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The system x_ antiporter is a plasma membrane transporter that mediates the exchange of extracellular
L-cystine with intracellular L-glutamate. This exchange is significant within the context of the CNS
because the import of L-cystine is required for the synthesis of the antioxidant glutathione, while the
efflux of L.-glutamate has the potential to contribute to either excitatory signaling or excitotoxic pathol-
ogy. Changes in the activity of the transport system have been linked to the underlying pathological
mechanisms of a variety of CNS disorders, one of the most prominent of which is its highly enriched
expression in glial brain tumors. In an effort to produce more potent system x; blockers, we have been
using amino-3-carboxy-5-methylisoxazole propionic acid (ACPA) as a scaffold for inhibitor development.
We previously demonstrated that the addition of lipophilic aryl groups to either the #4 or #5 position on
the isoxazole ring markedly increased the inhibitory activity at system x;. In the present work a novel
series of analogues has been prepared in which aryl groups have been introduced at both the #4 and
#5 positions. In contrast to the competitive action of the mono-substituted analogues, kinetic analyses
indicate that the di-substituted isoxazoles block system x;-mediated uptake of *H-i-glutamate into
SNB-19 cells by a noncompetitive mechanism. These new analogues appear to be the first noncompeti-
tive inhibitors identified for this transport system, as well as being among the most potent blockers iden-
tified to date. These diaryl-isoxazoles should be of value in assessing the physiological roles and

molecular pharmacology of system x_.

© 2013 Published by Elsevier Ltd.

1. Introduction

The system x; (Sx:) antiporter is a plasma membrane trans-
porter present in multiple cell types that typically mediates the
exchange of extracellular i-cystine (1-Cys,) with intracellular
L-glutamate (1-Glu) (for review see: Bridges et al., 2012a,b; Lewer-
enz et al., 2013). Functioning as an obligate exchanger, the antipor-
ter utilizes the L-Glu concentration gradient generated by the
Na-dependent excitatory amino acid transporters (EAATSs) to drive
the uptake of L-Cys,. Once inside the cell, the 1-Cys, is rapidly

Abbreviations: ACPA, amino-3-carboxy-5-methylisoxazole propionic acid;
4-bis-TFM-HMICA,  (Z)-4-(1-(2-(3,5-bis(trifluoromethyl)phenyl)hydrazono)ethyl)-
5-methylisoxazole-3-carboxylic acid; 5-Benzyl-4-bis-TFM-HMICA, (Z)-5-benzyl-4-
(1-(2-(3,5-bis(trifluoromethyl)phenyl)hydrazono)ethyl)isoxazole-3-carboxylic acid;
5-Naphthyl-4-bis-TFM-HMICA, (Z)-4-(1-(2-(3,5-bis(trifluoromethyl)phenyl)hydraz-
ono)ethyl)-5-(naphthalen-2-ylmethyl)isoxazole-3-carboxylic acid; 5-4-TFM-Benzyl-
4-bis-TFM-HMICA, (Z)-4-(1-(2-(3,5-bis(trifluoromethyl)phenyl)hydrazono)ethyl)-5-
(4-(trifluoromethyl)benzyl)isoxazole-3-carboxylic acid.
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reduced to L-cysteine (L-CysH) where among many metabolic roles
it typically serves as a rate-limiting precursor in the synthesis of
glutathione. While studies in most cells have focused on the role
of Sx; in glutathione production and antioxidant protection, the
requisite efflux of 1-Glu through the antiporter carries with it
added significance in the CNS, where this .-Glu has the potential
to contribute to excitatory signaling and excitotoxic pathology.
When both the import of 1-Cys, and the export of 1-Glu are taken
into account, the Sx; antiporter has been linked to a very wide ar-
ray of physiological and pathological processes including: brain tu-
mor growth (Watkins and Sontheimer, 2012), drug addiction
(Madayag et al., 2010; Reissner and Kalivas, 2010), chemosensitiv-
ity and chemoresistance (Huang et al., 2005), viral pathology
(Espey et al., 1998), oxidative protection (Shih et al., 2006), the
operation of the blood brain barrier (Hosoya et al., 2002), neuro-
transmitter release (Baker et al., 2002), and synaptic organization
(Augustin et al., 2007). Of particular interest, is the role of Sx; in
gliomas, where astrocytoma cells express markedly enriched levels
of Sx; and the obligate export of L-Glu that accompanies the im-
port of 1-Cys, (possibly to meet the increased synthetic demands
for GSH) appears large enough to produce an excitotoxic necrosis
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that may aid tumor growth, migration and the production of perit-
umoral seizures (Lyons et al., 2007; Patel et al., 2004; Sontheimer,
2008; Ye and Sontheimer, 1999). Significantly, the development of
more potent and selective blockers of Sx; hold considerable poten-
tial to suppress the growth of primary brain tumors (Sontheimer
and Bridges, 2012).

Sx; is a eukaryotic heteromeric amino acid transporter (HAT)
(aka glycoprotein-associated amino acid exchangers) classified
within the amino acid, polyamine, and organic cation (APC) trans-
porter super-family and L-amino acid transporter (LAT) family (Pal-
acin et al., 2005; Verrey et al., 2003). As the HAT classification
suggests, Sx; is composed of a glycoslated “heavy chain” required
for the trafficking and cell surface expression of the dimer (4F2hc
aka CD98, SLC3 family) and a “light chain” that mediates transport
activity (xCT, SLC7A11). Structural studies on the xCT subunit indi-
cate that it possesses 12 transmembrane domains (TMDs), intra-
cellular N and C termini, and a reentrant loop between TMD 2
and 3 that may participate in substrate binding and translocation
(Gasol et al., 2004; Jimenez-Vidal et al., 2004). While in vivo Sx;
mediates the exchange of intracellular .-Glu and extracellular L-
Cys,, transport activity can be followed by quantifying the uptake
of either radiolabeled substrate, with each acting as a competitive
inhibitor of the other. When compared to the EAATS, Sx_ exhibits a
distinct ionic dependency (Cl-dependent, Na-independent) and
pharmacological specificity (Bridges et al., 2012b). Unfortunately,
many of compounds initially identified as inhibitors of Sx_ are also
well known for interacting with other components of the EAA sys-
tem (e.g., quisqualate, ibotenate, serine-O-sulfate and bromo-
homo-ibotenate), decreasing their utility for functional studies in
more complex physiological preparations. For these reasons we
have been pursuing the development of more potent and selective
inhibitors of Sx_.

Not withstanding the issue of cross-reactivity, the actions of the
isoxazoles and closely related heterocyclics mentioned above
prompted the development of a series of derivatives based upon
amino-3-carboxy-5-methylisoxazole propionic acid (ACPA)
(Fig. 1). While ACPA exhibits little or no activity itself, the addition
of lipophilic substituents to its isoxazole ring has yielded a growing
library on increasingly potent Sx inhibitors (Matti et al., 2013; Pa-
tel et al., 2010). The more effective inhibitors within this series
were based upon the introduction of benzyl or naphthyl-based aryl
groups at two positions on the isoxazole ring: (i) replacing the
methyl moiety at position #4 or (ii) replacing the ethyl amino acid
group at position #5 via a hydrazone linkage. In all of those cases
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where detailed kinetic characterizations were carried out, the ana-
logues acted as competitive blockers of the Sx;-mediated uptake of
3H-1-Glu. These results support the conclusion that there are lipo-
philic (or aryl-binding) domains adjacent to the substrate site on
the transport protein. To further assess the relative positions of
these lipophilic domains, several 4,5-di-substituted ACPA deriva-
tives were prepared to test whether the aryl groups were interact-
ing with one or two distinct sites (Patel et al., 2010). While
considerably less active as Sx: inhibitors than a number of the
mono-substituted isoxazoles, the observed inhibitory activity was
consistent with the presence of two lipophilic (or aryl-binding)
“pockets” on the antiporter. In the present work we have contin-
ued optimizing aryl group substituents at the 4 and 5 positions
of the isoxazole ring of the ACPA template to generate some of
the most potent inhibitors of Sx; yet identified. Further, kinetic
analyses indicate that unlike the parent mono-substituted deriva-
tives, these “hybrid” di-substituted isoxazoles act as noncompeti-
tive inhibitors. These findings identify a new pharmacological
strategy with which to regulate Sx_ activity, as well as raise inter-
esting questions as to the position of the lipophilic domains rela-
tive to the substrate-binding site on the transporter.

2. Methods and materials
2.1. Chemistry: synthesis

The novel analogues reported in this study were prepared from
the bromo acetal 6 shown in Scheme 1 (Nelson et al., 2008). Suzu-
ki-Miyaura palladium (McDaniel et al., 2011) catalyzed coupling
with the corresponding arylboronic acids put the C-5 aryl in place,
7-9, hydrolysis of the acetal, hydrazone condensation (Patel et al.,
2010), and hydrolysis of the C-3 ester under basic conditions to ar-
rive at the products 2-4 was then accomplished as previously de-
scribed (Matti et al, 2013). To enhance solubility DMSO was
included in the preparation of stock solutions of the inhibitors.
The concentration of DMSO present following dilution into the as-
say solutions was <0.5% vol./vol. Previous studies confirmed that
this amount of DMSO had no effect on transport rates.

2.2. Cell culture
SNB-19 glioma cells, purchased from American Type Culture

Collection (Manassas, VA), were grown in DMEM/F-12 medium
(pH 7.4) containing 1 mM pyruvate and 16 mM NaHCOs; and
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Fig. 1. Structures of isoxazole-based ligands.
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Scheme 1. Reagents and reaction conditions: (a) NBS CCly, (b) ArB(OH),, PdL,4, CsCOs, (c) TsOH, Acetone, (d) Bis-3,5-trifluoromethylphenylhydrazine, (e) 3 N NaOH, (f) HCI.

supplemented with 10% fetal calf serum. The cells were cultured in
150 cm? flasks (Corning) and maintained at 37 °C in a humidified
atmosphere of 5% CO,. In the 3H-1-Glu uptake experiments, cells
were seeded in 12 well culture plates (Costar) at a density of
5 x 10 cells/well and maintained for 3 days until 80-90% conflu-
ent. Protein concentrations were determined by the bicinchoninic
acid (BCA) method (Pierce).

2.3. Glutamate uptake assay

Uptake of *H-1-Glu into cultured cells was quantified using a
modification of the procedure of Martin and Shane as previously
described by Patel et al. (2010). Briefly, after removal of culture
media, wells were rinsed three times and pre-incubated in 1 ml
Na*-free HEPES buffered (pH 7.4) Hank’s balanced salt solution
(HBHS) at 30°C for 5min. The Na'-free buffer contained:
137.5 mM choline Cl, 5.36 mM KCl, 0.77 mM KH,PO,4, 0.71 mM
MgS04-7H,0, 1.1 mM CaCl,, 10 mM p-glucose, and 10 mM HEPES.
Uptake was initiated by aspiration of the pre-incubation buffer
and the addition of a 500 pl aliquot of Na*-free transport buffer
containing 3H-1-Glu (4-16 mCi/ml) mixed with -Glu (10-
500 pM, final concentration). In those assays that evaluated inhib-
itor activity, the 500 pl aliquot of transport buffer contained both
the H-1-Glu and potential inhibitors to ensure simultaneous addi-
tion. Following a 5 min incubation at 30 °C, the assays were termi-
nated by three sequential 1 ml washes with ice cold buffer after
which the cells were dissolved in 1 ml of 0.4 M NaOH for 24 h.
An aliquot (200 pl) was then transferred into a 5 ml glass scintilla-
tion vial and neutralized with the addition of 5 pl glacial acetic acid
followed by 3.5 ml Liquiscint© scintillation fluid (National Diag-
nostics) to each sample. Incorporation of radioactivity was quanti-
fied by liquid scintillation counting (LSC, Beckman LS 6500). Values
are reported as mean + S.E.M. and are corrected for non-specific
uptake (e.g., leakage and binding) by subtracting the amount of
3H-1-Glu accumulation at 4 °C.

2.4. Kinetic analyses

Michaelis-Menten and Lineweaver-Burk (LWB) plots and asso-
ciated kinetic parameters (K, and Vy.x) for transport inhibitors
were estimated using a non-linear curve fitting analysis (Kaleida-
Graph 4.1.3). K; determinations from LWB and Eadie-Hofstee re-
plots were calculated using linear-regression analysis
(KaleidaGraph 4.1.3).

3. Results
3.1. Inhibition of Sx;-mediated uptake of *H-1-glutamate

The inhibitory activity of the compounds was determined by
quantifying the ability of the analogues to reduce the accumulation
of 3H-1-Glu into human SNB-19 glioblastoma cells under
Cl-dependent (Na-free) conditions. A number of glioma cell lines,

including SNB-19, express markedly higher levels of Sx_ and re-
duced levels of the sodium-dependent EAATs than do primary
astrocytes, making them well suited for pharmacological assays
(Ye et al., 1999). The compounds were initially screened at a single
concentration of substrate (100 uM >H-.-Glu) and isoxazole
(500 uM) to confirm to inhibitory activity. As reported in Table 1,
the analogues almost completely blocked the uptake of the 3H-L-
Glu into the cells under these conditions. (The data are reported
as % of control uptake, thus the smaller the number the greater
the level of inhibition.) The activity for 4-bis-TFM-HMICA (Com-
pound #1, Table 1) has been previously reported, although its ki-
netic mechanism had not been examined in detail (see below).
These initial screenings confirmed that the introduction of aryl
groups to the isoxazole scaffold as either mono-substitutions at
the 4/5 positions or di-substitutions at both could produce potent
inhibitors of Sx_.

3.2. Competitive inhibition of Sx; by the mono-substituted isoxazoles

The inhibitory action of 4-bis-TFM-HMICA was characterized in
greater detail using a standard Michaelis-Menten analysis in which
the concentration of both the isoxazole derivative and substrate
(PH-L-Glu) were systematically varied. A representative series of
plots from assays in the presence of 4-bis-TFM-HMICA are depicted
in Fig. 2, which includes both a Vvs. S plot (Panel A)and a 1/Vvs. 1/S
Lineweaver-Burk (LWB) plot (Panel B). The pattern of inhibition
displayed by 4-bis-TFM-HMICA is representative of a competitive
mechanism and is consistent with the inhibitory action of related
isoxazoles that have been modified with aryl groups at the C4 posi-
tion of the heterocyclic ring (Matti et al., 2013; Patel et al., 2010).
Replots of the slopes of the lines from the LWB plot vs. [I] (Fig. 2, Pa-
nel C) were used to determine K;. An average of n = 3 such analyses
yielded a K;of 61 £ 5 uM for 4-bis-TFM-HMICA (Table 1). A replot of
averaged Ki;, apparent VS. [I] was also linear and yielded a similar K; va-
lue (~80 uM), as would be expected for a competitive inhibitor
(plot not shown) (Segel, 1993).

3.3. Noncompetitive inhibition of Sx; by di-substituted isoxazoles

The di-substituted isoxazole analogues with aryl groups ap-
pended at both the #4 and #5 position were similarly assayed to
determine a mechanism of inhibition. Representative plots are
shown in Fig. 3 for 5-4-TFM-Benzyl-4-bis-TFM-HMICA (Compound
#4, Table 1), the most potent of the blockers examined. In contrast
to mono-substitutions made at either of these positions, all three
di-substituted analogues exhibited a pattern of inhibition consis-
tent with noncompetitive inhibition. Both the V vs. S and LWB plots
demonstrate that the inhibitors produced a decrease in V,.x with
little or no change in K;;;, as would be expected of noncompetitive
inhibitors. Again, replots of the slopes from the LWB graphs were
linear and used to determine K; values (Table 1). A representative
slope replot for 5-4-TFM-Benzyl-4-bis-TFM-HMICA is included in
Fig. 3, Panel C (average K;=3 =1 uM, n=>5). Competitive and
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Table 1
Percent of control uptake of *H-1-Glu and K; values for inhibition of Sx, .

Compound (500 uM)

Sx, -mediated *H-1-Glu uptake
screening assay (% of control)

K; value from LWB
slope replots

Inhibitory
mechanism

CF, 14:4 (n=3)

3,_N\LCOZH

- =N

HsC ", HJ: lCF
1

4-(1-(2-(3,5-
bis(trifluoromethyl)phenyl)hydrazono)ethyl)-5-
methylisoxazole-3-carboxylic acid
4-bis-TFM-HMICA

3

CF4 6+1(n=3)

N _CO,H
el
CF.
5-benzyl-4-(1-(2-(3,5-
bis(trifluoromethyl)phenyl)hydrazono)ethyl)isox

azole-3-carboxylic acid
5-Benzyl-4-bis-TFM-HMICA

I
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3

CF,4 14+4 (n=3)

o N._CO,H
=
HaC H CF3

3
4-(1-(2-(3,5-
bis(trifluoromethyl)phenyl)hydrazono)ethyl)-5-
(naphthalen-2-ylmethyl)isoxazole-3-carboxylic
acid
5-Naphthyl-4-bis-TFM-HMICA

CF,4 6+9(n=5)

N._CO,H
FoC CF

HsC H 3
4
4-(1-(2-(3,5-

bis(trifluoromethyl)phenyl)hydrazono)ethyl)-5-
(4-(trifluoromethyl)benzyl)isoxazole-3-
carboxylic acid
5-4-TFM-Benzyl-4-bis-TFM-HMICA

61+5uM (n=3) Competitive

22+2uM (n=3) Noncompetitive

13+1pM (n=3) Noncompetitive

3+£1uM (n=5) Noncompetitive

SNB-19 cells were assayed for *H-L-glutamate (25-500 uM) uptake under Cl-dependent (Na-free) conditions in the presence of a range of inhibitor concentrations (0-
100 uM). K; values were determined directly from a replot of LWB slope vs. [I] values using linear regression fitting (KaleidaGraph 4.1.3). Values are reported as mean + SEM
(n = 3). The type of inhibition observed was determined based on Lineweaver-Burk and Eadie-Hofstee replots of *H-L-glutamate uptake saturation curves.

noncompetitive inhibitors can also be distinguished by replots
from LWB graphs of either K, apparent VS. [I], linear for competitive
mechanisms, or 1/Vmaxapparent VS. [I], linear for noncompetitive
inhibition (Segel, 1993). In the instance of 5-4-TFM-Benzyl-4-bis-
TFM-HMICA the replot of 1/Vimaxapparent VS. [I] was indeed linear
and yielded a K; of ~8 uM (plots not shown). If both the slope re-
plot and the 1/Viaxapparent VS. [I] Teplot yield similar K; values, as
is the case for 5-4-TFM-Benzyl-4-bis-TFM-HMICA, the analogue
is considered to be acting as a “pure” noncompetitive inhibitor,
where the binding of the compound does not alter the binding
affinity of the substrate (Segel, 1993). Interestingly, while the K;
values determined by these two replot methods for 5-4-TFM-Ben-
zyl-4-bis-TFM-HMICA and 5-Naphthyl-4-bis-TFM-HMICA (Com-
pound #3, Table 1) were not markedly different, the K; values for
5-Benzyl-4-bis-TFM-HMICA (Compound #2, Table 1) generated
from the 1/Vmaxapparent VS. [I] replots was ~60 pM (average n = 3),

a substantial increase over the ~20 UM K; determined by the slope
replot method (plots not shown). This would suggest that in con-
trast to the other noncompetitive inhibitors, the binding of 5-Ben-
zyl-4-bis-TFM-HMICA to Sx; also decreased the affinity with
which the transporter binds L-Glu.

As the identification of the di-substituted isoxazoles as
noncompetitive inhibitors was unexpected, the kinetic data was
also analyzed using the Eadie-Hofstee method as a second
graphical approach. As depicted in Fig. 3 (Panel D) for 5-4-TFM-
Benzyl-4-bis-TFM-HMICA, the plots of V vs. V/[S] for it and 5-Naph-
thyl-4-bis-TFM-HMICA yielded a series of parallel lines, a pattern
indicative of noncompetitive inhibition. The Eadie-Hofstee plot
for 5-Benzyl-4-bis-TFM-HMICA generated non-intersecting lines
consistent with mixed inhibition (plot not shown). This pattern
of mixed inhibition is in agreement with the analysis described
above in which the binding of the inhibitor also reduces the ability
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Fig. 2. Representative kinetic analyses and K; determination for 4-bis-TFM-HMICA. SNB-19 cells were assayed for *H-L-glutamate uptake under Cl-dependent (Na-free)
conditions in the presence of a range of inhibitor concentrations. Data are plotted as pmol/mg/mg protein and have been corrected for non-specific uptake and leakage. Panels
A and B, K, (=150 pM) and Vimax (21100 pmol/min/mg protein) values were determined by non-linear curve fitting of the saturation curves and linear regression analysis of
LWB plots (KaleidaGraph 4.1.3). Panel C, K; (70 uM) values were determined by linear regression of LWB slope vs. [I] replot.
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Fig. 3. Representative kinetic analyses of 5-4-TFM-Benzyl-4-bis-TFM-HMICA displaying noncompetitive inhibition. Panel A, Michaelis—Menten analysis; Panel B, LWB replot;
Panel C, LWB slope vs. [I] replot; Panel D, Eadie-Hofstee replot. K;;, (<160 uM), Vnax (1100 pmol/min/mg protein) and K; (3 M) values for plots shown were determined
using KaleidaGraph (4.1.3).

of the transporter to bind L-Glu as a substrate. When the K;;/Vimax 4. Discussion
(equivalent to a LWB slope) and 1/Viaxapparent Values garnered

from the Eadie-Hofstee graphs were replotted vs. [I], the resulting To the best of our knowledge, the diaryl-substituted isoxazoles
K; values were very similar to those determined from replots of the described here represents the first noncompetitive blockers to be
LWB graphs (plots not shown). identified for the Sx; transport system. This mechanism of action
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was not anticipated, as these compounds emerged during the
course of structure-activity-relationship (SAR) studies aimed at
the optimization of rationally designed competitive inhibitors.
Thus, the isoxazole scaffold was selected for analogue development
because of the previously characterized inhibitory activity of a
number of closely related compounds, including quisqualate, ibot-
enate, and bromo-homoibotenate (Bridges et al., 2012b). Employ-
ing amino-3-carboxy-5-methylisoxazole (ACPA) as a starting
point, it was found that the inhibitory activity increased as aryl
groups were systematically introduced at either the 5 position on
the isoxazole ring (replacing the methyl group of ACPA) or the 4
position of the isoxazole via a hydrazone linkage (replacing o-ami-
no acid moiety) (Matti et al.,, 2013; Patel et al., 2010). Of these
derivatives, S-2-naphthyl-ethyl-ACPA emerged as one of the more
potent Sx_ inhibitors. Detailed kinetics analysis similar to those
employed in the present study confirmed that it competitively
inhibited the Sx;-mediated uptake of *H-.-Glu into SNB-19 cells
with a K; of about 50 uM (Patel et al., 2010). Given the structural
similarities between the analogues, it was assumed at that time
that 4-bis-TFM-HMICA, in which the aryl substitution was made
at the 4 position of the isoxazole ring was also acting as a compet-
itive manner. That this was indeed the case is confirmed in the
present report, where Michaelis—-Menten and LWB analyses dem-
onstrated it competitively inhibited the uptake of *H-L-Glu into
SNB-19 cells with a K; of about 60 uM. The results also confirm
the utility and potency of 4-substituted aryl isoxazole as inhibitors.
These SAR data were particularly valuable, as the results suggest
that there are lipophilic (or aryl-binding) pockets adjacent to the
substrate binding site on Sx; and that the presence of these do-
mains can be exploited, much in the same manner as has been
done with the EAATSs (Bridges and Patel, 2009), to develop more
potent and specific inhibitors.

SAR-based comparisons between the 4- and 5-aryl substituted
isoxazole raised intriguing questions as to whether the aryl groups
were interacting with the same domains on the transporter (neces-
sitating a change in the manner in which the isoxazole ring was
accommodated) or that there are two distinct lipophilic domains
present on Sx. This issue was directly addressed through the syn-
thesis and testing of comparable isoxazoles that were modified at
both positions. Although markedly less potent than the mono-
substituted isoxazoles, the ability of these first “hybrid” analogues
to also block the Sx;-mediated uptake of *H-1-Glu into SNB-19
cells supported the conclusion that there were at least two distinct
lipophilic (aryl-binding) domains on the transporter, although the
mechanism of inhibition remained to be elucidated (Patel et al.,
2010). These results prompted the optimization of the di-substi-
tuted isoxazoles and the preparation of the three analogues charac-
terized in the present study. As initial screening assays suggested
that these new isoxazoles were among the best inhibitors yet
developed for Sx; (Table 1), kinetic studies were carried out to
determine K; values. Surprisingly, the Michaelis-Menten and
LWB analyses of the concentration dependence with which the
di-substituted isoxazoles inhibited the Sx:-mediated uptake of
3H-1-Glu into SNB-19 cells revealed a noncompetitive mechanism
rather than a competitive one. Similarly, when the uptake rates
were analyzed using Eadie-Hofstee plots as a second approach,
the resulting pattern of lines was again indicative of a noncompet-
itive inhibitor. The Lineweaver-Burk plots were further analyzed
by repotting both the slope and 1/Vmaxapparent (1/Vintercept) VS. [I].
If a compound is acting as “pure” noncompetitive inhibitor, then
these two replots should both be linear and yield the same value
for K; (i.e., —X intercept). This was the case for 5-4-TFM-Benzyl-
4-bis-TFM-HMICA, where a K; value of about 5 uM places it among
the most potent Sx_ inhibitors yet identified (Bridges et al., 2012b).
Mechanistically, the data suggest this inhibitor can bind to either
the empty or substrate-occupied transporter to produce a “dead

end” complex (i.e., an inactive transporter) and that is does so
in a manner that does not alter the binding of the substrate (e.g.,
1-Glu). Among the three isoxazoles examined, only 5-Benzyl-
4-bis-TFM-HMICA exhibited a substantial difference between the
two replots methods, yielding a K; of about 20 uM from the slope
replot and 60 M from the 1/V intercept replot. While there are dif-
ferent types of mixed inhibition involving multiple sites of interac-
tion that could produce such results, the most straightforward
interpretation suggests that 5-Benzyl-4-bis-TFM-HMICA is non-
competitively inhibiting Sx; with a K; of ~20 uM, but that when
it is bound the analogue also reduces the affinity of the transporter
for its substrate (Segel, 1993). Such an interpretation is also sup-
ported by the fact that the other closely related di-substituted isox-
azoles are both more potent and act as “pure” noncompetitive
inhibitors.

The switch from a competitive to a noncompetitive mechanism
observed with the di-substituted isoxazoles raises intriguing ques-
tions as to the molecular relationships between the potential sites
of action on Sx;. Based upon the competitive action of the mono-
substituted isoxazoles, such as 4-bis-TFM-HMICA, it was hypothe-
sized that the isoxazole portion of the molecule was acting as an -
Glu mimic and interacting with substrate binding domains, while
the trifluoromethyl-substituted benzyl group was interacting with
an adjacent lipophilic (aryl-binding) domain. As a consequence of
occupying some portion of the substrate site, it competitively
blocks the binding of 1-Glu. The 5-monosubstituted isoxazole
would be hypothesized to bind in an analogous manner; only it
would be interacting with a different lipophilic domain, the pres-
ence of which is supported by the inhibitory action of the di-
substituted “hybrid” isoxazoles. If this is occurring, the present
demonstration of the noncompetitive action of the di-substituted
analogues may reflect the optimal binding of the two aryl groups
to their respective lipophilic (aryl-binding) domains in a manner
that still inhibits uptake, but also repositions the isoxazole ring
such that it is no longer directly precludes the binding of L-Glu.
This, in turn, would lead to the hypothesis that the substrate bind-
ing and lipophilic domains are located in close proximity to one an-
other. The competitive action of the other isoxazoles would also be
consistent with this model. Further, lipophilic (aryl-binding) do-
mains have been identified in a number of other transport systems
that are in close proximity to the substrate binding domains,
including the EAATSs and the serotonin transporter (SERT) (Bridges
and Patel, 2009; Leary et al., 2011; Zhou et al., 2009b). However,
the possibility that the aryl-substituted isoxazoles are acting at a
site well removed from the substrate-binding site cannot be ex-
cluded. In such an instance, analogue binding would have to pro-
duce conformational changes that inhibit transport activity in a
manner that may or may not also block L-Glu binding, reflecting
competitive and noncompetitive mechanisms, respectively.
Whichever mechanisms are ultimately resolved, the marked in-
crease in the potency of the present inhibitors, likely also reflect
the presence of the trifluoromethyl groups on the aryl substituents.
The role of fluorine in enhancing the binding affinity of the ligands
likely arises from either the proper filling of apolar pockets, multi-
polar C-F---H-N, C-F...C=0, and C-F.--H-Ca interactions or polar
interactions with electropositive side chains (Bissantz et al,
2010; Muller et al., 2007; Zhou et al., 2009a; Zurcher and Diede-
rich, 2008). It is entirely plausible that with three trifluoromethyl
groups present on the most potent inhibitor, 5-4-TFM-Benzyl-4-
bis-TFM-HMICA, that both types of interactions contribute to the
enhanced binding affinity. Future work within this evolving library
of compounds will focus on the continued optimization of these
aryl group interactions. The protein domains with which these li-
gands interact have been postulated to represent either intermedi-
ate binding sites guiding substrate permeation (e.g., “vestibule
sites”) or potential allosteric regulatory sites (e.g., “halogen

Please cite this article in press as: Newell, ].L,, et al. Novel di-aryl-substituted isoxazoles act as noncompetitive inhibitors of the system x_ cystine/gluta-
mate exchanger. Neurochem. Int. (2014), http://dx.doi.org/10.1016/j.neuint.2013.11.012



http://dx.doi.org/10.1016/j.neuint.2013.11.012

J.L. Newell et al./ Neurochemistry International xxx (2014) XxX-Xxx 7

binding pockets™) (Singh et al., 2008; Zhou et al., 2009b). Ligands
occupying these sites may prevent the transporter from accessing
one or more conformational states within the alternate access
mechanism that are required for substrate translocation. Ironically,
further inhibitor development will likely include exploring
different linkers between the aryl groups that now, in the face of
a noncompetitive mechanism, may no longer require the inclusion
of a L-glutamate (or L-cystine) mimic.
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