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ABSTRACT: Stereoselectivity of 2,3-benzodiazepine compounds provides a unique
way for the design of stereoisomers as more selective and more potent inhibitors as
drug candidates for treatment of the neurological diseases involving excessive activity
of AMPA receptors. Here we investigate a pair of enantiomers known as Talampanel
and its (+) counterpart about their mechanism of inhibition and selectivity toward four
AMPA receptor subunits or GluA1—4. We show that Talampanel is the eutomer with
the endismic ratio being 14 for the closed-channel and 10 for the open-channel state of

GluA2. Kinetic evidence supports that Talampanel is a noncompetitive inhibitor and it

binds to the same site for those 2,3-benzodiazepine compounds with the C-4 methyl group on the diazepine ring. This site, which
we term as the “M” site, recognizes preferentially those 2,3-benzodiazepine compounds with the C-4 methyl group being in the R
configuration, as in the chemical structure of Talampanel. Given that Talampanel inhibits GluAl and GluA2, but is virtually
ineffective on the GluA3 and GluA4 AMPA receptor subunits, we hypothesize that the “M” site(s) on GluAl and GluA2 to
which Talampanel binds is different from that on GluA3 and GluA4. If the molecular properties of the AMPA receptors and
Talampanel are used for selecting an inhibitor as a single drug candidate for controlling the activity of all AMPA receptors in vivo,
Talampanel is not ideal. Our results further suggest that addition of longer acyl groups to the N-3 position should produce more

potent 2,3-benzodiazepine inhibitors for the “M” site.

KEYWORDS: AMPA receptors, stereoselectivity, 2,3-benzodiazepine compounds, Talampanel, structure—activity relationship

D eveloping selective agents that are capable of differ-
entiating between subunits or subtypes of a protein or
receptor, by either affinity or activity, is important for
improving our understanding of the functional role of each
subunit and subtype and for enhancing our ability to control
the target function with minimal or no side effect. If the target
is involved in a disease, these selective agents are generally
better candidates for drug discovery. For developing selective
agents, the chemical structure of a prototypic template may
yield useful clues. For instance, if an inhibitor is a small
compound and contains a stereogenic center in its chemical
structure, such a chiral molecule can be exploited for synthesis
of two enantiomers that are mirror images to each other. More
often, the two enantiomers exhibit significant difference in their
target selectivity and potency, in addition to difference in
bioavailability, rate of metabolism, excretion and toxicity.">
Therefore, a mechanistic characterization of the two
enantiomers provides useful insights into developing more
selective and more potent agents. Here we describe a
mechanistic study of the enantiomers of the C-4-methyl 2,3-
benzodiazepine derivatives, as part of our investigation of the
structure—activity relationship of these compounds (Figure 1).
2,3-Benzodiazepine derivatives, also known as GYKI com-
pounds, are a group of compounds synthesized to be potential
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inhibitors of the a-amino-3-hydroxy-5-methyl-4-isoxazolepro-
pionic acid (AMPA) receptors.

AMPA receptors are one of the three subtypes of the
glutamate ion channel receptor family, and they mediate fast
synaptic neurotransmission in the central nervous system.g”4
AMPA receptors are indispensable for brain activities, such as
memory and learning.>* Excessive channel activity, however,
causes abnormal calcium influx, thereby leading to neuronal
injury and cell death. AMPA receptor-mediated cell injury is
thought to underlie a number of neurological diseases such as
epilepsy, amyotrophic lateral sclerosis (ALS), and Parkinson’s
disease.”~® Inhibitors of AMPA receptors are thus potential
drugs for a treatment of these neurological diseases. Among the
inhibitors developed to date, 2,3-benzodiazepine derivatives are
promising drug candidates, because some have shown potent
anticonvulsive and neuroprotective effects in cellular and animal
models.'™"> The prototypic compound in this family, GYKI
52466 (1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-SH-
2,3-benzodiazepine, see Figure 1 for structure), was discovered
in the 1980s and has been used as a template for the synthesis
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Figure 1. Chemical structures of BDZ-d (Talampanel, GYKI 53773,
(R)-(=)-1-(4-aminophenyl)-3,4-dihydro-3-N-acetyl-4-methyl-7,8-
methylenedioxy-SH-2,3-benzodiazepine), BDZ-¢ (GYKI 53774, (S)-
(+)-1-(4-aminophenyl)-3,4-dihydro-3-N-acetyl-4-methyl-7,8-methyle-
nedioxy-SH-2,3-benzodiazepine), BDZ-f (GYKI 53784, (R)-(—)-1-(4-
aminophenyl)-3,4-dihydro-3-N-methylcarbamyl-4-methyl-7,8-methyle-
nedioxy-SH-2,3-benzodiazepine), and the prototypic compound GYKI
52466 (1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-SH-2,3-ben-
zodiazepine).

and the activity evaluation of hundreds of new com-
pounds.*™"?

The C-4 methyl group in the structure of GYKI 52466
(Figure 1) is important in several ways. First, removing the C-4
methyl group (ie., replacing it with a hydrogen atom) or
substituting it with a longer alkyl group reduces the biological
activity, as seen in the inhibition of field potential in
hippocampal slices and maximal electroshock seizures in
mice."" Second, although the C-4 methyl group is important
in activity, it can be replaced, for example, with a carbonyl
group.'™ This replacement is in fact the change of the
azomethine moiety with a &-lactam moiety. Such a replacement
retains biological activities, such as anticonvulsant properties,
but changes the binding site.!>'* In other words, 2,3-
benzodiazepine compounds with a C-4 carbonyl moiety bind
to one site on the receptor, while those with a C-4 methyl
group bind to a different site, as shown in our previous
studies.'*"¢

The importance of the C-4 methyl group is further reflected
by its stereochemistry, as the C-4 methyl group can adopt two
stereoisomeric configurations, provided that the 3,4-double
bond is saturated (see the chemical structure of GYKI 52466 in
Figure 1). However, the 3,4-dihydro analogue of GYKI 52466,
known as GYKI 52895, turns out to be a selective dopamine
uptake inhibitor.'” In contrast, acylation at the N-3 position
restores AMPA receptor antagonism. Consequently, a large
number of acylated dihydro-2,3-benzodiazepines compounds
have been synthesized.'”'! Each of these compounds correlates
to a pair of enantiomers due to the C-4 stereogenic center.
These enantiomers tend to have different biological activities.
For example, two (—) stereoisomers, that is, (R)-(—)-1-(4-
aminophenyl)-3,4-dihydro-3-N-acetyl-4-methyl-7,8-methylene-
dioxy-SH-2,3-benzodiazepine (Talampanel or GYKI 53773)
and (R)-(—)-1-(4-aminophenyl)-3,4-dihydro-3-N-methylcar-
bamyl-4-methyl-7,8-methylenedioxy-SH-2,3-benzodiazepine,
protect AMPA-receptor mediated cell death in a primary
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hippocampal culture'® and inhibit AMPA receptors in various
cells,"” whereas their (+) stereoisomers are effective. To date,
however, the detailed mechanism of how the stereochemistry of
the C-4 methyl group affects the inhibitory property of the
resulting enantiomers on AMPA receptors is not well
understood, nor the selectivity of these two enantiomers for
each of the AMPA receptor subunits.

Here we investigate the mechanism of inhibition of the
GluA2 AMPA receptor channel opening by a pair of
enantiomers that differ from the configuration of the C-4
methyl group. To measure the effect of an inhibitor on the rate
of channel opening, we use a laser-pulse photolysis technique
that provides a ~60 ps time resolution. We also characterize
whether the change of the C-4 configuration affects (a) the
selectivity of the two enantiomers toward each of the four
AMPA receptor subunits and (b) the site of binding, as
compared with GYKI 52466. The enantiomer pair we chose for
this study is Talampanel (Figure 1) and its (+) enan-
tiomer.'” >

Talampanel is perhaps the best known among all 2,3-
benzodiazepine compounds.'””>* Animal and electrophysio-
logical studies suggest a strong potential of this compound as a
neuroprotective agent.”>~>” Thus far, Talampanel has already
undergone phase I and II trials for refractory epilepsy,”***
amyotrophic lateral sclerosis (ALS),**° as well as recurrent
malignant gliomas.3’l’32 Recently, however, a much anticipated
phase 1I clinical trial of this compound against ALS (sponsored
by Teva Pharmaceutical Industries Ltd.; http://ir.tevapharm.
com/phoenix.zhtml?c=73925&p=irol-newsArticle&ID=
1555496) ended without appreciable clinical benefit. At the
molecular level, very few mechanistic details for Talampanel are
known.'*® Therefore, the study we report here is useful to
shed some light on its mechanism of action on AMPA
receptors and its subunit selectivity. For simplicity in describing
our study, here we name Talampanel and its (+) enantiomer as
BDZ-d and BDZ-¢ (Figure 1), respectively.

B RESULTS AND DISCUSSION

BDZ-d and BDZ-e Inhibited the Whole-cell Current of
GIluA2 AMPA Receptors. We used whole-cell current
recording and assayed if BDZ-d and BDZ-e inhibited the
AMPA receptor activity. As shown, BDZ-d inhibited the
homomeric GluA2Qy;, channel expressed in human embryonic
kidney (HEK-293) cells (Figure 2a). Under the same
condition, however, BDZ-¢ was barely ineffective as an inhibitor
(Figure 2a). To quantitatively measure the difference in
potency between BDZ-d and BDZ-¢, we characterized the
inhibition constant for the two compounds by the ratio of the
whole-cell current amplitude in the absence and presence of an
inhibitor (i.e., A/A;) as a function of inhibitor concentration.
For each compound, we further measured the inhibition
constant for both the closed-channel (Figure 2b) and open-
channel state (Figure 2¢) of GluA2Qy;, by setting the glutamate
concentration at 100 uM and 3 mM, respectively.' 03334 As
such, the inhibition constant of BDZ-d was found to be 15 + 1
uM for the closed-channel state (K;) and 30 + 4 uM for the
open-channel state (K;), by the use of eq 1 (all equations,
including eq 1, are listed and described in the Supporting
Information). Likewise, a K; of 201 + 27 uM and a K; of 304 +
32 uM were determined for BDZ-¢ (see also the summary of
these data in Table 1). The comparison of the two sets of
inhibition constants clearly shows that BDZ-d is at least 10-fold
more potent in inhibiting GluA2Qg;, than BDZ-e. It is therefore
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Figure 2. (a) Representative whole-cell current traces from HEK-293
cells expressing GluA2Qy;, receptors, obtained from solution flow
experiments. The bar above each current trace represents a pulse of
100 uM glutamate used to evoke receptor response recorded at —60
mV, pH 7.4, and 22 °C. The pair on the left was from the same cell
showing that at 20 uM BDZ-d inhibited the current response as
compared with the control; the pair on the right was from another cell
showing that BDZ-e at the same concentration, that is, 20 M, only
weakly inhibited the receptor response. (b) Effect of BDZ-d on the
whole-cell current amplitude of GluA2Qg;, receptors; A and A;
represent the current amplitude in the absence and presence of an
inhibitor, respectively, and I represents inhibitor. A Kj of 15 + 1 uM
was determined, by using eq 1 (see eq 1 is in the Supporting
Information), for the closed-channel state (100 uM glutamate, ®); a
K; of 30 + 4 uM was obtained for the open-channel state (3 mM
glutamate, O). (c) Effect of BDZ-¢ on the whole-cell current amplitude
of GluA2Qg, receptors obtained from the flow measurement.
Similarly, a K; of 201 + 27 uM was determined for the closed-
channel state (100 M glutamate, ®); a K of 304 + 32 uM was
obtained for the open-channel state (3 mM glutamate, O).

apparent that BDZ-d is the eutomer whereas BDZ-¢ is the
distomer. The endismic ratio, defined as the ratio of the
inhibition constant of the distomer to that of the eutomer, is 14
for the closed-channel state and 10 for the open-channel state
of GluA2Qg;,.

We further examined the inhibition of both compounds on
the flop isoform of GluA2 or GluA2Qg, Using the same
method, we found that BDZ-d and BDZ-e showed similar
magnitude of inhibition as they did on the flip isoform
(Supporting Information Figure 1). Because BDZ-d exhibited a
higher potency, we also determined, using eq 1, its inhibition
constant (K;) to be 15 & 1 uM for the closed-channel and K; to
be 22 + 1 uM for the open-channel state (Supporting
Information Figure 2). Based on the fact that BDZ-d showed
similar inhibition constants for the closed-channel and the
open-channel state of the flip and flop isoforms of GluA2, we
concluded that BDZ-d did not discriminate between the flip
and flop isoforms of GluA2. This result is consistent with our
observation from the study of other 2,3-benzodiazepine
compounds for the flip and flop of GluA2,'>'%**** and
suggests that the flip/flop sequence cassette most likely is not
involved in the site of binding.'” 163334 Apparently, these
compounds cannot be used to control the difference in various
functional properties between the flip and flop isoforms of
GluA2, such as desensitization® ™ and channel opening
reaction.*® Together, these data show that the single stereo-
isomeric difference at the C-4 position gives rise to the
difference in biological activity of BDZ-d and BDZ-¢ in that the
S configuration significantly diminishes the activity of the
enantiomer on the same receptor.

Inhibitory Selectivity of BDZ-d and BDZ-e to AMPA
Receptor Subunits. Did BDZ-d and BDZ-e show a similar
differential potency on other AMPA receptor subunits? To
answer this question, we tested the inhibitory activity of BDZ-d
and BDZ-e with the remaining AMPA receptor subunits,
GluAl, GluA3, and GluA4. Specifically, a homomeric receptor
channel formed by a single subunit was expressed in HEK-239
cells, and was tested with each of the two compounds by the
use of whole-cell recording. The inhibitor concentration was
kept at 20 M throughout. By the magnitude of A/A;, BDZ-d
exhibited strong inhibitory activity on GluAl (Figure 3) in
addition to GluA2 (Figure 2c), but showed weak activity on
both GluA3 and GluA4. In contrast, BDZ-e was virtually
ineffective on every AMPA receptor channels (Figure 3). It
should be noted that because BDZ-d had low potency against
GluA3 and GluA4, the inhibition ratios for both GluA3 and
GluA4 were measured at 100 uM and calibrated to the ratios of
20 puM; the same experiment was done with BDZ-e as well.

Table 1. Inhibition Constants of 2,3-Benzodiazepines Obtained from Rate and Amplitude Measurements for the Closed-

Channel and Open-Channel States of GluA2Qy;,

a
rate measurement

amplitude measurement

inhibitor
BDZ-d 66 + 20 75
BDZ-¢
GYKI 52466° 61 + 11 128 + 30
BDZ-f" 2+ 1 20 £ 3

K* (uM)®® (closed channel) K* (uM)®9 (open channel) K; (M)*? K (uM)?¢ K, (uM) (closed channel) I_<I(/4M)cf(open channel)

18 +2 16 + 1 1S+1 30 + 4

201 + 27 304 + 32
1IS+1 16 + 1 14 +1 30 +2
4+1 Sx1 4+1 Sx1

“The constants obtained from rate measurements represent those 1n the first step of inhibition as in Figure S, whereas those obtalned from the
amplitude measurements represent the overall inhibition constants. Laser-pulse photolysis measurement. “Flow measurement. Measurements at
100 M glutamate for the closed-channel state. “Measurements at ~300 yM glutamate. /Measurements at 3 mM glutamate. ®Ritz et al. 15 h ‘Wang et

a11
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Figure 3. Selectivity of BDZ-d and BDZ-¢ for the four AMPA receptor
subunits, GluAl, GluA2, GluA3, and GluA4 (all in the flip isoform).
Each subunit was expressed in HEK-293 cells separately, and the
inhibition was shown as the A/A| ratio for both the closed-channel and
the open-channel for each receptor. For GluAl and 2, 20 uM BDZ-d
and BDZ-e were used for the assay. For GluA3 and GluA4, 100 M
BDZ-d and BDZ-e were used for the assay, because both compounds
showed diminished inhibition. For the plot, the A/A; ratio was
normalized to that of 20 #M inhibitor response.

Even at the higher concentration, neither compound showed
appreciable inhibition on either GluA3 or GluA4. On GluAl,
BDZ-d displayed higher inhibition potency than BDZ-e, similar
to GluA2 (Figure 3). On all AMPA receptor subunits, BDZ-d
seemed to inhibit preferably the closed-channel over the open-
channel state, although both the potency and the conformation
selectivity of BDZ-d on GluA3 and GluA4 were weak (Figure
3).
BDZ-d Inhibited the Channel-Opening Rate Process
of GIuA2Qg;,. We next investigated the mechanism of action
of BDZ-d on the GluA2 AMPA receptor. We chose BDZ-d,
instead of BDZ-¢, because BDZ-d is the eutomer. We further
chose GluA2 because it is one of the main receptor targets of
action for BDZ-d (Figures 2 and 3). To investigate the
mechanism, we used a laser-pulse photolysis technique,
together with a photolabile precursor of glutamate or caged
glutamate.41 In this experiment, a single laser pulse was used to
photolyze caged glutamate (see detail in the Methods) to
release free glutamate with an ~60 ps time resolution.* The
time resolution, represented by the time constant of the
photolysis reaction, was sufficient to enable us to measure the
channel-opening reaction of the GluA2 receptor*’ and the
effect of an inhibitor on the channel-opening rate proc-
o, 15:16,33,34

Shown in Figure 4a are representative whole-cell current
traces obtained from the laser-pulse photolysis measurement.
As a control (upper trace in Figure 4a), the rise of the
glutamate-evoked whole-cell current reflected the opening of
the GluA2 channels from a single HEK-293 cell¥’ In the
presence of BDZ-d (lower trace), the rate of the current rise on
the same cell was slowed and the amplitude of the whole-cell
current was reduced. Furthermore, that the channel-opening
rate remained single exponential at any concentration of
glutamate (i.e., between 100 + 20 #M and 300 = SO M) with
and without inhibitor (for up to 60 M) was consistent with
the assumption that the binding of the inhibitor/glutamate was
fast relative to the channel opening.ls’lé’33"34’42 These results
suggested that BDZ-d inhibited the GluA2 channel-opening
rate, rather than the rate process of ligand binding. To
investigate the mechanism of action for BDZ-d, we further
characterized the effect of BDZ-d on both channel-closing and
the channel-opening rate constants or ky and k,, respectively
(Figure 4b and c) (see a detailed rationale in the Supporting
Information). We found BDZ-d affected both k, and kop and
further determined a K;* of 57 + S uM for the open-channel
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Figure 4. (a) BDZ-d inhibited both the rate and the amplitude of the
opening of the GluA2Qg, channels, shown in the representative
whole-cell current traces from an HEK-293 cell obtained from the
laser-pulse photolysis experiment. The upper trace (O) was the
control (ks = 2079 s™%; A = 0.74 nA), and the lower trace (OI)
contained 20 uM BDZ-d (ky, = 1591 s7'; A = 0.38 nA). The
concentration of the photolytically released glutamate was estimated to
be ~100 uM in both cases. (b) Effect of BDZ-d on k obtained at 100
UM of photolytically released glutamate and as a function of BDZ-d
concentration. A K* of 7 + S uM was determined using eq 2. (c)
Effect of BDZ-d on k,, obtained at 300 uM of photolytically released
glutamate and as a function of BDZ-d concentration. A Ki* of 66 + 20
#M was determined using eq 3. (d) Effect of BDZ-d on the whole-cell
current amplitude obtained from the laser-pulse photolysis measure-
ment. A K; of 18 + 2 uM was determined at 100 M of photolytically
released glutamate (@); a K; of 16 & 1 uM was obtained at 300 yM of
photolytically released glutamate (O).

state (Figure 4b), using eq 2, and a K;* of 66 + 20 uM for the
closed-channel state (Figure 4c), using eq 3 (see also the
summary of these data in Table 1). The fact that BDZ-d
inhibited both k; and k,, was consistent with a noncompetitive
mechanism of inhibition for BDZ-d acting on the GluA2 AMPA
receptor.'>'%*¥3* Together, both the amplitude and rate data
from our experiments further clarified that BDZ-d directly
inhibits GluA2 AMPA receptor by binding to a noncompetitive
site, contrary to what has been perceived.'"*°

BDZ-d Inhibited the Channel Opening of GluA2Qg;,
by a Two-Step Process. It was interesting to note that the
inhibition constants of BDZ-d for both the closed-channel and
the open-channel state of GluA2Qg, obtained from the
amplitude measurement were smaller than the corresponding
values from the rate measurement. Specifically, K; values of 18
+ 2 puM and 16 + 1 uM were determined at 100 and 300 uM
glutamate, respectively, from the effect of the inhibition of
BDZ-d on the current amplitude in the laser experiment
(Figure 4d). However, these values were 3.6-fold smaller than
those obtained from the rate measurements (Figure 4b and c;
Table 1). Using a solution flow technique, we determined the
K; to be 15 + 1 uM for BDZ-d for the closed-channel state,
measured at 100 uM glutamate (Figure 2a, upper
line).'>'%3*3%* These comparisons therefore suggested that
a smaller inhibition constant or a stronger inhibition observed
from the amplitude measurement was real and was not due to a
specific method or technique we used.

To determine the inhibition constant for the open-channel
and closed-channel states for BDZ-d, we varied the
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concentration of glutamate to titrate the open-channel fraction
(see eq 1, and egs a and b in the Supporting Information). For
GluA2 AMPA receptor, glutamate concentrations of 100 M
and 3 mM corresponded to the fraction of the open-channel
form being ~4% and ~95%, respectively (note that the channel
opening probability for GluA2 is ~96%).** In other words, at a
low glutamate concentration the majority of the receptors were
in the closed-channel state, whereas at a saturating glutamate
concentration the majority of the receptors were in the open-
channel state. As such, the use of the two glutamate
concentrations allowed us to estimate the inhibition constants
for BDZ-d (and BDZ-¢) for the two receptor states of GluA2
(Figure 2b and c; Table 1). Based on this rationale, it would be
expected that at 100 uM glutamate concentration, the
inhibition constant for BDZ-d calculated from the amplitude
measurement for the closed-channel state by the solution flow
technique was the same as that by the laser-pulse photolysis
technique. It would be further expected that at 300 uM
glutamate, the inhibition constant of 16 uM calculated from the
amplitude (Figure 4d; open circle) from the laser experiment
was similar to 15 uM obtained from the solution flow
measurement at 100 ym glutamate concentration (Figure 2b,
closed symbol) and 18 yM obtained from the laser measure-
ment also at 100 uM glutamate concentration (Figure 4d,
closed circle). This was not surprising because a glutamate
concentration of 300 uM correlated to ~10% of the fraction of
the open channel population, which was much closer to ~4% at
100 M glutamate than ~95% at 3 mM glutamate. In fact, at 3
mM glutamate, the inhibition constant of 30 M was
determined for BDZ-d for the open-channel state of GluA2Qy;,
(Figure 2b, open symbol; Table 1).

The discrepancy between the inhibition constants obtained
from the amplitude measurement and from the rate measure-
ment can be accounted for by a mechanism we have previously
proposed in the study of other 2,3-benzodiazepine com-
pounds.'®'®3*3* By this mechanism, the inhibition of
GluA2Qy;, channels by BDZ-d involves two steps, and each
step contributes to the overall inhibition of the receptor (Figure
5). The first step involves the formation of an inhibitor-receptor
intermediate, producing partial inhibition; and the second step
involves a rapid isomerization from the loose inhibitor-receptor
complex into a tighter, nonconducting complex that yields
additional inhibition.">'%**** Furthermore, the first step is slow
as compared to the second step. As such, from the rate
measurement, we observed only the partial inhibition from the
first step or the slow step, that is, a K;* of 57 + S uM for the
open-channel state (Figure 4b) and a K;* of 66 + 20 uM for
the closed-channel state (Figure 4c). In contrast, the overall
inhibition constants determined from the amplitude data, which
included additional inhibition from the second step, are smaller:
15 + 1 uM for the closed-channel state and 30 + 4 uM for the
open-channel state (Table 1).

BDZ-d and GYKI 52466 Bind to the Same Site on
GluA2Qy;,, and This Site is Stereoselective. We hypothe-
sized that BDZ-d would bind to the same site to which GYKI
52466 binds on GluA2, because both compounds contain a C-4
methyl group'®'® and a 7,8-methylenedioxy moiety.** To test
this hypothesis, we carried out a double inhibition experiment
(see the Supporting Information). In this experiment, BDZ-d
and GYKI 52466 were applied on GluA2Qy;, simultaneously.
The concentration of GYKI 52466 was kept at 20 uM, while
the concentration of BDZ-d was varied from 5 to 60 uM. The
apparent, double-inhibition constant was found to be 14 + 1
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Figure S. A minimal mechanism of inhibition for BDZ-d. The upper
row shows the channel-opening reaction of the AMPA receptor. A
represents the active, unliganded form of the receptor; L, the ligand
(glutamate); AL and AL,, the ligand-bound closed-channel forms; AL,,
the open-channel state of the receptor (all the species with a bar sign
refer to open-channel state). Furthermore, k,, and kg are the channel-
opening and channel-closing rate constants. For simplicity and without
contrary evidence, it is assumed that glutamate binds to the receptor in
the two steps with equal affinity, represented by the same intrinsic
equilibrium dissociation constant, K;. The initial binding of BDZ-d to
the receptor is assumed to form a loosely bound, partially conducting
intermediate (e.g,, IALY) (middle row). In the second step (the lower
row), the receptor:inhibitor intermediate rapidly isomerizes into a
more tightly bound, inhibitory complex (IAL,). The inhibition
constants pertinent to various steps in this mechanistic scheme are
shown in Table 1. Specifically, K; represents the overall inhibition
constant associated with the closed-channel state of the receptor (i.e.,
column § in Table 1); K;, the overall inhibition constant associated
with open-channel state (i.e., column 6 in Table 1). The values for K*
and K;* for step 1 can be found from columns 1 and 2 in Table 1. In
addition, k,,* and ky* are the channel-opening and channel-closing
rate constant, respectively, of the partially inhibited AMPA receptor.

uM (Figure 6) by the use of eq 4, which was identical to the K;
of 15 &+ 1 uM for BDZ-d alone. This result was consistent with
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Figure 6. Double-inhibition experiment for GYKI 52466 and BDZ-d
on the closed-channel state of GluA2Qy;,. The concentration of GYKI
52466 was fixed at 20 yM while that of BDZ-d varied from S to 60 M.
The apparent double-inhibition constant was determined to be 14 + 1
uM (O), as compared with a K; of 15 + 1 yM for BDZ-d alone (®).
The dashed line is the simulation of the A/A; ratio by assuming that
the two inhibitors bound to two different sites with an apparent,
double-inhibition constant of ~7 uM (when GYKI 52466 was fixed at
20 uM).

the hypothesis that BDZ-d competed for binding with GYKI
52466 to the same site on the GluA2Qy;, receptor. If the two
inhibitors bound to two different sites, a double-inhibition
constant of ~7 yM or a much stronger inhibition would be
expected (the dashed line in Figure 6, simulated by eq S in the
Supporting Information).

There are several key properties of this particular non-
competitive site on the GluA2 AMPA receptor where GYKI
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52466 and BDZ-d bind. First, as we reported previously, the
presence of the C-4 methyl group in the 2,3-benzodiazepine
structures defines a noncompetitive site but only for those
compounds that have the 7,8-methylenedioxy moiety ** (for
the brevity of writing, we name this site as the “M” site). The
7,8-methylenedioxy ring moiety (Figure 1) is important
because enlarging the 7,8-methylenedioxy ring into even the
7,8-ethylenedioxy one renders the resulting compound binding
to a different noncompetitive site®* (we name this site simply as
the “E” site”). Both sites, however, are distinctly different from
the third noncompetitive site. The third site accommodates
those 2,3-benzodiazepine compounds whose C-4 methyl group
is replaced with a C-4 carbonyl group (here we name it the “O”
site). It should be noted that for replacing the 4-methyl group
of GYKI 52466 with a carbonyl group, the double bond
between N-3 and C-4 of the diazepine ring has to be saturated
as well. As such, the structural change from GYKI 52466 to the
resulting compound or 1-(4-aminophenyl)-3,5-dihydro-7,8-
methylenedioxy-4H-2,3-benzodiazepin-4-one is in fact a re-
placement of the azomethine moiety with a e-lactam moiety."®
By this structure—activity relationship, it is therefore not
surprising that both GYKI 52466 and BDZ-d compete for
binding to the same noncompetitive site or the “M” site on the
GluA2Qy;, receptor. All of these sites are schematically shown
in Figure 7.

Our results demonstrate that BDZ-d binds to and inhibits the
GluA2Q AMPA receptors, and it does so much more strongly
than BDZ-e. This stereoselectivity is consistent with the one
previously reported for 2,3-benzodiazepine compounds.'®"’
Our results also establish that the interaction of the receptor
through the “M” site with inhibitors like BDZ-d is stereo-
selective in that the “M” site preferentially recognizes the same
2,3-benzodiazepine compound whose C-4 methyl group is in
the R configuration. For an inhibitor with one stereogenic
center like the C-4 position, stereoselectivity refers to a
receptor’s preferential recognition of one out of two possible
stereoisomers.*> At the same site, BDZ-e with the S
configuration is not as effective as an inhibitor, most likely
due to its less favorable recognition by the receptor and thus a
weakened ability to bind to the “M” site. It is further expected
that a racemic mixture of BDZ-d and BDZ-¢ shows a
diminished activity as compared to the eutomer BDZ-d alone
but improved activity as compared to the distomer BDZ-e
alone, which was exactly what we found (see Supporting
Information Figure 3).

Assuming that this “M” site is not located on the surface of
the GluA2 receptor but in either a cleft or on protruding
residues of the receptor, then four simultaneous bonding
interactions are involved topologically in order for the receptor
to distinguish between the two enantiomers at the receptor
site.* It should be noted that the stereoselectivity at the “M”
site is in fact ascribed to the amino acid residues that make up
the pocket to bind to the C-4 methyl group of those 2,3-
benzodiazepine compounds, such as BDZ-d. At the present, the
location and the structure of the “M” site or any other
noncompetitive sites on any AMPA receptor subunits is not yet
known.

The Effect of N-3 Acylation on the Potency of 2,3-
Benzodiazepine Compounds that Bind to the “M” Site.
As we have previously reported,'® the “M” site possesses a
series of properties for compounds that are structurally similar
to GYKI 52466 but more so to those that are derivatized at the
N-3 position such as BDZ-d, and BDZf (ie, (—)-1-(4-
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“0” site “E” site

Figure 7. Schematic (and only partial) representation of the three
noncompetitive binding sites on the GluA2Qg;, AMPA receptor for
2,3-benzodiazepine compounds. The presence of both the C-4 methyl
group and the 7,8-methylenedioxy moiety in the 2,3-benzodiazepine
structures defines the “M” site (in red color).'>** Shown here is GYKI
52466 bound to the “M” site. The interaction between the receptor
and an inhibitor at the “M” site is stereoselective in that the “M” site
preferentially recognizes and accommodates those 2,3-benzodiazepine
compounds with a C-4 methyl group in the R configuration. Replacing
the C-4 methyl group with a C-4 carbonyl group results in 2,3-
benzodiazepin-4-ones that bind to the “O” site (in blue color).'®
Shown here is 1-(4-aminophenyl)-3,5-dihydro-7,8-methylenedioxy-
4H-2,3-benzodiazepin-4-one bound to the “O” site. However,
enlarging the 7,8-methylenedioxy ring into the 7,8-ethylenedioxy one
renders the resulting compound binding to the “E” site (in green
color).>* Shown here is 1-(4-aminophenyl)-3,5-dihydro-7,8-ethyl-
enedioxy-4H-2,3-benzodiazepin-4-one bound to the “E” site.

aminophenyl)-3,4-dihydro-3-N-methylcarbamyl-4-methyl-7,8-
methylenedioxy-SH-2,3-benzodiazepine) (see the chemical
structure of BDZ-f in Figure 1). GYKI 524466, BDZ-d, and
BDZ-f share the following inhibitory properties. Through this
site, (i) these inhibitors show higher potency for the closed-
channel than the open-channel state; (ii) these inhibitors are
nonselective between the flip and flop variants of GluA2Q or
they inhibit both isoforms equally well; (iii) like other 2,3-
benzodiazepine compounds we have characterized, BDZ-d
inhibits GluA2Qg;, by forming an initial, loose intermediate that
is still partially conducting, yet this intermediate rapidly
isomerizes into a tighter, fully inhibited receptor-inhibitor
complex.'®

The comparison of the inhibitory potency for all three
compounds, that is, GYKI 52466, BDZ-d, and BDZ-f, suggests
that acylation at the N-3 position of the 2,3-diazepine ring
strengthen the potency of the resulting compounds that bind to
the “M” site (see the last two columns in Table 1). The
magnitude of the inhibition constants for both the closed-
channel and the open-channel state for all three compounds
shows that the longer the acyl chain is, the stronger the potency
of a resulting compound gets. A derivatization at the N-3
position starts from the GYKI 52466 template (Figure 1).
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However, the 3,4-dihydro analogue of GYKI 52466, known as
GYKI 52895, which is generated by the saturation of the 3,4-
double bond, turns out to be a selective dopamine uptake
inhibitor.'” In contrast, acylation at the N-3 position by adding
an acetyl group, which yields BDZ-d (and BDZ-e), produces
the shortest among all N-3 acylated 2,3-benzodiazepine
derivatives."' However, even the eutomer or BDZ-d does not
show an improvement in its potency as compared with GYKI
52466 (see Table 1, the last two columns). On the other hand,
BDZ-f, which contains a methylcarbamoyl group at the N-3
position, does show an improved potency for both the closed-
channel and the open-channel state of GluA2 (Table 1). The
fact that BDZ-f is a stronger inhibitor than BDZ-d could be
explained by the existence of a large side pocket on the receptor
for the “M” site, which can accommodate favorably a large N-3
derivative. Besides the size of an N-3 derivative, other factors
could be also involved in strengthening the potency of the
resulting compound, such as shape and additional stereo-
chemical arrangement of the same size.'®

Based on this hypothesis, we predict that a 2,3-
benzodiazepine compound with a longer or larger N-3
derivatization than BDZ-f will possess even a stronger potency.
Obviously, this hypothesis requires further testing. It should be
noted, however, that our prediction only applies to those
compounds that bind to the “M” site on the GluA2 receptor.
That means that the compounds must possess a C-4 a methyl
group with the R configuration. If the C-4 group is not methyl,
but a carbonyl group, the same acylation as described above
actually has the opposite effect: the longer the N-3 acyl group,
the weaker the potency of resulting compounds.”® This is
because these compounds bind to the “O” site, different from
the “M” site to which the compounds with the C-4 methyl
group such as BDZ-d and BDZ-f bind.

We also predict that the change of the chemical nature of the
C-4 methyl group may improve the inhibitory property of a
resulting compound. In this case, the CH;— group at the C-4
position may be replaced with a number of perturbations, such
as a CH,F— group or a CF;— group. Alternatively, the C 4
CH;— group can be replaced with isosteres, such as a NHZ
OH-— group, based on the hydride displacement law.*
replacement of the C-4 methyl group on the diazepine ring
with anyone of these isosteres tests the relevance of the
electronegativity without changing the size of a methyl group at
the same position. It should be noted that these isosteres must
be in the R configuration. Furthermore, the reason by which the
size of a methyl group should be preserved is that the
replacement of a methyl with a longer alkyl group at the C-4
position is known to reduce potency.

Selectivity of BDZ-d and BDZ-e to the Four AMPA
Receptor Subunits. We also characterized the selectivity
profile for both BDZ-d and BDZ-e with each of the four
homomeric AMPA receptor channels. Our result shows that
BDZ-d exhibits strong inhibition on both GluAl and GluA2
subunits but only weak inhibition on GluA3 and GluA4 (Figure
3). BDZ-¢ has the same selectivity profile, although it is a much
weaker inhibitor overall (Figure 3). These results therefore
allow us to draw several conclusions and implications.

First, that BDZ-d and BDZ-e show the same stereoselectivity
on GluAl as it does on GluA2 suggests that the “M” site also
exists on GluAl. Second, the “M” sites to which BDZ-d binds
on GluAl and GluA2 are similar; yet these sites are different
from the noncompetitive sites to which BDZ-d binds on either
GluA3 or GluA4. We therefore speculate that the weak

641

inhibition of both GluA3 and GluA4 by BDZ-d is due to its
weak binding. This speculation is based on the assumption that
BDZ-d does not change its conformation when it is bound to
different receptor subunits. Furthermore, because BDZ-d does
not bind to either GluA3 or GluA4 as strongly as it does to
either GluAl or GluA2, the enantiomeric configuration of the
C-4 methyl group has less impact on inhibiting GluA3 and
GluA4. In other words, the stereoselectivity of 2,3-benzodia-
zepine compounds with the C-4 methyl moiety would be less
significant on both GluA3 and GluA4 as compared with the
GluAl and GluA2 AMPA receptor subunits.

Mechanistic Evaluation of Talampanel as a Drug
Candidate Targeting AMPA Receptors. The results from
our study may shed some light to potential problems of using
BDZ-d or Talampanel as a single drug for controlling excessive
activity of AMPA receptors in vivo, despite the fact that
Talampanel is one of the best known 2,3-benzodiazepine
compounds.'”™** In terms of potency, Talampanel is not a
strong inhibitor of AMPA receptors. It is no better than the
prototypic compound GYKI 52466. Even BDZf is better than
Talampanel or BDZ-d (Table 1). 'S 1f our prediction is correct,
a longer N-3 derivitazation with the same C-4 methyl group
would be even stronger than BDZ-f and BDZ-d or Talampanel.
Surprisingly, Talampanel is ineffective in inhibiting GluA3 and
GluA4. This deficiency may explain the failure of a recent,
phase II clinical trial where Talampanel was found safe but not
efficacious as an ALS drug (see http://ir.tevapharm.com/
phoenix.zhtml?c=73925&p=irol-newsArticle&ID=1555496).
Evidence suggests that the expression of the GluA3 mRNA (but
not the other AMPA receptor subunits) is specifically elevated
in motor neurons, after kainic acid infusion but before motor
neuron death*® (note that motor neurons can be selectively
killed by a continuous low dose of kainic acid infused into
animal models). An increase in the GluA3 expression is also
observed in the motor neurons of the human superoxide
dismutase 1 G93A (DOD1G93A) transgenic mice,*” an ALS
animal model, and these motor neurons display an increased
vulnerability to glutamate.*” Conversely, the use of a GluA3
antisense peptide nucleic acid or a noncompetitive AMPA
receptor inhibitor prolongs the animal survival.*** These
results suggest that inhibiting the GluA3 subunit should be
therapeutically beneficial for ALS treatment. It is therefore not
unexpected that the use of Talampanel as a single drug
candidate, which does not inhibit the GluA3 subunit, is
inefficacious in an ALS clinical test. It should be noted,
however, that AMPA receptors play an important role in motor
neuron degeneration in ALS,>>' and the use of AMPA
receptor inhibitors remains a promising therapeutic approach.
For instance, as shown in experiments with spinal cord slices,
AMPA receptor antagonists protect motor neuron degener-
ation induced by chronic blockade of glutamate uptake as a way
to elevate glutamate concentration in order to induce glutamate
tox1c1ty

H CONCLUSION

Chirality can introduce higher selectivity, and possibly
specificity as well, for controlling functions of biological
molecules in vivo. For instance, the mammalian olfactory
system can distinguish the (+)- and (—)-carvone by a caraway-
like and a spearmint-like reaction, respectively, although the
only difference between the two enantiomers is the
configuration of a methylethenyl group.’® For activating
glutamate receptors, D-glutamate has lower affinity, and its
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binding causes less receptor activation.’*~>® Chirality can also

introduce higher selectivity and perhaps specificity in inhibitor
and drug design. This is especially beneficial for developing
better 2,3-benzodiazepine compounds for a tighter control of
AMPA receptor activity in vivo. The results from this study
demonstrate that any effective 2,3-benzodiazepine inhibitors
that contain a C-4 methyl group on the diazepine ring, like
BDZ-d or Talampanel, must have the R configuration to bind
favorably to the noncompetitive receptor site or the “M” site.
Our study further suggests that addition of a longer group to
the N-3 position should produce a more potent inhibitor for
the “M” site. Based on the fact that BDZ-d inhibits GluA1 and
GluA2, but is virtually ineffective on GluA3 and GluA4, we
hypothesize that the “M” site(s) on GluAl and GluA2 is
different from that of GluA3 and GluA4, most likely reflecting
different sets of amino acid residues that make up the “M” site.
If the molecular properties of both the AMPA receptors and
BDZ-d or Talampanel are used for selecting a single inhibitor as
a drug candidate for ALS clinical tests, Talampanel is not ideal.

B METHODS

Cell Culture and Receptor Expression. HEK-293S cells were
cultured in a 37 °C, 5% CO,, humidified incubator, and in the
Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (Invitrogen), 100 units of
penicillin/mL, and 0.1 mg streptomycin/mL (Sigma-Aldrich, St. Louis,
MO). The DNA plasmids encoding all AMPA receptor subunits were
prepared as previously described.*>*”~> The HEK-293S cells were
transiently transfected to express each AMPA receptor by following a
standard calcium phosphate method.® The cells were also
cotransfected with a plasmid encoding green fluorescent protein
(GFP) as a transfection marker and a separate plasmid encoding large
T-antigen to enhance the receptor expression at the single cell level.”'
The weight ratio of the plasmid for GFP and the large T-antigen to
that for an AMPA receptor was 1:1:10, respectively. The plasmid used
for transient transfection of an AMPA receptor ranged from S to 15 pg
per 35 mm dish. In general, the cells were used for recording 48 h after
transfection.

Whole-Cell Current Recording. Glutamate-induced whole-cell
current from transfected HEK-293S cells was recorded on an Axopatch
200B instrument (Molecular Devices, Sunnyvale, CA) at a cutoff
frequency of 2—20 kHz by a built-in, four-pole low-pass Bessel filter.
The whole-cell current traces were digitized at a 5—50 kHz sampling
frequency using a Digidata 1322A (Molecular Devices). All recordings
were at —60 mV and room temperature. The pClamp 8 software
(Molecular Devices) was used for data acquisition. A recording
electrode was made from glass capillary (World Precision Instruments,
Sarasota, FL) and had a resistance of ~3 MQ when filled with the
electrode solution. The electrode solution was composed of (in mM)
110 CsF, 30 CsCl, 4 NaCl, 0.5 CaCl,, 5 EGTA, and 10 HEPES (pH
7.4 adjusted by CsOH). The external solution contained (in mM) 150
NaCl, 3 KCl, 1 CaCl,, 1 MgCl,, and 10 HEPES (pH 7.4 adjusted by
NaOH). All chemicals were from commercial sources. The GYKI
compounds were kindly provided by Dr. Sandor Solyom (from IVAX
in Hungary).

Laser-Pulse Photolysis Measurement. The use of the laser-
pulse photolysis technique to measure the channel-opening kinetics
has been described previously.'® In this experiment, a caged glutamate
(e.g, 4-methoxy-7-nitroindolinyl-caged-L-glutamate from Tocris Bio-
science) was dissolved in the external buffer and applied to a cell using
a flow device.'**” A single laser pulse at 355 nm generated from a
pulsed Q-switched Nd:YAG laser (Continuum, Santa Clara, CA), with
a pulse length of 8 ns and energy output in the range of 200—1000 yJ,
was applied to an HEK-293S cell via optical fiber. To determine the
concentration of glutamate generated photolytically by laser
photolysis, we calibrated the receptor response in the same cell by
applying two solutions of free glutamate with known concentrations
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before and after laser flash, with reference to the dose—response
relation.'® These measurements also allowed us to monitor any
damage to the receptors and/or the cell for successive laser
experiments with the same cell. A flow device®”** was used to deliver
free glutamate and/or caged glutamate solutions in the absence and
presence of inhibitor. The time resolution of this flow device,
determined by the rise time of the whole-cell current response (10—
90%) to saturating glutamate concentrations, was 1.0 + 0.2 ms, an
average of the measurement from >100 cells expressing the same
receptor.’> Furthermore, we used an 8 s time protocol in
preincubating all of the 2,3-benzodiazepine compounds in both flow
and laser photolysis experiments in order to observe and record full
inhibition by these inhibitors, a phenomenon we previously observed
with other 2,3-benzodiazepine compounds.''%**3*

Experimental Design and Data Analysis. The design of the
experiments for determining the inhibition constants for the closed-
channel and the open-channel state from the amplitude by varying
glutamate concentration has been described in the text. The design of
the experiment for measuring the effect of an inhibitor on k,, and k; as
a function of inhibitor concentration and at two glutamate
concentrations is described in detail in the Supporting Information.
All equations used for data analysis are also in the Supporting
Information. Furthermore, when a glutamate solution with or without
an inhibitor was used to evoke the receptor response, by a solution
flow device,'®"“* the amplitude of the whole-cell current was
corrected for receptor desensitization during the rise time.®> The
corrected current amplitude was then used for data analysis. Origin 7
(Origin Lab, Northampton, MA) was used for both linear and
nonlinear regressions (Levenberg—Marquardt and simplex algo-
rithms). Unless otherwise noted, each data point shown in a plot
was an average of at least three measurements collected from three
different cells. The error reported refers to the standard error of the
fits.

B ASSOCIATED CONTENT

© Supporting Information

Figures showing the inhibition of BDZ-d and BDZ-e on
GluA2Qq,, and the inhibition of the mixture of BDZ-d/BDZ-¢
on GluA2Qg, and an appendix listing all equations for data
analysis. This material is available free of charge via the Internet
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53773, (R)-(—)-1-(4-aminophenyl)-3,4-dihydro-3-N-acetyl-4-
methyl-7,8-methylenedioxy-SH-2,3-benzodiazepine; BDZ-e,
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tyl-4-methyl-7,8-methylenedioxy-5SH-2,3-benzodiazepine; BDZ-
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diazepine; HEK-293 cells, human embryonic kidney 293 cells
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