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6-Azido-7-nitro-1,4-dihydroquinoxaline-2,3-dione (ANQX) Forms an Irreversible Bond To the
Active Site of the GluR2 AMPA Receptor†
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AMPA receptors mediate fast excitatory synaptic transmission and are essential for synaptic plasticity. ANQX,
a photoreactive AMPA receptor antagonist, is an important biological probe used to irreversibly inactivate
AMPA receptors. Here, using X-ray crystallography and mass spectroscopy, we report that ANQX forms
two major products in the presence of the GluR2 AMPAR ligand-binding core (S1S2J). Upon photostimu-
lation, ANQX reacts intramolecularly to form FQX or intermolecularly to form a covalent adduct with
Glu705.

Introduction

R-amino-3-hydroxy-5-methyl-4-isoxazolepropionicacid(AMPA)
receptors (AMPARsa) are a subtype of glutamate-gated ion
channels that mediate most fast excitatory synaptic transmission
by ensuring rapid responses to synaptically released glutamate.1-3

In addition, activity-dependent changes in the number of
AMPARs at synapses modulates the strength of synaptic
transmission, an essential component of the mechanism underly-
ing various forms of synaptic plasticity including learning and
memory.4-8

AMPARs are composed of four modular subunits (GluR1-4
or GluRA-D), each consisting of an amino-terminal domain
(NTD) that modulates receptor assembly, a ligand-binding
domain (LBD) that gates the pore of the receptor, three
transmembrane segments (M1, M3, M4), a reentrant loop (M2)
that lines the pore of the channel, and a cytoplasmic C-terminal
domain that influences receptor trafficking (Figure S1, Sup-
porting Information).1-3

High-resolution crystal structures of an engineered ligand-
binding core (S1S2J) with several bound ligands have provided
insight into the structure and function of full-length receptors.9,10

Gouaux and co-workers provided the first high-resolution
structures of the GluR2 AMPAR ligand-binding core (Figure
S1, Supporting Information).11-13 These structures revealed that
the ligand-binding core, formed from two discontinuous polypep-
tide segments (Figures S1 and S2, Supporting Information),
adopts a clamshell-like shape that is open in two states,
unliganded (apo) and with a competitive antagonist bound. The
clamshell is closed with agonist bound. Notably, structurally
related ligands within a given class produce distinct degrees of
clamshell closure.14-17 Coupled with electrophysiological ex-
periments carried out on full-length receptors, these studies
suggested that the degree of closure affects the conductance (ion
permeation) of the channel, providing a model for channel
gating. In addition to modulating channel biophysics, ligand
binding also appears to influence the trafficking of AMPARs.
For example, both agonists and antagonists have been shown
to induce the internalization of AMPARs from neuronal plasma
membranes.18 Although the mechanistic basis for this effect is
not understood, it is likely that conformational changes within
the ligand-binding domain are translated to the intracellular
C-terminal domains, which play a critical role in receptor
trafficking.

Quinoxaline-2,3-diones are a major class of competitive
AMPAR antagonists, frequently used in studies focused on
characterizing the activity of AMPARs.19 Key members of this
family of antagonists are 6,7-dinitroquinoxaline-2,3-dione (DNQX)
and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX). Recently we
reported the development of ANQX, a new member of the
family of quinoxaline-2,3-diones containing an ortho-nitrophe-
nylazide, which irreversibly inhibits AMPARs in the presence
of ultraviolet light and provides a means of rapidly inactivating
receptors expressed on the surfaces of neurons.20-22 In the
absence of ultraviolet light, ANQX reversibly inhibits AMPARs.
The mechanism by which ANQX irreversibly antagonizes
AMPARs has not been previously described. Here we report
that ANQX forms two products upon photolysis in the presence
of the GluR2 ligand-binding core (S1S2J). Following irradiation
with ultraviolet light, ANQX loses dinitrogen to form a highly
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reactive nitrene that either reacts intramolecularly to form
[1,2,5]oxadiazolo[3,4-G]quinoxaline-6,7(5H,8H)-dione 1-oxide
(FQX) or intermolecularly to form a covalent adduct with
Glu705 located in the binding pocket. The high-resolution crystal
structure of FQX bound to the S1S2J revealed that FQX binds
in the same orientation and promotes the same degree of closure
of the S1S2J around the ligand as the previously reported
structures complexed with DNQX and CNQX.12,23 Together,
these data indicate a common orientation of quinoxaline-2,3-
diones within the AMPAR LBD and reveal the mechanism of
receptor photoinactivation with ANQX.

Results

ANQX is a photoreactive quinoxaline-2,3-dione that, upon
irradiation with ultraviolet light, loses dinitrogen to form a highly
reactive nitrene that undergoes either intra- or intermolecular
reactions. We identified the products of both reactions using
X-ray crystallography and mass spectrometry. Irradiation of
S1S2J-ANQX cocrystals provided a high-resolution structure
of the intramolecular reaction product, FQX, reversibly bound
to S1S2J. Irradiation of S1S2J in solution in the presence of
ANQX yielded sufficient quantities of the intermolecular
reaction product to identify GluR705 as the site of cross-linking.

Crystal Structure of the S1S2J-FQX Complex. The high-
resolution X-ray structure of the GluR2 ligand-binding core
(S1S2J) in complex with FQX was solved at 1.87 Å resolution
(Figure 1, Table 1 of Supporting Information). The complex
crystallized in the orthorhombic P212121 space group with four

protein monomers in the asymmetric unit (Table 1 of Support-
ing Information). Only two of the monomers are related by
noncrystallographic 2-fold symmetry axis. A monomer of the
S1S2J dimer complexed with DNQX was used as the search
model for molecular replacement. Pairwise superposition of the
CR-atoms of the four molecules yielded pairwise rmsd values
ranging between 0.21-0.41 Å.

Superposition of the S1S2J-FQX monomers with the previ-
ously reported S1S2J-DNQX monomer revealed that FQX
binds analogously to DNQX within the S1S2J, with an average
rmsd of 0.40 Å (Figure 2). The degree of clamshell closure in
the S1S2J-FQX structure is identical to that observed in the
previously reported S1S2J-DNQX and S1S2J-CNQX struc-
tures.12,23 In all three structures, the clamshell is opened by 15°
compared to the glutamate-bound structure. In addition, key
residues positioning FQX in the binding site are identical to
those orienting DNQX (Figure 2) and CNQX in the ligand-
binding core. The quinoxaline ring of FQX is positioned directly
below Tyr450, forming a favorable π-stacking interaction. The
FQX carbonyl oxygens form hydrogen bonds with Arg485, and
the amide nitrogens form hydrogen bonds with the backbone
carbonyl of Pro478 and a well-defined water molecule, respec-
tively. The two oyxgens of the FQX furoxan ring form a
hydrogen bond with a water molecule that is held in position
through hydrogen bonds with Tyr405 and Met708. The only
binding site residue that differs between the S1S2J-FQX
structure and the DNQX and CNQX structures is Glu705, which

Figure 1. Structural formulas and orientation of the quinoxaline-2,3-diones discussed in the present study within the GluR2 ligand-binding core
(S1S2J). (A) The competitive antagonists 6,7-dinitroquinoxaline-2,3-dione (DNQX), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), and [1,2,5]oxa-
diazolo[3,4-G]quinoxaline-6,7(5H,8H)-dione 1-oxide (FQX). (B) Close-up views of DNQX, CNQX and FQX bound to the S1S2J.

Scheme 1. Photochemistry of ANQXa

a Upon irradiation with UV light, ANQX (1) forms a highly reactive nitrene (2), which forms two products within the S1S2J binding pocket. The
intramolecular reaction results in the formation of FQX (3). The intermolecular reaction results in the formation of a covalent bond with Glu705 in the
ligand-binding core (4).
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adopts different conformations in each of the S1S2J-FQX
monomer structures due to rotation about the C�-Cγ bond.

Mass Spectral Analysis of the S1S2J -ANQX Solution
Complex. The photocross-linked S1S2J-ANQX adduct was
obtained through continuous irradiation and perfusion with
“fresh” (unphotolyzed) ANQX over the histidine (6X) tagged
S1S2J protein immobilized on Ni-NTA beads. Treatment of
S1S2J with ANQX and ultraviolet light, but not ultraviolet light
alone, resulted in the formation of covalently modified S1S2J
bearing a 220 Da mass increase as determined by electrospray
ionization orthogonal-time-of-flight (ESI-o-TOF) (Figure 3A).
This is the expected mass increase for the formation of a

covalent adduct between photolyzed ANQX (-N2, MW 220)
and S1S2J (MW 32218). To determine the location of this
adduct, the covalently modified S1S2J was digested with trypsin
and the resulting peptides were analyzed by nanoscale liquid
chromatography and tandem mass spectrometry (MS/MS). A
peptide fragment containing the active site residues Glu705 and
Met708 was found bearing a 220 Da adduct in the ANQX-
treated sample, which corresponds to the expected mass increase
for the formation of a peptide-ANQX fragment (Figure 3B,
top panel). In control samples treated with UV light in the
absence of ANQX, the 220 Da adduct was not observed (Figure
3B, bottom panel). Comparison of the fragment analysis for
the ANQX treated versus untreated samples showed that an
adduct formed with Glu705 (y11, E*, top panel, Figure 3B, top
panel) and not Met708 (y8, M, Figure 3B, top panel). That is,
there is a 220 Da mass difference between the Glu705 fragment
in the ANQX treated sample (y11, E*, m/z 1602.72 + NH4,
Figure 3B, top panel) compared to that of the Glu705 fragment
in the untreated sample (y11, E, m/z 1399.38, Figure 3B, bottom
panel). There is no mass difference for the Met708 fragment
between the ANQX treated and untreated samples (y8, M,
Figure 3B). This peptide fragmentation data provides sufficient
coverage to assign the site of covalent modification to Glu705
(E*) and not Met708 (M). We conclude that Glu705 is the
preferred site of reaction with photoactivated ANQX.

Discussion

In the present study, we used X-ray crystallography and mass
spectroscopy to identify the products of photolyzing ANQX in
the presence of the GluR2 ligand-binding core (S1S2J). Pho-
tolysis of ANQX-S1S2J cocrystals yielded a 1.87 Å crystal
structure of the intermolecular reaction product, FQX reversibly
bound to the GluR2 ligand-binding core (S1S2J). FQX is formed
via intramolecular reaction of the nitrene formed following the
loss of dinitrogen from ANQX (Scheme 1).24

In a previous electrophysiological study, ANQX was used
to irreversibly photoinactivate AMPARs on neurons.21 In these
experiments, we noted an initial increase in the AMPAR current
following the first pulse of ultraviolet light, which suggested
that a major product of photolyzed ANQX is the formation of
a lower affinity antagonist. Consistent with this observation, the
IC50 of FQX (7.6 µM25) is nearly 8-fold higher than the IC50

for ANQX (1.0 µM20). The cross-linking efficiency of nitrenes
is notoriously poor, with ortho-nitrophenylazides tending to react
intramolecularly upon photolysis.24 Therefore, it is not surprising
that we only observed the major reaction product (FQX)
reversibly bound to the S1S2J, following irradiation of
ANQX-S1S2J cocrystals. An intense effort was made to obtain
crystals of the intermolecular reaction product, covalently
modified S1S2J-ANQX. However, irradiation of S1S2J-ANQX
cocrystallization drops resulted in protein that did not form
crystals even after several months and irradiation of the S1S2J
immobilized on Ni-NTA beads in the presence of ANQX
resulted in protein that was too impure for protein crystal-
lography even after FPLC purification.

Comparison of the FQX structure with the previously reported
DNQX and CNQX structures revealed that all three antagonists
bind in the same orientation and produce the same degree of
clamshell closure within the ligand-binding core. Mass spectral
analysis revealed that Glu705 is the site covalently modified
by ANQX. On the basis of the position of FQX in the binding
pocket in one of the monomers, the nitrene nitrogen on ANQX
is positioned 2.5 Å from Glu705. This residue can adopt a range
of conformations with distances of 1.7-6.2 Å from the nitrene

Figure 2. Aligned structures of FQX and DNQX bound to the GluR2
ligand-binding core (S1S2J). (A) FQX (blue ribbon), DNQX (gray
ribbon), and CNQX (not shown) produce the same degree of closure
of the ligand-binding core. (B) Close-up view of the ligand-binding
core showing the residues in close proximity to the ligands FQX and
DNQX. Glutamate (E) 705 adopts a different conformation in the FQX
structure (blue sticks) than the DNQX structure (gray sticks) and CNQX
structure (not shown).
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Figure 3. Photocross-linking of ANQX to the GluR2 ligand-binding core (S1S2J) analyzed using mass spectrometry. (A) ESI-o-TOF mass spectrum
of the S1S2J (32218 Da) following irradiation (90 s) in the absence (blue trace) and presence (red trace) of ANQX (100 µM). Irradiation in the
presence of ANQX produces a new major peak (32438 Da) that corresponds to the expected increase in mass (+220 Da) for the ANQX-protein
adduct. (B) Mass spectra (MS/MS) of the peptide fragment spanning Glu705 following irradiation (90s) in presence (top panel) and absence (bottom
panel) of ANQX. Irradiation in presence of ANQX produced a new peak (m/z 1602.72, E*, top panel), corresponding to the expected mass increase
for the formation of an ANQX adduct, and the loss of unlabeled Glu705 (m/z 1399.68, E, bottom panel) peak.
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nitrogen on ANQX. Thus, the cross-link can occur within the
range of a single bond without distortion. Together, these data
suggest that the formation of the covalent adduct with photo-
lyzed ANQX does not produce a change in the degree of
clamshell closure around the ligand. Because Glu705 is a flexible
residue in the S1S2J-FQX crystal structure, it may be the case
that only certain rotamers of Glu705 react with the activated
ANQX nitrene.

Taken together, these data demonstrate that ANQX is a useful
biological probe for inactivating AMPARs because it is not a
promiscuous cross-linker. We have shown that ANQX forms a
covalent adduct with Glu705 and not Met 708. If this reaction
does not occur, ANQX reacts intramolecularly to form FQX,
which is a low-affinity antagonist of AMPARs.

Experimental Section

ANQX was synthesized as previously reported.20 The GluR2
ligand-binding core was expressed in Escherichia coli and purified
to homogeneity as previously reported by Gouaux and co-workers.
The purified S1S2J protein was cocrystallized with ANQX at 4 °C
using vapor-diffusion (hanging-drop) with a 1:1 ratio of protein to
well solution. While submerged in liquid nitrogen, S1S2J-ANQX
cocrystals were exposed to ultraviolet light. Synchrotron data for
the resulting S1S2J-FQX complex were collected at 100 K on the
Advanced Light Source beamline 8.3.1 at Lawrence Berkeley
National Laboratory. Data processing was performed using Elves
and HKL2000. A complete data set from an S1S2J-FQX crystal
diffracted to 1.87 Å, exhibited the space group P212121 and
contained four molecules per asymmetric unit ( Table 1 of
Supporting Information). Molecular replacement solutions for
S1S2J-ANQX crystal structure were obtained using as a search
model one of the monomers of S1S2J-DNQX dimer structure.
Photocross-linking of ANQX to the S1S2J was accomplished by
irradiating a solution of the 6-HIS tagged S1S2J immobilized on
Ni-NTA beads in the presence of ANQX. The resulting sample
was denatured and digested with trypsin/chymotrypsin and then
analyzed by nanoscale LC/MS2 using a Q TRAP mass spectrometer
coupled to a liquid chromatography system. Tandem mass spectra
were acquired automatically in IDA mode, and the resulting data
were analyzed with MASCOT.
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