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ABSTRACT

N-Methyl-p-aspartate (NMDA) receptors mediate excitatory
synaptic transmission in the central nervous system and play
important roles in synaptic development and plasticity, but also
mediate glutamate neurotoxicity. Recently, 2-naphthoic acid
(NPA) and its derivatives have been identified as allosteric,
noncompetitive NMDA receptor inhibitors. The selectivity of
NPA derivatives among NMDA receptor subtypes was mapped
structurally to the ligand-binding domain, and was proposed to
be mediated by residues on the S1 segment. To delineate the
kinetic mechanism by which NPA inhibits NMDA receptor
activity, we examined its effects on the NMDA receptor gating
reaction. Using whole-cell patch clamping on human embryonic
kidney 293 cells expressing recombinant NMDA family of

glutamate receptor subunits, GIuUN1/GIuN2A, we found that
NPA has a 50% inhibitory effect at 1.9 mM. Further, from one-
channel current recordings, we found that 4 mM NPA caused
a 62% decrease in open probability by decreasing mean open
time 2.5-fold and by increasing mean closed time 2-fold. Kinetic
modeling suggested that NPA binding stabilized NMDA receptor
closed states and increased the energy barriers toward open
states, causing NMDA receptors to dwell longer in pre-open
states along the activation pathway. The reaction mechanisms
we derived provide quantitative insight into the inhibitory
mechanism of NPA and help anticipate its effects on GluN1/
GIuN2A receptors during both physiologic and pathologic
activation modalities.

Introduction

N-Methyl-pD-aspartate (NMDA) receptors are glutamate-
activated ion channels expressed throughout the central
nervous system. These receptors are dimers of heterodimers
composed of glycine-binding GIuN1 (N1) subunits and
glutamate-binding GluN2 (N2) subunits, of which four iso-
forms (2A-2D) are encoded by separate genes. Each subunit
is organized into four distinct domains: an extracellular
N-terminal domain, a ligand-binding domain (LBD), a trans-
membrane pore-forming domain, and an intracellular C-
terminal domain (Traynelis et al., 2010). Ca®" entry through
NMDA receptors is required during neuronal development for
synapse formation and throughout life for synaptic mainte-
nance and plasticity (Bliss et al., 2003). NMDA receptors are
key mediators of glutamate excitotoxicity, and NMDA re-
ceptor hyperactivity has been associated with many neuro-
logic conditions, including ischemic stroke, epilepsy, and
neurodegenerative disorders (Rothman and Olney, 1986;
Lipton and Rosenberg, 1994; Metman et al., 2000).
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The different effects of NMDA receptor activity on neuronal
survival may correlate with the receptors’ subcellular loca-
tions (Petralia et al., 2010). Upon activation by glutamate,
depolarizing Na™ and Ca®* influxes through synaptic NMDA
receptors mediate synaptic signal transduction, shape plas-
ticity, and promote neuron survival (Papadia et al., 2008; Lau
and Bading, 2009; Léveillé et al., 2010; Bell and Hardingham,
2011). Conversely, activation of extrasynaptic NMDA recep-
tors in pathologic conditions promotes neuronal death by
activating separate intracellular pathways (Hardingham and
Bading, 2002, 2010; Hardingham et al., 2002; Stark and
Bazan, 2011; Kaufman et al., 2012). Although these findings
raised hope that NMDA receptor antagonists would be
neuroprotective in patients, the clinical trials for stroke and
traumatic brain injury have failed so far, due to either low
effectiveness or adverse effects caused by completely sup-
pressing NMDA receptor signaling (Albers et al., 1999; Morris
et al., 1999; Davis et al., 2000; Muir, 2006). The adverse
effects have been attributed to the lack of selectivity of first-
generation inhibitors, thus pointing to the need for isoform- or
function-selective antagonists (Popescu, 2005; Wyllie et al.,
2013). Recently, 2-naphthoic acid (NPA) has been identified
as the parent compound of a new family of NMDA receptor
allosteric modulators (Costa et al., 2010). Importantly, the

ABBREVIATIONS: AMPA, «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; CTR, control; DMSO, dimethylsulfoxide; DQP1105, 4-(5-(4-
bromophenyl)-3-(6-methyl-2-oxo-4-phenyl-1,2-dihydroquinolin-3-yl)-4,5-dihydro-1H-pyrazol-1-yl)-4-oxobutanoic acid; GIuN, NMDA family of
glutamate receptor subunits; HEK, human embryonic kidney; HEPBS, N-(2-hydroxyethyl)piperazine-N’(4-butanesulfonic acid); LBD, ligand-
binding domain; LL, log4q likelihood; MOT, mean open time; NMDA, N-methyl-p-aspartate; NPA, 2-naphthoic acid; PAS, pregnanolone sulfate; P,
open probability; TCN201, 3-chloro-4-fluoro-N-[(4-{[2-(phenylcarbonyl)hydrazino]carbonyl}phenyl)methyllbenzene-sulfonamide; QNZ46, (E)-4-

(6-methoxy-2-(3-nitrostyryl)-4-oxoquinazolin-3(4H)-yl)-benzoic acid.
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compounds in this family have distinct patterns of selectivity
at NMDA receptors containing different N2 subunits. Experi-
ments with NMDA receptors containing N2 subunit chimeras
suggested that the effect may be mediated by residues located
in the LBD, at the interface between the N1 and N2 subunits
(Costa et al., 2010), implying that this class of modulators may
have a mode of action that is separate from other character-
ized NMDA receptor allosteric modulators and thus currently
unknown. Their ability to discriminate between A/B and C/D
subtypes makes NPA derivatives attractive both as possible
therapeutics and research tools.

Isoform-specific modulators have tremendous pharmaco-
logic potential (Ogden and Traynelis, 2011). In many brain
regions A/B- and C/D-containing receptors are located differ-
entially at synaptic versus extrasynaptic sites, and are thus
subject to distinct patterns of agonist exposure (phasic
versus tonic) and initiate intracellular cascades with divergent
cellular outcomes (survival versus death) (Momiyama, 2000;
Hardingham et al., 2002; Brickley et al., 2003; Hardingham
and Bading, 2003; Lozovaya et al., 2004; Léveillé et al., 2010).
The new features and promising applications of this class of
NMDA receptor modulators necessitate a better understand-
ing of their modulatory mechanism. Current models of NMDA
receptor activation postulate that after binding agonist, and
before populating open states, receptors transition through at
least three kinetically resolvable states, which constitute the
main activation pathway. Occasionally, receptors escape this
pathway by entering desensitized states, and on a seconds-to-
minutes timescale they can also change gating mode (Banke
and Traynelis, 2003; Popescu and Auerbach, 2003, 2004;
Erreger et al., 2005; Schorge et al., 2005; Zhang et al., 2008;
Kussius et al., 2009).

To delineate how NPA affects the gating mechanism of NMDA
receptors, we examined single-channel currents produced by
2A-containing NMDA receptors in the presence of NPA and in
conditions that minimized confounding effects by ambient
extracellular ligands. Based on these results, we conclude
that NPA-binding reduces NMDA receptor open probability (P,),
due to decreased mean open time (MOT) together with increased
mean closed time. Kinetic modeling suggests that NPA-binding
does not change the number or the sequence of states in the
NMDA receptor gating reaction, but influences a specific subset
of rate constants and increases the energy barrier for activation
and stabilizes closed states. These results provide insight into
the inhibitory mechanism of NMDA receptor by NPA and help
anticipate the effects of NPA on NMDA receptor responses in
both physiologic and pathologic conditions.

Materials and Methods

All methods were similar to those described in detail previously
(Popescu and Auerbach, 2003; Kussius et al., 2009; Amico-Ruvio and
Popescu, 2010). Briefly, rat GluN1-1a (N1, U08261) and GluN2A
(N2A, M91561) subunits were expressed from pcDNA3.1(+) in human
embryonic kidney (HEK) 293 cells together with green fluorescent
protein.

Whole-Cell Currents. Whole-cell currents were recorded with
intracellular solutions containing (in mM): 135 CsF, 33 CsOH, 2
MgCl,, 1 CaCly, 10 HEPES, and 11 EGTA. Intracellular solutions
were adjusted to pH 7.4 (CsOH) and clamped at —70 mV. Clamped
cells were perfused with extracellular solutions containing (in mM):
150 NaCl, 2.5 KCIl, 0.5 CaCl,, 10 N-(2-hydroxyethyl)piperazine-
N'(4-butanesulfonic acid) (HEPBS), 0.01 EDTA, and 0.1 glycine;

extracellular solutions were adjusted to pH 8.0 (NaOH). Glutamate
(1 mM) and NPA (Sigma-Aldrich, St. Louis, MO) from dimethylsulf-
oxide (DMSO) stock were added as specified. All extracellular solutions
were adjusted to contain 1% DMSO. Currents were measured under
two application protocols: either 1) with NPA always present: cells
were perfused with extracellular solution containing 4 mM NPA for 5
seconds before switching to a solution containing both 4 mM NPA and
1 mM glutamate; or 2) with NPA only preapplied: cells were perfused
with extracellular solution containing 4 mM NPA for 5 seconds before
switching to a solution containing 1 mM glutamate and no NPA.
Currents were amplified and low-pass filtered at 2 kHz (Axopatch
200B; 4-pole Bessel; Molecular Devices, Sunnyvale, CA), sampled at
5 kHz (Digidata, 1322A; Molecular Devices) and written into digital
files with pClamp 10 (Molecular Devices). The data were fitted by
using the equation:

a—b
Y = b T otercs o
where a and b denote the maximum and minimum effects re-
spectively; H is the Hill slope; and IC5, represents the concentration of
antagonist that gives a response half-way between a and 6. Analyses
were done with OriginPro 8.0 software (OriginLab Corporation,
Northampton, MA).

Single-Channel Currents. Single-channel currents were recorded
from cell-attached patches with glass electrodes filled with extracellular
solution containing (in mM): 150 NaCl, 2.5 KCl, 1 EDTA, 10 HEPBS, 1
glutamate, and 0.1 glycine, as well as 1% DMSO with or without NPA
(as control [CTR]), adjusted to pH 8 (NaOH). Channel openings were
recorded as sodium influxes after applying +100 mV through the
recording pipette. Currents were amplified and low-pass filtered at
10 kHz (Axopatch 200B; 4-pole Bessel), sampled at 40 kHz (PCI-6229,
M Series card; National Instruments, Austin, TX) and written into
digital files with QuB acquisition software (www.qub.buffalo.edu,
University at Buffalo, Buffalo, NY).

Processing and Analyses. Processing and analyses were done
on records with only one active channel and required minimal
processing, as described in detail previously (Popescu and Auerbach,
2003; Kussius et al., 2009; Amico-Ruvio and Popescu, 2010). Idealiza-
tion (segmental K-means) and modeling (maximum interval likelihood)
were done in QuB (Qin et al., 1997, 2000) using 12-kHz digitally filtered
data, onto which we subsequently imposed a 75 us resolution. Values for
time constants, component areas, and rate constants were calculated by
fitting the models indicated to entire single-channel data records.

The minimum number of states necessary to describe the recorded
activity was determined by monitoring the increase in logig likelihood
(LL) upon adding closed and then open states, one at a time, to a basal
two-state (1C10) model. For each file, when the increase in the log
likelihood value was less than an arbitrary cut-off value of 10 LL units
per added state, the model was considered to represent the best fit
(Korn and Horn, 1991; Kussius et al., 2009). The model structure was
tested by examining changes in LL values upon fitting seven different
models simultaneously (global fits) to data contained in three records
of (computationally) manageable length. Of the seven models with
different pre-open state arrangements, six returned the highest LL
values and were indistinguishable. Among these models, one had the
same structure as the model in Fig. 4, which was extensively validated
for N2A and N2B receptors (Popescu and Auerbach, 2003; Kussius
et al., 2009; Amico-Ruvio and Popescu, 2010).

Rate constants estimated for each transition included in the mode
and all other kinetic parameters measured were reported as mean =+
S.E.M. for each data set. Significance of differences was evaluated
with two-tailed Student’s ¢ tests assuming equal variance; differences
were considered significant for P values <0.05 and were expressed as:
fold-change = experimental/control or as % change = [(experimental/
control) — 1] x 100.

Free-Energy Profiles. Free-energy profiles were constructed
using the rate constants in each model and the relationship AAG® =
—kgTInK,,, where kg is the Boltzmann constant, T is the absolute
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temperature, and K., is the equilibrium constant of the transition
considered. Barrier heights were of arbitrary magnitude and are
represented as E, = AG%, + kgT(10 — Ink,,).

Tiered modeling was performed as described previously (Amico-
Ruvio et al., 2012). First, the two tiers, which represent gating of
NPA-free and NPA-bound receptors, were connected with only one
NPA-binding/dissociation step. Within each tier, rate constants that
were found to be NPA-independent were fixed at values optimized for
CTR. The two tiers were connected sequentially at Cs, Cy, Cq, or O
states, and were ranked based on a log likelihood criterion. This
process revealed two types of dissociation rate constants (fast and
slow) depending on where in the model the connection was placed.
Next, we connected the two tiers with multiple NPA-binding/
dissociation steps along the activation pathway (Cz through O3). To
keep the number of free parameters constant, we scaled the NPA
binding/dissociation rate constants to values estimated from the
previous step, in which only a single connection between two arms
was allowed. Finally, for simulations, glutamate-free and singly
glutamate-bound states were added, which were assumed to have
NPA affinities similar to the adjacent C; states.

Simulations. Simulations of NMDA receptor responses were
performed using the tiered model. Responses to square jumps into
1 mM glutamate were evaluated as the sum of time-dependent open
state occupancies and were analyzed in a manner similar to
experimental macroscopic traces (Popescu et al., 2004). For compar-
ison, the protocols of coapplication/preapplication of NPA and the
dose-inhibition curve simulation were similar to those used in our
whole-cell experiments. The simulation of physiologic responses was
performed with a brief 1-millisecond pulse of 1 mM glutamate. Total
charge transfer was estimated by the integral of the open-state
occupancies against time. We used previously reported microscopic
rates for glutamate binding and dissociation: 2, = 1.7 x 10" M s ™!
and £_ = 60 sec” !, respectively (Popescu et al., 2004).

Results

Inhibitory Effect of NPA on N2A-Containing Recep-
tors. We recorded currents from HEK293 cells transiently
expressing GluN1-1a and GluN2A subunits with the whole-
cell patch-clamp method. The extracellular solutions con-
tained maximally effective agonist concentrations (1 mM
glutamate and 0.1 mM glycine; each >100-fold EC5,); EDTA
at 0.01 mM; and had low proton concentration (pH 8, 10 mM
HEPBS). Inhibition was measured as decrease in the steady-
state current elicited by glutamate following addition of NPA
(0-10 mM). The limited solubility of NPA prevented us from
investigating higher concentrations. Fitting the data with the
Hill equation predicted ~90% maximal inhibition, with 1.9 mM
NPA producing half-maximal inhibition (Fig. 1). This ICsx,
value is larger than previously measured in Xenopus oocytes
(Costa et al.,, 2010), where 0.1 mM NPA produced 30%
inhibition. We attribute this discrepancy to differences in
experimental conditions because these previous measure-
ments were done at pH = 7.4, where 2A receptors are tonically
~50% inhibited (Traynelis and Cull-Candy, 1990) and in the
absence of chelators, when trace zinc and magnesium ions
further inhibit 2A currents (Nowak et al., 1984; Paoletti et al.,
1997).

Single-Channel Kinetics of NPA-Bound N2A-Containing
Receptors. To investigate the mechanism of NPA inhibition
we recorded currents from one-channel cell-attached patches
of HEK293 cells expressing N1/N2A receptors with extra-
cellular (pipette) solution containing 4 mM NPA (~2-fold
IC5p). Similar to our whole cell recordings, the extracellular
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Fig. 1. NPA inhibition of steady-state glutamate-elicited N1/N2A re-
ceptor currents. (Left) Whole-cell responses were recorded from human
embryonic kidney 293 cells expressing N1/N2A receptors. Bars indicate
glutamate (1 mM) applications (white) and NPA coapplications (gray).
(Right) Levels of equilibrium responses measured after each NPA con-
centration was normalized to the responses when only glutamate was
applied. Circles represent means of normalized values across cells. Line
represents the fit of the logistic function to means of normalized responses
for each concentration: 0.4 mM (n=4), I mM (n =4),2mM(n =4),4 mM (n =
5), 10 mM (n = 4). IC; is expressed as 95% confidence interval.

solution also contained glutamate (1 mM), glycine (0.1 mM),
and EDTA (1 mM) to remove trace divalent cations. We
clamped proton concentrations at 10 nM (pH 8) with 10 mM
HEPBS (Fig. 2A). As controls, we used a set of recordings
obtained in identical conditions and the absence of NPA
(CTR) (Fig. 2B). Both data sets included only records that
originated from a single active channel, and we processed
and analyzed all records as described in detail previously
(Kussius et al., 2009).

We found that 4 mM NPA decreased the average equilib-
rium open probability (P,) of 2A receptors to 38% of the CTR
with no change in the single-channel amplitude (Table 1).
Thus, the NPA concentration selected was sufficient to produce
a substantial effect on channel gating and had no effect on
single-channel conductance. Further, we were able to attribute
the decrease in P, to an ~100% increase in the mean closed
time, and an ~50% decrease in mean open time. Next, we
examined in closer detail the mechanism by which these
kinetic effects arose.

NPA-Bound Receptors Had More Frequent Long-
Closures and Short-Openings. The gating mechanism of
the 2A-type NMDA receptors has been well characterized
kinetically. In the conditions employed in this study, the
steady-state gating reaction consists of transitions between
five closed and two open states and occasional gating mode
shifts. To determine how NPA increased mean closed time
and decreased MOT we examined the distribution of closed
and open events present in our single-channel records.

Based on a log likelihood criterion, all the one-channel
records we obtained with NPA (n = 6) were well described
with five closed components (E; — E5), as we had reported
previously for 2A receptors (Kussius et al., 2009). This result
indicates that NPA binding did not produce additional closed
conformations. Instead, it altered specific closed component
areas: E3 and Ej; increased ~2-fold and E4 increased ~5-fold,
at the expense of a 2-fold decrease in the short E; component
area. In addition, the duration of E3 increased 1.6-fold (Fig. 3,
A and B). Generally, the short closed components E;-Eg3
encompass the brief closed events within bursts, and occur
along the activation pathway. Therefore, these results
strongly imply that NPA can influence receptor activation.
Notably, NPA did not change the time constant of the longest
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Fig. 2. Effects of NPA on single-channel activity of N1/N2A receptors. Traces represent steady-state inward sodium fluxes recorded from cell-attached
patches that contained in the recording pipette one active N1/N2A channel: (A) with NPA (4 mM), and (B) without NPA (CTR). For each condition, a 20-
second segment is illustrated at two time resolutions in top and middle panels, respectively; bottom panels expand the underlined segment and are
displayed filtered, as for analyses, at 12 kHz. All traces represent Na™ currents as downward deflections from a zero-current baseline; P, indicates the

open probability calculated for the entire parent record.

closed component (Ej5), which encompasses the longest
desensitized events (Fig. 3, A and B), but increased its area,
and the increased abundance of desensitized events was
accompanied by ~50% shorter bursts (0.9 seconds versus 0.4
seconds). Note, however, that the observed increase in the E;
area does not necessarily imply that NPA affected desensi-
tized state(s). Desensitization will occur more frequently
simply if the occupancies of adjacent states increase, as will be
discussed later (Fig. 4A).

In contrast to the specific and robust effects described above
for closed events, NPA binding had no significant effects on
the durations of any of the four open components. It caused
a 3-fold increase in the frequency of the shortest open
component, leading to an overall decrease in MOT (Fig. 3, C
and D). During activation, NMDA receptors visit two types of
open states: first a short ~0.2 millisecond state, and then
a longer state whose duration defines the mode of opening:
2 milliseconds for low, 6 milliseconds for medium, and 11
milliseconds for high modes, respectively (Popescu and
Auerbach, 2003). Since neither the durations nor the relative
areas of the low, medium, or high open states changed with

TABLE 1

NPA (Fig. 3D) we conclude that NPA binding did not affect the
receptor’s modal transitions. Rather, overall shorter mean
open durations reflect a propensity to dwell more often in the
shorter of the two open states, regardless of mode.

Together with the observation that NPA did not alter
channel conductance, these results exclude the possibility
that NPA reduces NMDA receptor currents by blocking the
pore or by lengthening desensitized events, and strongly
suggest NPA as an allosteric modulator, which primarily
affects the NMDA receptor activation.

Kinetic Models of NPA Actions on 2A Receptors. To
interpret the kinetic changes described above, we used an
established 5C20 kinetic scheme to fit the sequence of events
detected in each single-channel record and averaged the
optimized rate constants within each data set. Although this
model is a simplification of the complex rearrangements that
occur during NMDA receptor gating, it has been shown
previously to reproduce accurately key features of its mi-
croscopic and macroscopic behaviors (Popescu et al., 2004;
Zhang et al., 2008; Kussius et al., 2009). The fitting results
showed that NPA significantly changed only three of the 12

Effects of NPA on average kinetic properties of individual 2A receptors

Amplitude P, MCT MOT n Duration Events x 10°
PA ms ms min
CTR 109 = 0.8 0.53 = 0.04 4.7 £ 0.6 54 * 0.7 5 172 2.0
NPA 10 = 0.9 0.2 = 0.3*% 9.8 + 0.8% 2.5 = 0.4% 6 117 1.0
%Change —62 +109 —54

MCT, mean closed time.
*P < 0.01, Student’s ¢ test.
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Fig. 3. NPA increased the areas of specific closed components. (A) Closed
intervals observed in two records obtained from N1/N2A receptors in the
absence (CTR, 416,413 events) and presence of NPA (4 mM, 1,347,473
events). Probability density functions (gray lines) were calculated by
fitting kinetic 5C40 state models (see Fig. 4) to the displayed data; dark
lines represent individual exponential components; their time constants
[7, milliseconds (ms)] and areas (a, %) are given as insets. (B) Summary of
closed time constants and areas in the two conditions (CTR, n = 5; NPA,
n = 6). Average values for CTR are given below each component (in ms).
*P < 0.05 (Student’s ¢ test).

rate constants included in the model: kc1.co, Ro1-c1, and kc1-01-
Of these three rate constants, kci.co and kgq.c1 increased
1.4- and 2-fold, respectively, while kcy.01 decreased 2-fold
(Fig. 4A). Thus, this mechanism explains the decrease in
current as increased occupancies of states C3 and Cg, which
reside along the activation pathway (Fig. 4B). Next, we
used the reaction mechanisms deduced for CTR and NPA
conditions to compare the relative free-energy fluctuations
experienced by NMDA receptors in the absence and presence
of NPA. We aligned the two profiles arbitrarily at the free-energy
level of the long open state Oo, based on the observation that
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Fig. 4. Kinetic mechanism of N1/N2A inhibition by NPA. (A) Reaction
mechanisms for NPA-free (CTR) and NPA-bound N1/N2A receptors
(NPA); rate constants for the steps explicitly incorporated in the model
were estimated from fits to one-channel records and are given in s ' as
averages for the records in each data set; blue denotes rate constants that
are significantly different. All states represent receptor conformations
fully bound with glutamate and glycine. (B) State-occupancy changes
calculated from the reaction mechanisms in A. (C) Relative free-energy
fluctuations during gating were calculated with the rate constants in A;
desensitized states (C4 and Cjs) are omitted for simplicity; profiles are
arbitrarily aligned at O,. C, nonconductive; O, conductive. **P < 0.05,
Student’s ¢ test, for differences among rate constants (*increase or
#decrease).

openings were of similar durations in both conditions. Accord-
ing to this representation, when NPA is present, albeit at
subsaturating concentrations, the free energy barrier to re-
ceptor activation is higher, due to more stable preopen states
(Fig. 4C). In other words, when NPA is present receptors
require more energy to open, and because they dwell longer in
preopen states they also have more chances to desensitize.
The description above presents an average picture of
receptor behavior in the presence of subsaturating concen-
trations of NPA and reflects a dynamic mixture of NPA-free
and NPA-bound receptors. To more precisely describe the
gating of NPA-bound receptors, we expanded the 5C20 model
to contain two tiers, one each for NPA-free (top) and NPA-
bound (bottom) states. As a first approximation, we connected
the tiers through just one NPA association/dissociation step,
which we positioned in turn between each of the like-states
along the activation pathway. Essentially, the modeling was
conducted as described previously (Amico-Ruvio et al., 2012).
Along the NPA-free arm, we fixed all rate constants to the
values obtained for the CTR data set; whereas along the NPA-
bound arm, we fixed only the rate constants that were not
significantly changed in the NPA data, to same values as the
CTR arm (Fig. 4A). We fitted separately each of the five-tiered
models, which differed in the location of the connecting step
(C3, Cg, Cq, Oq, and O,), to individual single-channel records in
the NPA data set. We observed that the NPA dissociation rate
constants estimated with these models fell into two catego-
ries: they were slow when tiers were connected through C; to
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C,, and they were ~5-fold faster when tiers were connected C;
through Oo. The models with single connection at different
states were ranked using a LL criterion (0;>04>C;>Cy>C3).
The O connected model returned the highest LL (Fig. 5A),
which is 41 units larger than that of the second-ranked model,
where the connection was at O,. These results suggested that
the NPA binding may be state-dependent, with binding and
dissociation occurring preferentially from open states. Be-
cause this model does not allow NPA binding to closed states,
it predicts that the receptor should be insensitive to NPA, if
the drug is applied just before but not during stimulation with
glutamate.

To test this prediction, we measured glutamate responses
from cells that were perfused with NPA-containing solution
(4 mM) prior to glutamate application, but not during glutamate
exposure. Results showed that NPA reduced NMDA receptor
whole-cell currents even when applied exclusively before
glutamate (Fig. 5B, whole cell), thus strongly suggesting that:
1) NPA can bind to resting, glutamate-free NMDA receptors,
and 2) that NPA remains bound and can encumber glutamate-

A
C34[GIqu\17 Glu]\ 290\C 760\C 4060\ 3420\
00 ~0 PAS 1 1™ 2
60 120 60 2210 980 1330
25| 4.6x[NPA]
5 C4
[Glu] in uM
[NPA] in mM
C 290\C 760\C 1710\ 342QO
< < <
60 423620 12330 11330 2
04/5 30/5
/ Ky = 4.6 x 10 M-1s"1
Ky = 5.5 mM
Cs C, D
B Simulation Whole-cell
Glu Glu
NPA — NPA —
NPA
pre-application
NPA

pre-application

N
[

P, =0.1
10 pA

CTR

Fig. 5. NPA binding kinetics. (A) Tiered model was used to represent the
NPA-free (upper) and NPA-bound receptors (lower). Transitions between
arms were allowed only between the O; states. This model was fitted to
data obtained at 4 mM NPA (n = 6), and yielded the highest log likelihood.
The rate constants (dark color) were fixed to the CTR values obtained as
shown in Fig. 4, whereas the rate constants in red were allowed to vary.
The association rate constant (k,,) and equilibrium dissociation constant
(Kp) are indicated. The glutamate binding steps used for simulation are
shown (gray). (B) Macroscopic responses to a long (5-second) pulse of 1 mM
Glu (black line) were simulated, and were compared with whole-cell
currents in the absence (black) or presence (red) of 4 mM NPA pre-
application (5 seconds).

elicited receptor activation even after excess NPA was washed
out. Similarly, our results presented in Fig. 1 show that NPA
can also bind to actively gating receptors, since NPA ap-
plication inhibits steady-state currents produced by saturating
concentrations of glutamate.

To gather all this information into a comprehensive model
we postulated a mechanism where NPA can bind and dis-
sociate from receptors at any point during gating but the
kinetics of binding and dissociation will be different for each
state. Based on the results presented above we aimed to limit
the number of free parameters computed during statistical
fittings, by further proposing that: 1) receptor conformations
can be assigned to only two NPA affinity classes: low or high;
2) the change in NPA affinity occurs simultaneously with the
Co—C; transition; and 3) it is primarily due to an ~5-fold
change in dissociation rate. With these assumptions and after
fixing NPA-invariant rates to CTR values as described for the
previous model, we fitted this extended model individually to
single-channel records obtained with NPA. The resulting rate
constants are given in Fig. 6A.
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Fig. 6. Kinetic mechanism of N1/N2A inhibition by NPA. (A) Tiered
model with transitions allowed at all states except C, and Cs. Rate
constants shown in blue are allowed to vary. The on-rates for all closed
states were fixed for the values shown, while the off-rates from C;, O, and
Og (blue) were scaled as 5-fold of those from Cg and Cj3 (green). This model
was fitted to data obtained at 4 mM NPA (n = 6) and also used for
simulations. The glutamate binding steps used for simulation are shown
(gray). (B) Macroscopic responses to a long (5-second) pulse of 1 mM Glu
(black line) were simulated, and agreed well with whole-cell currents as
shown in Fig. 5B. (C) The simulated dose-inhibition curve (red) was
compared with the whole cell data (ICs is expressed as 95% confidence
interval). Hill slope was 1.0 for simulations and 1.2 for experimental
traces.



Experimental Validation for the Proposed Mecha-
nism of NPA Action. Next, we asked whether the model in
Fig. 6A can predict correctly the observed inhibition of
glutamate-elicited currents when applied to active receptors
(Fig. 1) or when applied to resting receptors (Fig. 5B). The
model replicated faithfully the inhibition of steady-state
currents illustrated in Fig. 1, and predicted a dose-response
curve that was indistinguishable from that calculated from
experimentally recorded whole-cell currents (1.5 mM versus
1.9 = 0.8 mM) (Fig. 6C). Further, currents simulated from
NMDA receptor pre-exposed to NPA also reproduced success-
fully the macroscopic behaviors observed experimentally (Fig.
5B). Based on these results, we propose that a tiered model
that includes two NPA affinities (Fig. 6A), although derived
on the basis of several simplifying assumptions, captures the
necessary detail to account for experimentally observed
single-channel and macroscopic behaviors. Last, we used this
model to predict how NPA can affect responses from synaptic
and extra-synaptic receptors.

Predicted NPA Effects on Synaptic and Extrasynap-
tic Receptors. We evaluated the effect of NPA on NMDA
receptor synaptic responses by comparing traces simulated
with the CTR and the tiered NPA model in Fig. 6B following
brief (1 millisecond) pulses of glutamate (1 mM). The resulting
traces showed that NPA (4 mM) would inhibit synaptic-like
responses from N2A-containing receptors by decreasing the
peak current amplitude by 2-fold and also by decreasing the
deactivation time ~2-fold (400 milliseconds versus 200 milli-
seconds). Together these changes would produce ~80% decrease
in the total charge transfer in response to a single synaptic event
(Fig. 7A).

We mimicked the effects of NPA on extra-synaptic receptors
with the tiered model in Fig. 6B by starting all receptors in
glutamate-free states (Cy) and setting the NPA concentration
to 4 mM. Activation was initiated by switching the glutamate
concentration from zero to 0.1 mM, after which receptors were
allowed to equilibrate for 5 seconds across all 18 states. The
results showed that 4 mM NPA would attenuate both the
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peak and the steady state currents and that the effect would
be slightly larger on the steady state current (Fig. 7B, sim-
ulation), but the time course for macroscopic desensitization
would be largely unchanged (CTR versus NPA: 2.5 seconds
versus 2.0 seconds) (Fig. 7B, simulation, insert). Also, the results
predicted ~2-fold faster deactivation in the presence of 4 mM
NPA (CTR versus NPA: 430 milliseconds versus 190 milli-
seconds) (Fig. 7B, simulation, insert). These results matched
closely the whole-cell currents recorded with a similar protocol:
for desensitization, the time constants for receptors in the
presence and presence of 4 mM NPA are 1.1 + 0.1 second and
1.2 + 0.1 second (P = 0.54), respectively; for deactivation, the
time constants are 720 * 50 millisecond and 350 = 20
millisecond, respectively (P < 0.01) (Fig. 7B). Based on all the
results presented we suggest that NPA would inhibit sub-
stantially both synaptic and extrasynaptic N2A receptors, with
a larger effect on responses to brief synaptic-like stimuli.

Discussion

NMDA receptor hyperactivity has been associated with
a variety of central nervous system disorders (Rothman and
Olney, 1986; Lipton and Rosenberg, 1994; Metman et al.,
2000). Despite efforts to design effective NMDA receptor
antagonists, these often failed in clinical trials due to
intolerable psychotic effects of completely blocking NMDA
receptor signaling (Albers et al., 1999; Morris et al., 1999;
Davis et al., 2000). One approach to circumvent this hazard
would be to use antagonists of NMDA receptors that are
isoform-specific (Ogden and Traynelis, 2011). However,
among the clinically evaluated compounds that can presently
distinguish among N2 subunits most are 2B receptor
selective. In contrast, recently discovered NPA and related
compounds have a much wider variety of selectivity among N2
subtypes. Thus, these compounds may serve as valuable tools
for studying the functions of different NMDA receptor
subtypes and also in clinical applications (Costa et al.,
2010). In this study, we delineated the mechanism of NPA

Whole-cell

| Glu

NPA

(7]

iy

CTR

NPA

Fig. 7. Predicted NPA effects on synaptic and extrasynaptic
N1/N2A macroscopic responses. (A) Simulations of macro-
scopic responses to a brief (1-millisecond) pulse of 1 mM Glu
(black arrow) (left), simulated traces are normalized to peak
and are overlaid for comparison of deactivation time course
(right). Red arrow indicates the peak of NMDA receptor
response in the presence of 4 mM NPA. (B) Macroscopic
responses to a long (5-second) pulse of 1 mM Glu (black line)
were simulated with the models in Fig. 4B, and were
recorded as whole-cell currents in the absence (black) or
presence (red) of 4 mM ambient NPA (right); insets show the
same traces normalized to peak for comparison of desensi-
tization time course (left); and normalized to steady-state

el

level for comparison of deactivation time course (right).
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inhibition at N2A receptors and inferred their effects on
synaptic and extrasynaptic N2A receptors.

We measured the effects of subsaturating concentration of
NPA on steady-state currents produced by N2A-type NMDA
receptors. Cell-attached single-channel activity was recorded
in the presence of saturating concentration of glutamate and
glycine and in the virtual absence of extracellular modulators,
thus isolating intrinsic effects of NPA on NMDA receptor
activity. NPA (4 mM) decreased the P, of N2A receptors ~2-
fold without changing the channel conductance or the gating
sequence, but rather by increasing the fraction of longer
closures and short opening (Fig. 3). These findings represent
definitive proof that NPA modulates NMDA receptor activity
with an allosteric mechanism. Fitting the single-channel data
to the multistep kinetic model previously deduced for N2A
receptors, we found that NPA altered neither the number nor
the sequence of the kinetic states considered in the model, but
changed significantly a subset of rate constants (Fig. 4A). This
result indicated that NPA reduced the gating kinetics of N2A
receptors by stabilizing pre-open states visited by receptors
during activation (Fig. 4, B and C). Overall, these changes
led to increased occupancy of closed states, thus causing
a redistribution of receptors among the five closed states
considered. We found that in the absence of proton and zinc
inhibition and the absence of block by divalent cations, 4 mM
NPA caused ~70% inhibition of N2A currents. These results
show that NPA has intrinsic allosteric effects on NMDA
receptor gating. In addition, because NPA increased the
occupancy of closed states the expectation is that it will also
change the apparent sensitivity of N2A receptors to coincident
noncompeting ligands, such as protons, polyamines, zinc, or
other modulators that work by increasing the relative occupan-
cies of closed, pre-open states. We anticipate that this effect
will be reciprocal, and the extent of each interaction will be
determined by the relative magnitude of the free-energy
change enforced by the contemporaneous ligands.

Further, we determined that NPA binding can occur both
before and after glutamate binding (Figs. 1 and 5B). Based on
this novel observation, we expanded the minimal kinetic
model considered initially (Fig. 4A) to include transitions
between NPA-free and NPA-bound states (Fig. 7B). By fitting
this model to single-channel data we determined that the
change in NPA affinity between closed and open states is ~5-
fold, with NPA dissociation rate being 5-fold faster from open
relative to closed receptors. However, given that this state-
dependency is relatively weak, with the change in free-energy
being on the same scale with those previously reported for
other NMDA receptor modulators (Amico-Ruvio et al., 2011,
2012), and also with the difference in free energy between
N2A and N2B receptors (Popescu et al., 2004; Amico-Ruvio
and Popescu, 2010), we anticipate that the magnitude of
the NPA effects will vary substantially with experimental
conditions that include such modulators and will also vary
with the NMDA receptor isoform considered.

This kinetic model, taken together with previously pub-
lished kinetic phenotypes of NMDA receptors that carried
structure-based mutations allow us to comment on the
possible location of NPA-binding on N2A receptors. The
structural determinants of NPA binding remain unknown.
However structure-activity analyses that predate this work
revealed that the NPA-binding site on NMDA receptors can
accept molecules that are fairly large, geometrically flat and

hydrophobic, and have a negatively charged group (Costa
et al., 2012). Conversely, functional measurements combined
with NMDA receptor mutagenesis indicated that the NPA
effects on NMDA receptors are independent of the receptor’s
N-terminal domain but require the N-terminal segment of the
glutamate-binding domain (S1). These observations and
similarities with known properties of a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptor modula-
tors, which strengthen the interface between LBDs of
separate subunits, led to the hypothesis that the NPA binding
site may be located at the interface between LBDs of N1 and
N2 subunits. We have recently demonstrated that cross-
linking the N1-N2 dimer interface within the LBD of 2A
containing receptors dramatically reduces NMDA receptor
currents by raising an energy barrier early in the gating
reaction and by destabilizing open states (Borschel et al.,
2011). While the results we present here do not speak to the
location of the NPA binding site, they indicate that the
inhibitory mechanism of NPA, which is to stabilize closed
receptors (this work), is different from that of mutations that
strengthen the interface between LBD of N1 and N2, which is
to prevent receptors from opening and to destabilize open
states (Borschel et al., 2011).

Similar considerations allow us to propose that NPA has an
inhibitory mechanism that is distinct from other allosteric
modulators that rely for function on LBDs, such as pregna-
nolone sulfate (PAS), (E)-4-(6-methoxy-2-(3-nitrostyryl)-4-
oxoquinazolin-3(4H)-yl)-benzoic acid (QNZ46), 3-chloro-4-flu-
oro-N-[(4-{[2-(phenylcarbonyl)hydrazino]carbonyl}phenyl)meth-
yllbenzene-sulfonamide (TCN201), and 4-(5-(4-bromophenyl)-3-
(6-methyl-2-0x0-4-phenyl-1,2-dihydroquinolin-3-y1)-4,5-dihydro-
1H-pyrazol-1-yl)-4-oxobutanoic acid (DQP1105) (Bettini et al.,
2010; Mosley et al., 2010; Acker et al., 2011; Cameron et al.,
2012). Unlike PAS, which primarily increases the occupancy of
the longest closed state (desensitized state) by prolonging its
duration (Kussius et al., 2009), NPA mainly affected the short
closed states located along the activation pathway. In addition,
macroscopic data on 2D receptors show that QNZ46 and
DQP1105 primarily decrease the equilibrium currents of
NMDA receptor under prolonged glutamate stimulus, but
does not affect the peak amplitudes significantly (Acker et al.,
2011; Hansen and Traynelis, 2011). Assuming the action on
N2A receptors is similar in mechanism, the response of
QNZ46- or DQP1105-bound NMDA receptors to prolonged
stimulus would be quite distinct from that of NPA-bound
NMDA receptors, as shown in our study. These considerations
further support the argument that the binding site of NPA is
different from that of PAS, QNZ46, or DQP1105. More
importantly, they indicate that even for inhibitors that target
the LBD, separate binding sites can produce distinct in-
hibitory mechanisms.

At synaptic sites, the NMDA receptors experience con-
trolled exposure to brief glutamate pulses, which have been
estimated to reach 1 mM and to last 1 millisecond (Clements,
1996). In contrast, at extrasynaptic sites, and in particular
during pathologic conditions, including stroke and certain
neurodegenerative disorders, NMDA receptors are exposed to
longer lasting glutamate transients. To anticipate how NPA
would influence responses from N2A receptors under phasic
and tonic glutamate exposure we simulated responses with
protocols designed to mimic these. Based on the results, we
suggest that: 1) NPA will reduce both the peak amplitude and



the deactivation time-constant of synaptic responses medi-
ated by N2A receptors (Fig. 7A), thus considerably decreasing
synaptic charge transfer and the time window for synaptic
integration; and 2) NPA will reduce the equilibrium response
of extrasynaptic or tonically activated N2A receptors (Fig.
6B), thus potentially alleviating the deleterious effects of
extrasynaptic calcium influx. Therefore, the mechanism of
NPA inhibition we propose here suggests that NPA can have
potentially salutary effects in pathologies associated with
increased synaptic transmission, as for example in epilepsy,
and may also have a neuroprotective effect in pathologies
associated with excessive extracellular glutamate, such as
ischemia.

In summary, our results indicate that NPA has intrinsic
inhibitory activity and it inhibits NMDA receptors with an
allosteric mechanism. The kinetic model we developed
postulates that NPA binding stabilized closed receptor states
that are populated during activation, thus leading to the
accumulation of receptors along the activation pathway. This
mechanism is clearly distinct from that of other allosteric
inhibitors characterized so far, such as zinc, ifenprodil, and
pregnanolone sulfate (Kussius et al., 2009; Amico-Ruvio et al.,
2011, 2012). In addition, the mechanism we propose predicts
that NPA will affect in specific ways responses from synaptic
and extrasynaptic N2A-containing receptors, thus providing
necessary information in the rational design of therapeutic
applications for this class of NMDA receptor inhibitors.
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