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ABSTRACT: The excitatory amino acid transporters (EAATs)
mediate uptake of the major excitatory neurotransmitter L-
glutamate (Glu). The essential functions governed by these
transporters in regulating the central Glu level make them
interesting therapeutic targets in a wide range of neurodegenerative
and psychiatric disorders. L-Aspartate (Asp), another EAAT
substrate, has served as a privileged scaffold for the development of EAAT inhibitors. In this study, we designed and synthesized
the first β-indolyloxy Asp analogs 15a−d with the aim to probe a hitherto unexplored adjacent pocket to the substrate binding site.
The pharmacological properties of 15a−d were characterized at hEAAT1-3 and rEAAT4 in a conventional [3H]-D-Asp uptake assay.
Notably, thiophene analog 15b and the para-trifluoromethyl phenyl analog 15d were found to be hEAAT1,2-preferring inhibitors
exhibiting IC50 values in the high nanomolar range (0.21−0.71 μM) at these two transporters versus IC50 values in the low
micromolar range at EAAT3,4 (1.6−8.9 μM). In summary, the results presented herein open up for further structure−activity
relationship studies of this new scaffold.
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In the central nervous system (CNS), the excitatory amino
acid transporters (EAATs) mediate uptake of the major

excitatory neurotransmitter L-glutamate (Glu) from the synaptic
cleft and its close surroundings into glial cells and neurons.1,2

Thus, the EAATs play a vital role in regulation of glutamatergic
neurotransmission including maintaining synaptic and extra-
synaptic Glu concentrations below the neurotoxic level.2−4 To
date, five EAAT subtypes have been identified, termed EAAT1−
5 in humans, which correspond to GLAST, GLT-1, EAAC1,
EAAT4, and EAAT5, respectively, in rodents. The two glial
transporters EAAT1,2 and the neuronal transporter EAAT3 are
the primary EAATs involved in synaptic Glu homeostasis in the
brain, whereas EAAT4 and EAAT5 almost exclusively are
expressed in the cerebellum and retina, respectively, where they
mediate substrate-activated chloride conductance uncoupled
from substrate translocation.2,5−7 EAAT dysfunction in the
glutamatergic system has been associated with several neuro-
logical diseases, including Huntington’s disease, Alzheimer’s
disease, Parkinson’s disease, and epilepsy, but also with
psychiatric disorders such as schizophrenia and depression.8−11

Moreover, a series of studies suggest that EAAT-mediated Glu
homeostasis fails dramatically in ischemia, where EAAT-
mediated uptake is converted into transporter-mediated Glu
release adding to the neurotoxicity observed in this condition.12

However, the exact contributions of EAATs to mechanisms
underlying these physiological functions and pathophysiological
conditions are still quite unclear, with conflicting observations
having been reported in different studies. Development of
subtype-selective small-molecule EAAT activators and inhib-
itors is thus an important objective, since such ligands constitute

valuable pharmacological tools for study of the neurological
processes underlying the aforementioned diseases and since new
insight therein may promote development of novel drugs. In
light of the different abundance and distribution of the EAAT
subtypes in the CNS and their distinct roles governed here,
selective modulation of the Glu uptake through inhibition of
each of them may impact glutamatergic neurotransmission very
differently, both when it comes to the characteristics and the
levels of the induced effects but also in terms of the different
CNS regions affected.
While only a few noncompetitive EAAT ligands have been

disclosed,13−17 a large number of competitive EAAT ligands
(substrates and nonsubstrate inhibitors) have been developed
using Glu and DL-aspartate (Asp) but also the natural product
kainic acid (KA) as leads (Figure 1).18−21 Early on in this field,
the Asp analog DL-threo-β-hydroxyaspartate (DL-THA, Figure 1)
was shown to inhibit Glu uptake in synaptosomes,22,23 and a
series of L-THA analogs were reported by Shimamoto and co-
workers, with the pinnacle analog being L-threo-3-benzylox-
yaspartate (L-TBOA, Figure 1).24,25 Further incorporation of
substituents onto the phenyl ring led to the identification of the
nanomolar potent EAAT inhibitor (L-threo)-3-[3-[4-
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(trifluoromethyl)benzoylamino]benzyloxy]aspartate (TFB-
TBOA, Figure 1).26,27 Although TFB-TBOA exhibited low
nanomolar inhibitory activity at EAAT1,2 and submicromolar
inhibitory activity at EAAT3,4, none of the 3-aryloxy substituted
Asp analogs exhibited substantial subtype-selectivity across the
EAATs. Elimination of the tethering ether oxygen in L-TBOA
resulted in L-β-threo-benzyl-aspartate (L-β-BA, Figure 1), which
surprisingly induced a 10-fold preference for EAAT3 over
EAAT1 and EAAT2.28 On this basis, a series of β-
arylsulfonamide functionalized Asp analogs were explored in
our group, and the [3-(trifluoromethyl)phenyl]-sulfonamide-L-
Asp analog (1a, Figure 1) was shown to be a EAAT2-selective
inhibitor displaying low-micromolar potency at this transporter
and 30- and 50-fold selectivity over EAAT1 and EAAT3,
respectively.29 Another group has directed its efforts on
exploring the conversion of the 4-carboxylate functionality (in
Asp) to an amide, for further substitution. This work led to the
identification of N-[4-(2-bromo-4,5-difluorophenoxy)phenyl]-
L-asparagine (WAY-213613, Figure 1) as a midnanomolar
potency EAAT2-selective inhibitor with 10- to 50-fold
selectivity over other EAATs.30 Finally, upon hybridization of
nonselective EAATs inhibitor L-TBOA with EAAT2-selective
inhibitor WAY-213613, the EAAT inhibitor (L-threo)-2-amino-
3-(benzyloxy)-4-[[4-(2-bromo-4,5-difluorophenoxy)phenyl]-
amino]-4-oxobutanoic acid (1b, Figure 1) was obtained.

However, the strategy failed to preserve the EAAT2-selectivity
of WAY-213613.31

In 2017, several X-ray crystal structures of thermostable
EAAT1 variants (EAAT1cryst and EAAT1cryst‑II) in complex with
a substrate (L-Asp) or a nonsubstrate inhibitor (TFB-TBOA)
with/without the allosteric inhibitor UCPH-101 were reported
by Reyes group.32 The structure of EAAT1cryst displays a
symmetric homotrimer, and each subunit is made up of two
domains (Supporting Information): a scaffold domain (ScaD),
including transmembrane helices TM1−TM2 and TM4−TM5,
and a transport domain (TranD), including TM3, TM6−TM8,
and re-entrant helical loops 1−2 (HP1−HP2).31,32 In this work,
we chose to compare the TFB-TBOA/UCPH-101-bound
EAAT1cryst crystal structure (PDB: 5mju) with the crystal
structure of EAAT1cryst in complex with L-Asp and UCPH-101
(PDB: 5llm).
Superimposition of the two EAAT1cryst structures reveals that

the binding modes of L-Asp and TFB-TBOA are very similar
with respect to the amino acid and distal carboxylic acid
functionalities (Figure 2a). Furthermore, the 3-benzyloxy group
of TFB-TBOA is embedded in the re-entrant HP2 and is moved
as much as 12 Å from its position in the Asp-bound complex
(Figure 2a). The trifluoromethyl benzyl amide group occupies a
hydrophobic cavity formed by residues of HP1b and TM7a and
possibly residues in TM2/4c. Together, the observed∼400-fold

Figure 1. Chemical structures: (A) Endogenous EAAT substrates Glu and Asp; (B) EAAT inhibitors with L-Asp scaffold and pharmacological
properties at EAAT1−4.29,31
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increase in EAAT1 inhibitory potency of TFB-TBOA compared
with TBOA originates from these differences.32 From the X-ray
structure it can also been seen that an additional subpocket is
defined by HP2 and TM2/4c/7a (Figure 2a−b). In fact, no
structure−activity relationship (SAR) study has been reported
for ligands that project substituents in this direction. This
motivated us to revisit the L-Asp scaffold and grow C-3
substituents in this direction with the aim to identify EAAT
inhibitors with novel subtype-selectivity profiles.
In summary, a bulky substituent in the C-3 position of L-Asp

dictates EAAT inhibition,25 which is further observed from
comparing X-ray structures of EAAT1cryst in complex with L-Asp
(PDB: 5llm) and with TFB-TBOA (PDB: 5mju).
To explore the identified unfilled subpocket in the EAAT

substrate binding pocket, we designed a small series of L-threo-β-
indolyloxy-Asp analogs (Figure 3). This scaffold jump (from an
acyl aniline to an acyl indole) allows for introduction of
substituents on the newly introduced C′-3 position, which are
directed into this previously unexplored area of the EAAT
substrate binding pocket. However, taking the hydrolytic
instability of the N′-1 amide into consideration, the flipping of

the indole ring was applied (Strategy A). Unfortunately, all
attempts to synthesize analogs 16a−b failed in our hands
(Supporting Information). At this point we concluded that
exchange of the N-acyl group for an N-tosyl group (Strategy B)
would solve our synthesis challenges and at the same time
resolve the potential hydrolytic instability problem. However,
the tetrahedral geometry of the sulfonamide is very different
from the planar amide.33 Moreover, the slightly hydrophobic
pocket environment of the binding pocket might favor
compounds with lipophilic aromatic substituents at the C′-3
position.34 The following four analogs were included in a
modeling study to address the applicability of a sulfonamide in
the design: No substituent (15a) at the C′-3 position and
analogs with (hetero)aromatic substitutions of differentiated
size, including thiophene group (15b), phenyl group (15c), and
para-trifluoromethyl phenyl group (15d).
We first constructed a homology model of EAAT1 (from here

on referred to as hmEAAT1) using the crystal structure of
EAAT1cryst in complex with competitive inhibitor TFB-TBOA
and allosteric inhibitor UCPH-101 (PDB: 5mju).32 Induced-fit
docking of 15a−d, L-TBOA, and TFB-TBOA into hmEAAT1
was performed to estimate binding affinities of these inhibitors
(Figure 4). The pose which showed good overlay with TFB-
TBOA of EAAT1cryst complex with respect to the Asp part and
lowest induced-fit docking score was selected (IFDScore)
(Figure 4a). For the ligands investigated, the IFDScore ranking
was determined to be 15d≪ 15c∼ 15b∼TFB-TBOA∼ 15a≪
L-TBOA (Table 1). The modeling study confirmed that TFB-
TBOA binds significantly better to the EAAT1 protein
compared to L-TBOA, and the newly designed analogs 15a−d
were predicted to do that as well.
In the substrate-binding site of EAAT1cryst, the Asp fragment

of TFB-TBOA is involved in a network of hydrogen-bond
interactions with the nearby polar residues (Figure 4b),
including Ser343 and Ser345 in HP1, Thr460, Asp456, and
Arg459 in TM8b, and Thr382 in TM7b. The additional
benzoylamino and trifluoromethyl groups of TFB-TBOA only
formed van der Waals interactions with surrounding residues
Ile96 and Ile100 in TM2 and with Pro372 and Thr376 in TM7a.

Figure 2. EAAT1 substrate binding pocket. (a) Overlay of crystal
structures of EAAT1cryst (white cartoon) in complex with L-Asp (PDB:
5llm, cyan stick) and EAAT1cryst (gray cartoon) in complex with TFB-
TBOA (PDB: 5mju, pink stick). Ile423 (red stick) of HP2 (red) in
TFB-TBOA-bound complex is moved ∼12 Å away from its closed
position (green stick) in the L-Asp-bound complex (green). (b) Excess
space of TFB-TBOA binding pocket (PDB: 5mju). TFB-TBOA
depicted as green and the ligand surface depicted as blue. Protein and
protein surface depicted as gray (truncated at 7.0 Å from ligand).

Figure 3. Rational design of the first β-indolyloxy Asp analogs 15a−d.
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According to the induced-fit docking results (Figure 4c−g), the
key interactions with the Asp fragment were conserved among
analogs 15a−d, and the residues at equivalent positions in
hmEAAT1 were Ser363, Ser365, Thr402, Asp476, Arg479, and
Thr480. No hydrogen bonds could be identified for the β-
indolyloxy part. However, for the binding modes identified for
15b−d in hmEAAT1, residues of differentiation to EAAT2,3
could lead to subtype selectivity (Supporting Information).
Furthermore, the incorporated groups on the C′-3 position of
15c and one binding mode of 15b oriented to the unfilled back
subpocket constructed by TM7a/4c and HP2 (Figure 4d, 4f).
For 15d and one different binding mode of 15b, the C′-3
substituents are directed into the hitherto unexplored front

solvent exposure region shaped by TM2/4c andHP2 (Figure 4e,
4g). In summary, the modeling study substantiated our design
and motivated us to continue with the synthesis and
pharmacological evaluation of 15a−d.
Asymmetric synthesis of C-3 substituted Asp analogs is

challenging due to the required L-threo configuration at vicinal
chiral centers. This is evidenced by the published asymmetric
syntheses of L-TBOA and TFB-TBOA which are both
lengthy.27,35 Alternatively, the Lochner group has reported an
asymmetric aminohydroxlyation strategy to access the L-threo
isomer, however, with low enantiomeric selectivity.36 An
efficient chemoenzymatic methodology by use of MAL-L384A
as biocatalyst was reported by Poelarends group. However, the
drawback is the narrow substrate specificity of enzyme together
with its limited commercial availability.31,37,38

We thus turned to develop a new strategy. Our retrosynthetic
analysis suggests that 15a−d could be derived fromO-alkylation
of dimethyl (L-threo)-N-Boc-3-hydroxyaspartate (7, Asp frag-
ment) with C′-3 appropriately substituted (R group) 6-
(bromomethyl)-1-tosyl-1H-indole (13a−d, indole part) fol-
lowed by deprotection (Scheme 1). The key precursor 7 is
readily obtained from commercially available D-tartaric acid (2)
through the reported synthesis route for dimethyl (3S)-2-azido-
3-hydroxysuccinate (5a/5b), followed by azide reduction and
protection.39 We predicted the indole part 13a−d is obtained
from commercially available methyl 1H-indole-6-carboxylate
(8) via bromination, N′-1 position substitution, Suzuki−
Miyaura reaction, reduction, and nucleophilic substitution.
The synthesis of Asp fragment 7 (Scheme 2) commenced

with esterification of commercially available D-tartaric acid (2)
under standard conditions to give dimethyl ester 3.40 After
treatment with HBr in AcOH and acetate hydrolysis in acidic
methanol, the corresponding bromo alcohol 4 was obtained in
74% yield over two steps. Nucleophilic substitution with sodium
azide gave 5 in 68% yield as a mixture of L-threo 5a and D-erythro
5b diastereomers (threo/erythro = 5.6:1). Hereafter the
diastereomeric azides 5a/5b were reduced to amine 6a/6b by
H2 and 10% Pd/C, and the diastereomeric mixture was
separated by column chromatography to give the L-threo isomer
6a isolated in 36%. The absolute configuration of 6a was
confirmed by comparison with reported 1H NMR data for the
analogous diethyl ester analog.41 After Boc-protection, optically
pure Asp fragment 7 was ready for the following O-alkylation.
Overall, key intermediate 7 was prepared in only five steps with
an 11% overall yield.
For the synthesis of indole part 13a−d (Scheme 3), the route

began with selective bromination at the C′-3 position of 6-
methoxycarbonylindole with N-bromosuccinimide (NBS) at
low temperature (−78 °C) to give bromine 9 in 80% yield. The
strong base NaH was used to deprotonate the indole ring of
compound 9 (or 8), which was then reacted with tosyl chloride
to give N′-1 tosylamides 10 (or 11a) in over 90% yield. The
appropriate boronic acid was used in the subsequent palladium
coupling with 10 to give the series of analogs 11b−d in 69%−
79% yield. To introduce the alkyl bromide functionality, esters
11a−d were first reduced to their corresponding alcohols 12a−
d by LiAlH4. After some experimentation, we established that
excess equivalents of MsCl (3.0 equiv), LiBr (8.0 equiv), and
Et3N (4.0 equiv) in THF provided the desired alkyl bromides
13a−d in 68%−79% yield.42

The synthesis of target molecules 15a−d (Scheme 3) was
finalized by treatment of Asp fragment 7 with NaH and
appropriate bromines 13a−d at low temperature (−15 °C) for 4

Figure 4. Modeling of ligands into EAAT1cryst (green stick) or into
hmEAAT1 (white stick), and outline of the key residues (pink line)
involved in binding the ligands and hydrogen bonds (yellow dash). (a)
Overlay of binding pose of ligands (green) into hmEAAT1 and TFB-
TBOA (PDB: 5mju, white) in EAAT1cryst. (b) Binding mode of TFB-
TBOA with EAAT1cryst (PDB: 5mju). (c−g) Binding mode of
compound 15a−d from induced-fit docking into hmEAAT1.
Compound numbers are labeled on the respective figures.
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h to minimize the risk of epimerization to give the desired ethers
14a−d. Deprotection of 14a−d was conducted by first
treatment with TFA then hydrolysis with LiOH, to give the
desired targets 15a as a HCl salt, and 15b−d as TFA salts in
yields of 3%−8%, over three steps.
The pharmacological properties of newly synthesized β-

indolyloxy Asp analogs 15a−d were determined at stable
hEAAT1-HEK293, hEAAT2-HEK293, hEAAT3-HEK293, and

rEAAT4-tsA201 cell lines in a conventional [3H]-D-Asp uptake
assay (Table 1 and Figure 5). DL-TBOA and Glu were assayed in
parallel as reference ligands.
The synthesized β-indolyloxy Asp analogs 15a−d were all

found to be inhibitors at EAAT1−4 with preference ranging
from 3- to 42-fold for hEAAT1,2 over hEAAT3 and rEAAT4. In
detais, analog 15a (R = H) was slightly less potent compared to
DL-TBOA at the EAAT1−4 subtypes. The phenyl analog 15c

Table 1. Functional Properties Displayed by L-Glu, DL-TBOA, and 15a−d at hEAAT1-HEK293, hEAAT2-HEK293, hEAAT3-
HEK293, and rEAAT4-tsA201 Cell Lines in the [3H]-D-Aspartate Uptake Assaye

aIFDScore of the compound pose shown in the table was the one with the highest overlay quality like the reference ligand TFB-TBOA of
EAAT1cryst complex (PDB: 5mju). bIC50 values were estimate from fitted concentration-inhibition curves that were not fully completed in the
concentration ranges tested (up to 300 μM). cIFDScore of 15b poses were the two proposed binding models displayed in Figure 4d−e,
respectively. dThe purity of compound 15c tested was 80%. eIC50 values are given in μM with pIC50 ± S.E.M. values in brackets, and all data are
based on 3 independent experiments (n = 3).
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displayed comparable inhibitory potencies at hEAAT1,2 with
those of DL-TBOA, but was a 6-fold weaker inhibitor of hEAAT3
compared to DL-TBOA, thus exhibiting a ∼30-fold preference
for hEAAT1,2 over hEAAT3. Notably, both 15b and 15d
displayed high nanomolar potencies as hEAAT1,2 inhibitors and
low micromolar inhibitory potencies at hEAAT3 and rEAAT4.
The para-trifluoromethyl phenyl analog 15d displayed∼25-fold
and ∼5-fold preference for hEAAT1,2 over hEAAT3 and
rEAAT4, respectively. The thiophene analog 15b displayed 3-,
42-, and 10-fold higher inhibitor potency at hEAAT2 than at
hEAAT1, hEAAT3, and rEAAT4, respectively. Thus, the
increase in inhibitory potency at the EAATs seemed to correlate
with increasing size of substitutions compared to DL-TBOA.
Furthermore, from the SAR studies of 15a and 15b−d, the
substitutions on the C′-3 position of the indole ring generally
were observed to increase the preference for hEAAT1,2 over
hEAAT3 and rEAAT4.
On the comparison of functional data (EAAT1 potencies)

with calculated IFDScores (EAAT1 binding affinities) of 15a−d
(Table 1) it is evident that the calculated binding affinities do
not translate well into experimentally determined inhibitory
potencies. For 15a−d, the calculated IFDScores lie in the order
of that for TFB-TBOA, but the experimentally determined
potencies are generally closer to that of L-TBOA. This
discrepancy lies at the fundamental problem between binding

affinities and functional potencies, calculated and/or exper-
imentally determined, which is an ongoing research topic.43−45

However, the calculated IFDscores did predict 15d to be the
analog with the highest EAAT1 affinity, and this analog was
shown to be the most potent analog in the series (EAAT1 data).
In conclusion, we have explored four β-indolyloxy Asp analogs

as inhibitors of the EAATs. A new synthesis of Asp derivatives
with aryloxy substituents at the C-3 position was developed, and
a SAR study probing the effects of the different substitutions at
the C′-3 position of the indole ring was carried out. The
thiophene analog 15b and the para-trifluoromethyl phenyl
analog 15d were found to be potent hEAAT1,2-preferring
inhibitors, displaying IC50 values in the high nanomolar range
(0.21−0.71 μM) at EAAT1,2 and low micromolar range at
(1.6−8.9 μM) EAAT3,4. Our in silico study failed to shed
substantial light on the molecular bases for the observed
differences in pharmacological profiles of the analogs at
EAAT1−4. However, it did elucidate the existence of the extra
area adjacent to the substrate-binding pocket constructed by
TM2/4c or TM7a/4c from the ScaD in the transporter when
binding bulky ligands like TFB-TBOA. Occupancy of the extra
pocket by substituents in analogs could benefit the EAAT
activity and subtype-selectivity/preference, as evidenced by the
functional profiles by 15a versus 15b−d. Therefore, this extra
pocket could constitute an interesting target region for analogs

Scheme 1. Retrosynthetic Analysis of Newly Designed EAAT Inhibitors 15a−d

Scheme 2. Synthesis of Asp Fragment 7 from D-Tartaric Acid 2a

aReagents and conditions: (a) SOCl2, MeOH, 0 °C to reflux, 4 h, quant.; (b) (i) HBr/AcOH, 0 °C to rt, overnight, (ii) AcCl, MeOH, 0 °C to reflux,
4 h, 74%; (c) NaN3, DMF, rt, overnight, 68%; (d) H2,10% Pd/C, MeOH, 45 °C, 3 h, 36%; (e) (Boc)2O, Et3N, DCM, 10 h, 62%.
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in the future search for subtype-selective EAAT ligands.
Furthermore, considering the relatively limited SAR work

done focused on the C′-3 position of the indole ring in the
present work, it remains to be seen whether future SAR studies

Scheme 3. Synthesis of Compounds 15a−d from Methyl 6-Indolecarboxylate 8a

aReagents and conditions: (a) NBS, THF, −78 °C, 2 h, 80%; (b) TsCl, NaH, THF, 0 °C to rt, 30 min, 98% (11a), 90% (10); (c) RB(OH)2,
Pd(dppf)Cl2·CH2Cl2, Cs2CO3, dioxane/H2O (4:1), 110 °C (M.W.), 15 min, 73% (11b), 69% (11c), 79% (11d); (d) LiAlH4, THF, 0 °C to rt, 30
min, 86% (12a), 84% (12b), 80% (12c), 87% (12d); (e) MsCl, Et3N, LiBr, THF, 0 °C to rt, 4 h, 68% (13a), 73% (13b), 69% (13c), 79% (13d);
(f) compound 7, NaH, DMF, −15 °C, 4 h; (g) (i) TFA, DCM, 0 °C to rt, 2 h, (ii) LiOH·H2O, THF/H2O (1:1), 5 h, prep. HPLC, 8% (15a), 6%
(15b), 5% (15c), 3% (15d) over 3 steps.

Figure 5. Concentration-inhibition curves for DL-TBOA, L-Glu, and compounds 15a−d at stable hEAAT1-HEK293, hEAAT2-HEK293, hEAAT3-
HEK293, and rEAAT4-tsA201 cell lines in the [3H]-D-Asp uptake assay. Data are from representative experiments (out of a total of 3 independent
experiments) and given as mean ± SD values in counts per min (CPM) based on duplicate determinations.
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based on this novel scaffold could yield lead analogs with further
increased inhibitory potencies and interesting selectivity
profiles.
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