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ABSTRACT: Ionotropic glutamate receptors (iGluRs) are ligand-gated ion channels that mediate excitatory
signaling in the central nervous system. When a ligand binds to the extracellular domain of iGluRs, local
conformational changes ensue and this motion is translated to the transmembrane domain, inducing channel
opening. We have used an isolated ligand binding domain, GluR2-S1S2J (GluR2), as a model system to
study the protein-ligand complex by steady-state and time-resolved intrinsic tryptophan fluorescence
measurements. Specifically, we determined that the widely used and structurally characterized antagonist,
6,7-dinitroquinoxaline-2,3-dione (DNQX), acts as an efficient fluorescence energy transfer (FET) acceptor
for Trp. Consistent with crystallographic data, our results indicate that the four native tryptophans are within
F€orster’s radius (Ro ∼ 33 Å) of the bound ligand. Additionally, we demonstrate the broader value of this
technique by identifying an original FET ligand, 3-nitrotyrosine (3NY), for GluR2 (Ro ∼ 24 Å; apparent
dissociation constant Kd ∼ 170 μM). Estimated average donor-acceptor (Trp-ligand) distances extracted
from tryptophan excited-state decays are similar for both ligands (∼24 Å), suggesting that 3NY binds in
the structurally characterized ligand binding cleft. Moreover, an alternative competition assay utilizing
Trp f DNQX quenching for detection of ligand binding in GluR2 is described.

Ionotropic glutamate receptors (iGluRs),1 a family of ligand-
gated ion channels, mediate fast excitatory signaling in the central
nervous system (CNS) by coupling neurotransmitter or ligand
binding to ion channel opening (1, 2). iGluRs assemble as a
heterotetramer with a central pore formed by the transmembrane
domains that opens as a cation-permeable channel in response
to ligand binding (3). There are three distinct classes of gluta-
mate receptors based on their relative affinities for the ligands:
N-methyl-D-aspartic acid (NMDA), R-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA), and kainate. These proteins
arewidely expressed in the CNSand are thought to be essential to
processes of learning and memory by enabling synaptic plasti-
city (3, 4). Dysfunction of iGluRs is associated with neuronal
disorders, including epilepsy and stroke (5, 6).

GluR2 is categorized as an AMPA receptor (2) and binds
AMPA with nanomolar affinity (7). It is comprised of the
extracellular amino-terminal (ATD) and ligand binding domains
(LBD) as well as three transmembrane helices and one reentrant
loop (Figure 1, right panel). Upon binding, a ligand can induce a
conformational change in the LBD that is hypothesized to
propagate to the transmembrane domain and result in opening
of the ion channel (2). A recombinant form of the isolated
LBD, GluR2-S1S2J (here termed GluR2) (8), cloned from

Rattus norvegicus, has allowed for extensive structural characteri-
zation of the ligand-protein complex (Figure 1, left panel)
(7, 9-13). The crystallographic structure shows that the LBD is
formed by two lobes with the ligand binding site situated at the
cleft between them. With a ligand bound, the two domains
approach one another, closing around the ligand in what is
termed a clamshell structure (13). The extent to which opening
occurs is closely correlated with the activity of the ligand on the
ion channel. Agonists, which cause the channel to open, induce
the LBD to close tightly around them (14), while structures

FIGURE 1: Structures of GluR2-S1S2J. The left panel shows back-
bone atoms of DNQX-boundGluR2 (PDB entry 1FTL) (16) shown
as a ribbon structure with the S1 domain colored blue, the S2 domain
purple, and the dipeptide linker (GT) red. This structure has been
described as a clamshell with the ligand binding site between two
lobes that close around the ligand upon binding. The four native
tryptophan fluorophores (Trp 460, 671, 766, and 767) and their
respective distances from DNQX are highlighted. The right panel
shows a schematic representation of the full-length protein, including
three transmembrane helices (numbered 1-3), a reentrant loop, and
an amino-terminal domain (ATD) that have been removed in the
ligand binding domain construct used in this study (38).
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containing antagonists or receptor inhibitors appear to closely
resemble the apoprotein (15). It has been suggested that the
antagonists essentially “prop open” the two lobes of the ligand
binding domain, preventing the channel from opening (16-18).

Competition radioligand assays have been widely used to
identify and determine potential ligands (8). Though requiring
minimal amounts of material, this method does necessitate the
use of radioactivity that employs special equipment and safety
precautions which may not be available in all laboratories. In
addition, the choice of commercially available radioligands can
be limited, and the use, as well as disposal, of compounds poses
environmental and economical concerns. Alternatively, intrinsic
fluorescence arising from aromatic tryptophan and tyrosine
residues of GluR2 has been utilized to detect ligand binding
events (2, 13). Addition of the naturally occurring ligands,
AMPA, glutamate, and kainate, results in modest quenching of
the protein emission (10-15% at saturating ligand con-
centrations). Because of this notably low dynamic range, a high
rate of repetition of measurements is necessary to obtain reliable
results. Nevertheless, intrinsic fluorescence measurements have
proven to be successful in identifying and characterizing new
ligands (19, 20).

While the amino acid tryptophan is a natural fluoro-
phore (21-23) that has been used as a local reporter (emission
spectrum and quantum yield) of solvent polarity and the local
environment formed by nearby amino acid residues, trypto-
phan also can be utilized as a polypeptide conformational
probe (24-27). In our approach, we exploited the four intrinsic
Trp residues (Figure 1, left panel, PDB entry 1FTL) (16) as
fluorescence energy transfer (FET) donors (21, 28, 29) to identify
potential energy acceptor ligands; FET measurements allow for
the site-specific structural determination of the distance between
a donor fluorophore and an acceptor molecule based on the
efficiency of FET [inversely dependent on the donor-acceptor
separation (RDA) to the sixth power]. Specifically, we employed
time-resolved fluorescence spectroscopy to directly assess FET
rates, eliminating complications from steady-state measure-
ments such as direct excitation of the acceptor (if using a
fluorescent acceptor) and the inner filter effect. Applying this
method and using low protein concentrations (micromolar), we
determined that both a known antagonist, DNQX, and a new
ligand, 3-nitrotyrosine (3NY), can act as FET acceptors for the
Trp residues of GluR2. Additionally, we report here for the first
time the time-resolved characteristics of the Trp residues in
GluR2 and use these measurements to estimate protein-ligand
distances.

EXPERIMENTAL PROCEDURES

Materials. All reagents were obtained from Sigma-Aldrich
(St. Louis, MO), except 3-nitrotyrosine which was purchased
from Cayman Chemicals (Ann Arbor, MI), and were used as
received.
Protein Expression and Purification. The GluR2 expres-

sion plasmid was generously provided by E. Gouaux (The
Vollum Institute, OregonHealth & Science University, Portland,
OR) (8). The protein was expressed and purified using proto-
cols similar to those developed by Gouaux and co-workers
(personal communication). Briefly, Origami B cells (Novagen,
Darmstadt,Germany) expressingGluR2 (36 g) were resuspended
in 20mMTris buffer (pH 8.0, 150mL) containing 150mMNaCl,
1 mM MgSO4, 5 mM methionine, 1 mM glutamate, 50 μg/mL

lysozyme, and EDTA-free protease inhibitor cocktail (Roche,
Indianapolis, IN) and lysed using a high-pressure cell disruptor
(Avestin, Mannheim, Germany). Following centrifugation [4500
rpm in a SLC-4000 rotor (Sorvall, Waltham, MA) for 45 min]
and ultracentrifugation [35000 rpm in a Ti45 rotor (Beckman,
Fullerton, CA) for 1 h] steps, the supernatant was loaded onto
a HisPrep 16/10 affinity chromatography column (GE Health-
care Lifesciences, Piscataway, NJ) and protein was eluted with
an imidazole gradient (from 0 to 400 mM, 20 mM Tris buffer,
pH 8.0). Fractions containing GluR2 were pooled, and the
N-terminal His tag was removed by thrombin cleavage at room
temperature (100 units for 2 h). The protein was dialyzed against
20 mMHEPES buffer (pH 7.0) containing 1 mM glutamate and
5 mM methionine and further purified on a MonoS cation
exchange column (0 to 1 M NaCl gradient). All dialysis and
chromatographic steps were performed at 4 �C. Fractions of
purified protein were dialyzed extensively (at least three changes
into at least 100 times of starting volume each time) against
10 mM HEPES buffer (pH 7.0) containing 20 mM NaCl and
1 mM EDTA to remove bound glutamate (estimated residual
Glu concentration ofe10 pM). The purity of all protein samples
was assessed by SDS-PAGE analyses. Protein concentrations
were determined using amolar extinction coefficient estimated on
the basis of amino acid content (ε280 = 41370 M-1 cm-1). All
purified proteins were concentrated using a Centriprep YM-10
device (molecular mass cutoff of 10 kDa, Millipore, Billerica,
MA) and stored at -80 �C. The protein molecular mass and
folded structure were confirmed by ESI-MS (30302 mass units
measured, 30302 calculated) andCDspectra ([Θ]222=-10 mean
molar ellipticity per residue), respectively. Absorption, fluore-
scence, and CD spectra were recorded on a CARY 300 Bio
UV-vis spectrophotometer (Varian, Santa Clara, CA), a
Fluorolog-3 spectrofluorimeter (Horiba Jobin Yvon, Edison,
NJ; λex = 295 nm, λobs = 300-450 nm, 0.25 s integration time,
1 nm excitation and emission slit widths), and a Jasco J-715
spectropolarimeter (Jasco, Easton, MD; 180-300 nm, 2 nm
steps, 1 nm bandwidth, 0.5 s integration time, 50 nm/min),
respectively.
Time-Resolved Fluorescence Measurements. Time-re-

solved fluorescence measurements were taken using excitation
(293 nm, 1 kHz, 0.025-0.10 mW) from harmonic generation of
an optical parametric amplifier (Light Conversion) pumped by a
regeneratively amplified Ti:sapphire laser (Clark MXR, Dexter,
MI). Trp emission was collected under magic angle conditions
selected through a 340 ( 10 nm filter (CVI, Albuquerque, NM)
with an array of optical fibers. A streak camera (Hamamatsu
C5680, Hamamatsu, Bridgewater, NJ) was operated in single-
photon counting mode and used to measure decay kinetics (at
least 104 counts were accumulated in the peak channel, typical
collection time of 5-10 min).

Ligand solutions were prepared in buffer immediately
prior to experiments, and concentrations were determined grav-
imetrically and confirmed spectrophotometrically when possible
[ε335(DNQX)=23400M-1 cm-1, and ε340(3NY)=3300M-1 cm-1].
Protein/ligand solutions were prepared, added to cuvettes, and
deoxygenated by repeated evacuation and Ar gas fills on a
Schlenk line over a period of 45 min. All measurements were
taken at 25 �C using a temperature-controlled cuvette holder.
Measurements of steady-state emission spectra before and after
laser experiments showed negligible photobleaching (<10%).
Competition Assay. The competition assays were conducted

bymonitoring GluR2 (1 μMGluR2) emission at a wavelength of
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340 nm (5 nm slit width, λex = 295 nm) with constant stirring
using a PTI (Princeton,NJ) Quantamaster fluorimeter. For every
measurement, the emission of protein alone (10 mM HEPES,
20 mM NaCl, 1 mM EDTA, and pH 7.0 buffer) was measured
for 100 s to ensure sample integrity. The sample was allowed to
equilibrate with 1 equiv of DNQX (1 μL of a 1 mM DNQX
solution), the FET ligand. The reduced emission from the
GluR2-DNQX complex was monitored for at least 100 s to
ensure signal stability before competitive ligand additions.
Subsequently, additions of non-FET ligands (2 μL of concen-
trated 20 μMglutamate) were added every 100 s, and the emission
was measured. The average emission intensity for each solution
conditionwas determined and plotted versus the concentration of
competitive ligand added.

DATA ANALYSIS

Ligand Binding Curves. The fluorescence intensity for each
sample was calculated by integrating the area from 300-450 nm
for the steady state and under the peak-normalized emission
curve [I(t = 0) = 1] for time-resolved data. The proportion of
quenching was calculated by dividing by the emission intensity
for the protein sample without ligand present.

Plots of fractional quenching as a function of ligand added
[Q(L)] were constructed and fit using the Hill equation (eq 1) in
Igor Pro (Wavemetrics, Oswego, OR):

QðLÞ ¼ QðL ¼ ¥ÞþQðL ¼ 0Þ-QðL ¼ ¥Þ
1þ Kd

L

� �n ð1Þ

where L is the ligand concentration,Q(L=0) andQ(L=¥) are
the relative fluorescence intensities in the absence and presence of
saturating ligand concentrations, respectively, n is the Hill
coefficient, and Kd is the apparent dissociation constant for the
interaction between the ligand and protein. The Hill coefficient
(n) was held to a value of 1.
RoCalculation. The F€orster radii for the tryptophan residues

in GluR2 and the two energy transfer ligands were calculated
using eq 2:

Ro ¼ 8:8� 10-25 � K2ΦDJ

η

 !1=6

ð2Þ

where κ2 is the dipole orientation factor which we took to be 2/3
assuming complete rotational freedom of the tryptophan
residues, η is the refractive index of the solution, ΦD is the
quantum yield of the donor in the absence of the acceptor, and
J is the overlap integral between the donor emission spectrum
and the acceptor absorption spectrum. The calculation of J is
given by eq 3.

J ¼
Z ¥

-¥
IdðλÞεaðλÞλ4 dλ ð3Þ

where Id is the relative emission intensity of the donor and εa is
the absorption spectrum of the acceptor.
Fluorescence Decay Kinetics. The fluorescence decay ki-

netics were modeled with eq 4 to account for the nonexponential
behavior typically exhibited by tryptophan fluorophores in
protein (24, 26, 30).

IðtÞ ¼ I0ðtÞ
Z

PðkFETÞe-kFETðRÞt dkFET ð4Þ

where P(kFET) is the probability of observing a protein con-
formation with a rate constant kFET(R) for distanceR and I0(t) is
the Trp fluorescence decay of apo-GluR2 (no ligand) in the
absence of energy transfer to DNQX or 3NY. Donor-acceptor
distance distributions were calculated from the decay kinetics
by numerical inversion of the Laplace transform describing
I(t). We used a linear least-squares fitting program written by
J. R. Winkler subject to a non-negativity restraint in Matlab
(Mathworks, Natick, ME). The P(kFET) distributions were
transformed into P(R) distributions using eq 5:

R ¼ Ro

kFET

kr

� �1=6

2
66664

3
77775 ð5Þ

where kr is the measured radiative decay rate of apo-GluR2.

RESULTS AND DISCUSSION

Tryptophan Fluorescence and Anisotropy Decay. The
four native Trp residues (W460, W671, W766, and W767) are
distributed throughout the GluR2 protein, where W460 and
W671 are in opposite lobe regions andW766 and W767 are near
the hinge region (Figure 1). Collectively, the Trp fluorescence
spectrum exhibits a maximum at 325 nm, indicating that the
indole side chains are solvent-protected (typical Trp emission in
hydrophobic interiors of folded proteins ranges between 308 and
325 nm) (31). Using a tryptophan model compound, N-acetyl-
L-tryptophanamide (NATA) which has a quantum yield of
0.12 (32), the relative quantum yield for GluR2 was determined
to be 0.64 (on average 0.16, 30% greater per Trp residue than for
NATA, [GluR2]=1 μMin10mMHEPES, 20mMNaCl, 1mM
EDTA, and pH 7.0 buffer). Though GluR2 does contain
numerous Tyr residues, their contributions wereminimized using
an excitation wavelength of 295 nm. To gain further insights into
conformational heterogeneity, we have measured the GluR2 Trp
fluorescence decay kinetics and ligand binding by time-resolved
spectroscopy. Under all solution conditions that were examined
([GluR2] = 0.5-10 μM, pH 7, and [NaCl] = 20-100 mM), we
find that there are at least two dominant Trp excited-state decay
rates (k1=2� 108 s-1; k2=3� 108 s-1). Despite thewidespread
use of steady-state emission of the ligand binding domain of
GluR2, this is the first report of its time-resolved fluorescence.

Consistent with previously reported steady-state quenching
data, in the presence of the glutamate (0.10-1 μM), the average
fluorescence lifetime decreases by 10%with the appearance of a
new decay rate (k3 = 4 � 108 s-1) and concomitant decrease in
the amplitude of k1. Interestingly, while quenching is observed,
the addition of glutamate does not change the spectral proper-
ties of the Trp residues. This quenching is due to a dynamic
process as evidenced by the decrease in Trp lifetime upon
addition of glutamate. It is likely that this change in Trp lifetime
is the result of the local conformational changes induced by
ligand binding.

To assess the local mobility of the Trp residues in GluR2, we
measured the time-resolved fluorescence anisotropy [r(t)] in the
presence and absence of glutamate (data not shown). Though
the majority of Trp fluorescence (>90%) depolarizes within
200 ps, the residual anisotropy [r(0)= 0.045] does not depolarize
[for L-Trp, the theoretical limit r(0) = 0.4] (33-35) and remains
nearly constant during our observation window (∼10 ns). Upon
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addition of glutamate, the residual anisotropy increases from
0.045 to 0.054; however, we still do not observe any anisotropy
decay.

Our time-resolved anisotropy data indicate increased micro-
environment viscosity for one or more of the four Trp residues
upon glutamate binding. This finding is consistent with those
obtained from 19F (5-fluoro-Trp) NMR spectroscopic studies
(7, 10) which show that the ligand-bound protein has increased
structural rigidity, especially at W671. However, reduced fluor-
ophore mobility would not give rise to the observed quantum
yield decrease; restriction of molecular motion (fewer nonradia-
tive deactivation pathways) would rather lead to a fluorescence
intensity increase. Additionally, acrylamide quenching experi-
ments have shown that the solvent accessibilities of the Trp
residues are not appreciably different between the apo and
ligand-bound states, suggesting that the solvent environment is
not responsible for fluorescence intensity variations (20). It is
reasonable to suggest that as GluR2 binds glutamate one of the
Trp residues may adopt a local conformation that facilitates
other quenching mechanisms such as electron transfer; W767 is a
possible candidate because it is in the proximity of the only
disulfide bond and Cys 548 (most likely amino acid side chain
quenchers) (36, 37). We are unable to directly assess the exact
nature of this quenching mechanism because both W766 and
W767 are found to be critical for protein stability and folding (7);
however, Oswald and co-workers found that W767 is sensitive to
the relative lobe positions, supporting our notion that this residue
may be responsible for the observed quenching.
Transfer of Energy from Trp to DNQX. The interaction

between the antagonist, DNQX, and GluR2 has been character-
ized by X-ray crystallographic (17) and NMR spectroscopic
studies (7, 10). The crystal structure of GluR2 with DNQX
bound is shown in the left panel of Figure 1, with the four native
tryptophan residues highlighted in green and distances toDNQX
indicated for each Trp residue (15 Å for W460, 20 Å for W671,
17 Å for W766, and 12 Å for W767). Because of the presence
of two nitro groups on the quinoxaline ring (Scheme 1), this
molecule is a yellow chromophore exhibiting absorptionmaxima
at 355 and 400 nm (molar extinction coefficient of 23400
M-1 cm-1 at 355 nm). As anticipated, the DNQX spectroscopic
feature makes it a suitable energy acceptor for Trp emission
(Figure 2). Using the F€orster equations (Data Analysis, eqs 2
and 3), we calculate the correspondingRo to be 33 Å, allowing the
determination of donor-acceptor distances of 20-50 Å. On the

basis of the average crystallographically determined Trp-
DNQX distance of ∼16 Å, FET will occur from all of the Trp
residues inGluR2 toDNQX, resulting in fluorescence quenching
upon antagonist binding.

Using both steady-state and time-resolved Trp fluorescence
measurements, we monitored DNQX binding. Addition of
DNQX to a solution of GluR2 results in dramatic quenching
of the tryptophan emission ([GluR2] = [DNQX] = 1 μM, 60%
quenching), consistent with FET occurring from tryptophan to
DNQX. Clearly, the Trp fluorescence lifetime of GluR2 de-
creases in the presence of DNQX, verifying the occurrence of
FET (Figure 3A). We observe substantial FET between Trp
residues in GluR2 and DNQX; these rates approach the instru-
ment response function (∼500 ps) under our current measure-
ment conditions. Taking this into consideration, we have
restricted the fastest rate in our fits (see Data Analysis) to
2 � 109 s-1 and categorized our rates into two populations:
DNQX-GluR2 complex (kFET > 1 � 109 s-1) and apo-GluR2
(intrinsic rates of <1 � 109 s-1). The relative amplitudes are
plotted as a function of DNQX concentration (Figure 3A, inset).
Although the relative amplitudes and rate constants can vary
slightly for different titrations, similar trends were always ob-
served: increase in the DNQX-GluR2 population with a con-
comitant decrease in the apo-GluR2 population as a function of
addedDNQX.Frompeak-normalized decay curves, we obtained
an apparent dissociation constant (Kd) of 0.6(1) μM for the
GluR2-DNQX complex, comparable to the submicromolar
dissociation constant reported by Oswald and co-workers
(Figure 4) (10).

Due to the existence of multiple donor fluorophores (Trp), we
elected to estimate an average donor-acceptor separation
(ÆRDAæ) from the FET rates to compare with those measured
in the crystal structure. The distance we calculate is 24 Å, whereas
the Trp-DNQX separations for all four Trp residues in the
crystal structure are e20 Å (Figure 1, left panel). The slight
elongation of our ÆRDAæ may reflect dynamical properties of the
protein in solution. Alternatively, the expected distances are near
the limit of the distances we can expect to resolve, and the actual
distances are, in fact, shorter.
3-Nitrotyrosine, a New FET Ligand. On the basis of the

structures of known ligands for GluR2, many of which contain

FIGURE 2: Spectral properties of fluorescence energy transfer ligand
probes, 6,7-dinitroquinoxaline-2,3-dione (DNQX) and 3-nitrotyro-
sine (3NY). Spectral overlap of the Trp fluorescence spectrum of
GluR2 (green) and the absorption spectra of DNQX (red) and 3NY
(blue).

Scheme 1: Structure of the GluR2 Ligands Used in This Study



Article Biochemistry, Vol. 49, No. 9, 2010 2055

the essential amino acid functional groups (R-amino and car-
boxyl group) (Scheme 1) and the spectroscopic properties of
a chemically modified tyrosine (λmax = 420 nm, pH 7.0), we
hypothesized that 3-nitrotyrosine (3NY) would be a potential
FET ligand (calculatedRo∼ 24 Å) for GluR2 (Figure 2). Indeed,
3NYdoes bind toGluR2butwith a considerably reduced affinity
compared to that of DNQX (Figures 3 and 4). Tryptophan
emission quenching is observed only at a 3NY:protein stoichi-
ometry of >10:1. Because of the apparent low affinity of the
3NY-GluR2 complex, the increased concentrations of 3NY
present a substantial inner filter effect on the steady-state fluore-
scence measurement. To reliably extract the Kd, we turned to
time-resolved Trp fluorescence measurements to obtain Trp-
to-3NYFET rates (Figure 3B). Thesemeasurements revealed one
dominant rate (kFET1 = 1 � 109 s-1) and a minor rate (kFET2 =
4 � 108 s-1). The relative amplitude of kFET1 is highly dependent
on the concentration of 3NY attributable to FET from Trp to

3NY that occurs upon specific binding of 3NY in the ligand
pocket. In contrast, the amplitude of kFET2 does not depend on
the concentration of 3NY in solutions. Similar to the DNQX
titration, we observe the apo-GluR2 population decreasing as the
ligand is added. Our data can be adequately fit to a single-site
binding model with an apparent Kd of ∼170(30) μM (Figure 4).
The ÆRDAæ values we calculate from these rates are 18 and 24 Å,
which are comparable to the distance that we estimated for
DNQX-GluR2 complex. Despite the inherent uncertainty in
our estimation of the orientation factor (κ2), our data suggest that
the clamshell closes around 3NYmore tightly thanDNQX.Using
the empirically determined relationship between the “openness”
of the cleft and ligand pharmacology, we predict that 3NYwould
have antagonist activity. Preliminary electrophysiology experi-
ments with the full-length receptor do suggest that 3NY is a very
weak antagonist.

The specificity for the ligand binding cleft is shown by
competition using glutamate (Figure 5). Upon the addition of

FIGURE 3: Tryptophan fluorescence decay kinetics of GluR2 with
increasing concentrations of DNQX (0.25-30 μM) (A) and 3NY
(25-700 μM) (B) from blue to orange. The insets show the relative
amplitudes of the rate constants [apo-GluR2 (gray circles) and
ligand-bound GluR2 (black circles)] extracted from NNLS fits of
Trp fluorescence decay curves as a function of ligand concentration.

FIGURE 4: Ligand titration curves obtained by time-resolved Trp
fluorescence. Addition of increasing concentrations of DNQX (O, left
axis) and 3NY (9, right axis) to 1 μMGluR2 in 10 mMHEPES and
20 mMNaCl buffer (pH 7.0) results in quenching of Trp fluorescence
by binding of the energy transfer ligands. Lines represent fits.

FIGURE 5: Specificity of 3NY for the glutamate ligand binding
pocket is demonstrated by the ability of glutamate to displace
3NY. With 3NY bound to the protein, the tryptophan fluorescence
is quenched byFET to3NY (red trace).Additionof glutamate results
in recovery of the tryptophan fluorescence (green trace), indicating
the displacement of 3NY from the ligand binding site.
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glutamate, the fluorescence quenching was recoverable, nearly
identical to the independently measured kinetics for the GluR2-
glutamate complex indicating that the glutamate is displacing
3NY from the ligand binding cleft. Moreover, control experi-
ments were conducted using a model fluorophore, NATA and
3NY, to examine any presence of bimolecular (collisional)
quenching; the excited-state decay kinetics are identical for
NATA in buffer and in a solution containing 700 μM 3NY.
We also confirmed that an analogous compound, 3-iodotyrosine,
a close contact quencher (due to the presence of the iodo group),
does not affect GluR2 fluorescence further, providing evidence
that the dynamic quenching is attributable to FET.
DNQX in a Competitive Ligand Assay. Though radio-

ligand assays are commonly used as the current standard for
sensitivity in GluR2 competitive ligand binding detection, fluor-
escence-based methods can permit detection of ligands without
the safety and environmental issues concerning radioactivity.
Since we have identified DNQX as an efficient FET acceptor
ligand, we have furthered this study to demonstrate its utility as a
FET competitor. Displacement of the FET acceptor ligand
(DNQX) from the binding site by another ligand (glutamate)
results in “turning on” the Trp emission; indeed, this offers an
alternative competitive ligand assay (Figure 6). Interestingly, we
find that glutamate cannot fully displace DNQX as evidenced by
a lack of total fluorescence recovery. This observation was
somewhat unexpected because to the best of our knowledge
there are no reports of irreversible binding of DNQX to GluR2.
While the apparent irreversible DNQX binding may prove to be
problematic especially for quantitative Kd determinations (an
evidently higher Kd of ∼2 μM for glutamate), the methodology
using FET ligands and intrinsic Trp fluorescence is broadly
applicable for protein-ligand interactions.

CONCLUSION

Using time-resolved fluorescence and anisotropy measure-
ments, we characterized the excited-state properties and local
mobility of Trp residues in the isolated LBD, GluR2. The FET
acceptor ligands that we identified, DNQX and 3NY, both bind
specifically to the ligand binding cleft of GluR2. Upon binding,
these ligands are stabilized within F€orster’s radius of all four
native tryptophan residues and act as efficient FET acceptors.

Interestingly, we observe multiple rate components for 3NY
suggestive of ligand-protein complex structural heterogeneity.
However, due to the presence ofmultiple Trp donors, we are able
to estimate only average DNQX-3NY distances to the Trp
residues. While the distance extracted (24 Å) from our analysis
on the DNQX-Trp GluR2 complex is on the order of the
crystallographically determined distances (12-20 Å), they are
somewhat longer. This may be due to the current limit of
resolvable rates (k g 2 � 109 s-1) which would correspond to
donor-acceptor distances shorter than those estimated for Trp-
DNQX, or it is possible that it is attributable to unfavorable
orientations of the Trp and DNQX transition dipoles in the
folded protein. Alternatively, our longer distances may simply
reflect dynamical properties of the protein in solution.

While DNQX is a well-known complex, its spectroscopic
properties and potential application as a sensitive reporter for
binding of the ligand toGluR2 have been overlooked previously.
We have described a DNQX competition assay that represents a
significant improvement over the fluorescence assays currently in
use in that this is a “turn-on” sensor, eliminating false positive
observations inherent to quenching events resulting from pho-
tobleaching. The use of FET competitor ligands and intrinsic Trp
fluorescence should allow for the future identification of novel
ligands not only for GluR2 but also for other proteins when
DNQX or structural analogues (i.e., CNQX and other nitrated
aromatic compounds) are employed.
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