthyl group (1i,j), a
biphenyl group (1k), and an additional trisubstituted phenyl ring
attached via a short linker (11). But limitations to the bulk of the
R2-substituent are also apparent given that 1q shows a marked
decrease in inhibitory activity (ICsp ~ 100 uM at EAAT1). As for
analogues in which R? is a heteroaromatic group, the marked
decrease in inhibitory potency displayed by 1st points to disfavored
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Figure 2. Concentration—inhibition curves for selected analogues at
the EAAT1-HEK293 cell line in the [*H]-D-Asp uptake assay using
30 nM [®H]-p-Asp as tracer concentration. (A) Influence of inhibitory
activity of the chemical nature of R! by comparing analogues
1la,m—p,r x,y which bear comparable R? substituents ((un)substituted
phenyl groups). (B) Influence of inhibitory activity of the chemical
nature of R? by comparing analogues with conserved R* substituents
(phenyl). The figure depicts representative experiments. For experi-
mental details, see Supporting Information.

Scheme 1. Multicomponent Reaction (MCR) Methodology
Applied for the Synthesis of la—y?
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@ For details, see Supporting Information.

electrostatic interactions with the transporter protein. The suitable
physical chemical nature of the R? substituent is investigated further
in the three analogues 1lu—w: a benzyl group, 1u, results in a 10-
fold decrease in potency, whereas a methyl group, 1v, is fully
acceptable. In contrast, no substituent (1w; R? = H) results in the
complete loss of activity. This finding is quite intriguing, and its
origin will be addressed in future studies. Analogously, a distinct
change in pharmacology is also observed when R is a methyl
group, 1x, or a hydrogen, 1y (Table 1). Again, all inhibitory activity
is lost, which points to the loss of an essential 7—cation or 7—x
stacking interaction.

The EAAT1-selective inhibitory activity displayed by this class
of compounds in the [*H]-D-Asp uptake assay was verified for the
most prominent compound in the series, 10, in a different functional
assay. In a previous study, we have found the pharmacological
properties displayed by a series of standard EAAT substrates and
nonsubstrate inhibitors at the EAAT1-, EAAT2-, and EAAT3-
HEK?293 cell lines in a fluorescence-based high throughput assay,
the FLIPR Membrane Potential Blue (FMP Blue) assay, to be in
good agreement with those observed for the compounds in other
assays.?® In the FMP Blue assay, Glu displayed K., values of 16
uM (pK, £ SEM, 4.79 & 0.04, n = 4), 27 uM (pK,, + SEM,
4.57 £ 0.05, n = 3), and 21 uM (pK, == SEM, 4.68 + 0.04, n =
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Figure 3. Pharmacological characterization of 1o at human and
rat EAATs in the FLIPR Membrane Potential Blue assay: (A)
concentration—inhibition curves for 1o at the EAAT1-, EAAT2-, and
EAAT3-HEK?293 cell lines using 50 «M Glu as substrate concentration;
(B) concentration—inhibition curves for 1o at the rat EAAT subtypes
GLAST (EAAT1), GLT-1 (EAAT2), and EAAC-1 (EAATS3) transiently
expressed in tsA-201 cells using 50 M Glu as substrate concentration.
The figure depicts representative experiments. For further details, see
Supporting Information.

4) at EAATL, EAAT2, and EAATS, respectively. Application of
compound 10 at concentrations up to 100 M onto the three cell
lines did not give rise to fluorescent responses in this assay, which
demonstrates that 1o is not a substrate at the EAATS (data not
shown). However, compound 1o was found to be a potent inhibitor
of EAATY, inhibiting the fluorescent response induced by 50 uM
Glu in EAAT1-HEK293 cells in a concentration-dependent manner
with an ICsy of 120 nM (pICsy + SEM, 6.91 + 0.03, n = 4),
whereas the compound did not display any significant inhibition
of the Glu-induced responses in EAAT2- or EAAT3-cells at
concentrations up to 100 uM (Figure 3A). In contrast to the
EAAT1-selectivity displayed by 1o and in agreement with the
findings of a previous study,?® the competitive EAAT inhibitor
TBOA displayed low-micromolar K; values at all the three subtypes
(data not shown).

The pharmacological profile of 10 was also determined at
the rat EAAT subtypes GLAST (EAAT1), GLT-1 (EAAT2),
and EAAC-1 (EAAT3) transiently expressed in tsA-201 cells
using the FMP Blue assay. In this assay, Glu displayed Ky,
values of 37 uM (pK,, == SEM, 4.43 + 0.04, n = 3) at GLAST
(EAATIL), 45 uM (pKn, &= SEM, 4.35 £ 0.05, n = 3) at GLT-1
(EAAT2), and 35 uM (pKy £+ SEM, 4.45 + 0.04, n = 3) at
EAAC-1 (EAATS3). In concordance with its EAATL selectivity
at the human transporters, 10 was shown to be a selective
inhibitor of GLAST (EAAT1), displaying an ICs; values of 970
nM (pICso = SEM, 6.02 £ 0.05, n = 4) at this subtype. No
significant inhibition of the Glu-induced responses in GLT-1
(EAAT2)- or EAAC-1 (EAAT3)-expressing cells was observed
for 1o at concentrations up to 100 uM (Figure 3B).

The compounds in this study are structurally distinct from
the endogenous EAAT substrates Glu and Asp. Thus, it is not
surprising that the active analogues in the la—y series are not
substrates but rather inhibitors of the EAAT1. Whether the
compounds target the orthosteric site in EAATL, i.e., the binding
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site for Glu and Asp, or are negative allosteric (noncompetitive)
modulators inhibiting the uptake through EAATL1 via binding
to other regions in the transporter is currently under investigation.

It is important to stress that the 25 analogues only have been
characterized pharmacologically at three of the five EAAT
subtypes. Thus, we cannot exclude the possibility that the
compounds in addition to their EAAT1 activity could target
EAAT4 and/or EAATS. However, the EAAT1—3 and EAAT4,5
subtypes make up two distinct subgroups within the EAAT
family in terms of transporter function and ion conductance,
despite the fact that a 50—60% sequence homology exists
between all of the subtypes.®° We are currently investigating
whether 10 and other compounds in the series target EAATA4,
the fourth CNS EAAT subtype. Nevertheless, we find it very
unlikely that a compound exhibiting >400-fold selectivity for
one subtype within the EAAT1—3 subgroup would possess any
significant activity at EAAT4,5.

In conclusion, we have presented the first class of compounds
that show fully selective inhibition of the human EAAT1
subtype over EAAT2 and EAAT3. A SAR was built from the
pharmacological investigation of 25 analogues, varying the
substituents in the 4- and 7-positions of the parental skeleton:
2-amino-5-0x0-5,6,7,8-tetrahydro-4H-chromene-3-carboni-
trile. From this study, we have shown that the presence of an
aromatic ring in the 7-position (R*-substituent) is crucial for
the inhibitory activity at EAAT1. On the other hand, the
4-position (R?-substituent) may accommodate small and larger
groups, not being restricted to aromatics only, although a
substituent in this position is mandatory. The most potent
analogue in the series, 10, displayed high nanomolar inhibitory
activity (ICsp = 0.66 uM) at EAATL, with more than 400-fold
selectivity compared to EAAT2 and EAATS3. This selectivity
profile was also observed at the rat orthologues, which in all
makes 10 a highly attractive pharmacological tool for future
explorations of the physiological role of the EAAT1 subtype.
Expansion of the SAR, studies addressing the bioavailability
and pharmacokinetic properties of 10, and detailed investigations
of its binding mode at EAAT1 are all ongoing projects in our
laboratories.

Acknowledgment. We thank the Lundbeck Foundation, the
Carlsberg Foundation, and the Danish Research Council for
financial support. Drs. S. G. Amara and T. Rauen are thanked
for their generous gifts of cDNAs for the human and rat EAATS,
respectively. Shahrokh Padrah is thanked for technical assistance
regarding synthetic work.

Supporting Information Available: Experimental procedures
for the synthesis of analogues 1¢,n,0,w and for the pharmacological
assays. This material is available free of charge via the Internet at
http://pubs.acs.org.

References

(1) Danbolt, N. C. Glutamate uptake. Prog. Neurobiol. 2001, 65, 1-105.

(2) Kanali, Y.; Hediger, M. A. The glutamate/neutral amino acid transporter
family SLC1: molecular, physiological and pharmacological aspects.
Pfluegers Arch. 2004, 447, 469-479.

(3) Beart, P. M.; O’Shea, R. D. Transporters for L-glutamate: an update
on their molecular pharmacology and pathological involvement. Br. J.
Pharmacol. 2007, 150, 5-17.

(4) Maragakis, N. J.; Rothstein, J. D. Glutamate transporters: animal
models to neurologic disease. Neurobiol. Dis. 2004, 15, 461-473.

(5) Furata, A.; Rothstein, J. D.; Martin, L. J. Glutamate transporter protein
subtypes are expressed differentially during rat CNS development.
J. Neurosci. 1997, 17, 8363-8375.

(6) Tanaka, K.; Watase, K.; Manabe, T.; Yamada, K.; Watanabe, M.;
Takahashi, K.; lwama, H.; Nishikawa, T.; Ichihara, N.; Kikuchi, T.;

Journal of Medicinal Chemistry, 2009, Vol. 52, No. 4 915

Okuyama, S.; Kawashima, N.; Hori, S.; Takimoto, M.; Wada, K.
Epilepsy and exacerbation of brain injury in mice lacking the glutamate
transporter GLT-1. Science 1997, 276, 1699-1702.

(7) Storck, T.; Schulte, S.; Hofmann, K.; Stoffel, W. Structure, expression,

and functional analysis of a Na(+)-dependent glutamate/aspartate

transporter from rat brain. Proc. Natl. Acad. Sci. U.SA. 1992, 89,

10955-10959.

Massie, A.; Cnops, L.; Smolders, I.; McCullumsmith, R.; Kooijman,

R.; Kwak, S.; Arckens, L.; Michotte, Y. High-affinity Na™/K™*-

dependent glutamate transporter EAATA4 is expressed throughout the

rat fore- and midbrain. J Comp. Neurol. 2008, 511, 155-72.

Fairman, W. A.; Vandenberg, R. J.; Arriza, J. L.; Kavanaugh, M. P.;

Amara, S. G. An excitatory amino-acid transporter with properties of

a ligand-gated chloride channel. Nature 1995, 375, 599-603.

(10) Arriza, J. L.; Eliasof, S.; Kavanaugh, M. P.; Amara, S. G. Excitatory
amino acid transporter 5, a retinal glutamate transporter coupled to a
chloride conductance. Proc. Natl. Acad. Sci. U.SA. 1997, 94, 4155
4160.

(11) Niswender, C. M.; Jones, C. K.; Conn, P. J. New therapeutic frontiers
for metabotropic glutamate receptors. Curr. Top. Med. Chem. 2005,
5, 847-857.

(12) Bréauner-Oshorne, H.; Egebjerg, J.; Nielsen, E. @.; Madsen, U.;
Krogsgaard-Larsen, P. Ligands for glutamate receptors: design and
therapeutic prospects. J. Med. Chem. 2000, 43, 2609-2645.

(13) Bunch, L.; Krogsgaard-Larsen, P. Subtype selective kainic acid receptor
agonists: discovery and approaches to rational design. Med. Res. Rev.
2009, 29, 3—28.

(14) Campiani, G.; Fattorusso, C.; De Angelis, M.; Catalanotti, B.; Butini,
S.; Fattorusso, R.; Fiorini, I.; Nacci, V.; Novellino, E. Neuronal high-
affinity sodium-dependent glutamate transporters (EAATS): targets for
the development of novel therapeutics against neurodegenerative
diseases. Curr. Pharm. Des. 2003, 9, 599-625.

(15) Bridges, R. J.; Esslinger, C. S. The excitatory amino acid transporters:
pharmacological insights on substrate and inhibitor specificity of the
EAAT subtypes. Pharmacol. Ther. 2005, 107, 271-285.

(16) Stensbel, T. B.; Uhlmann, P.; Morel, S.; Eriksen, B. L.; Felding, J.;
Kromann, H.; Hermit, M. B.; Greenwood, J. R.; Bréuner-Osborne,
H.; Madsen, U.; Junager, F.; Krogsgaard-Larsen, P.; Begtrup, M.;
Vedsg, P. Novel 1-hydroxyazole bioisosteres of glutamic acid.
Synthesis, protolytic properties, and pharmacology. J. Med. Chem.
2002, 45, 19-31.

(17) Arriza, J. L.; Fairman, W. A.; Wadiche, J. I.; Murdoch, G. H,;
Kavanaugh, M. P.; Amara, S. G. Functional comparisons of three
glutamate transporter subtypes cloned from human motor cortex.
J. Neurosci. 1994, 14, 5559-5569.

(18) Vandenberg, R. J.; Mitrovic, A. D.; Chebib, M.; Balcar, V. J.; Johnston,
G. A. R. Contrasting modes of action of methylglutamate derivatives
on the excitatory amino acid transporters, EAAT1 and EAAT2. Mal.
Pharmacol. 1997, 51, 809-815.

(19) Alaux, S.; Kusk, M.; Sagot, E.; Bolte, J.; Jensen, A. A.; Bréuner-
Osborne, H.; Gefflaut, T.; Bunch, L. Chemoenzymatic synthesis of a
series of 4-substituted glutamate analogues and pharmacological
characterization at human glutamate transporters subtypes 1—3. J. Med.
Chem. 2005, 48, 7980-7992.

(20) Jensen, A. A.; Brauner-Osborne, H. Pharmacological characterization
of human excitatory amino acid transporters EAAT1, EAAT2 and
EAATS in a fluorescence-based membrane potential assay. Biochem.
Pharmacol. 2004, 67, 2115-2127.

(21) Shimamoto, K.; LeBrun, B.; Yasuda-Kamatani, Y.; Sakaitani, M.;
Shigeri, Y.; Yumoto, N.; Nakajima, T. dl-threo-beta-Benzyloxyas-
partate, a potent blocker of excitatory amino acid transporters. Mol.
Pharmacol. 1998, 53, 195-201.

(22) Klokol, G. V.; Krivokolysko, S. G.; Dyachenko, V. D.; Litvinov, V. P.
Aliphatic aldehydes in the synthesis of condensed 4-alkyl(cycloalkyl)-
2-amino-3-cyano-4H-pyrans. Khim. Geterotsikl. Soedin. 1999, 1363—
1366.

(23) Jin, T. S.;; Wang, A. Q.; Wang, X.; Zhang, J. S.; Li, T. S. A clean
one-pot synthesis of tetrahydrobenzo[b]pyran derivatives catalyzed by
hexadecyltrimethyl ammonium bromide in agueous media. Synlett
2004, 871-873.

(24) Balalaie, S.; Bararjanian, M.; Sheikh-Ahmadi, M.; Hekmat, S.; Salehi,
P. Diammonium hydrogen phosphate: an efficient and versatile catalyst
for the one-pot synthesis of tetrahydrobenzo[b]pyran derivatives in
aqueous media. Synth. Commun. 2007, 37, 1097-1108.

(25) Devi, I.; Bhuyan, P. J. Sodium bromide catalysed one-pot synthesis
of tetrahydrobenzo[b]pyrans via a three-component cyclocondensation
under microwave irradiation and solvent free conditions. Tetrahedron
Lett. 2004, 45, 8625-8627.

JM8013458

(8

=

©

~





