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ABSTRACT: The structural investigations using the soluble ligand binding domain of the AMPA subtype
of the glutamate receptor have provided invaluable insight into the mechanistic pathway by which agonist
binding to this extracellular domain mediates the formation of cation-selective channels in this protein.
These structures, however, are in the absence of the transmembrane segments, the primary functional
component of the protein. Here, we have used a modified luminescence resonance energy transfer based
method to obtain distance changes due to agonist binding in the ligand binding domain in the presence
of the transmembrane segments. These distance changes show that the cleft closure conformational change
observed in the isolated ligand binding domain upon binding agonist is conserved in the receptor with the
channel segments, thus establishing that the isolated ligand binding domain is a good model of the domain
in the receptor containing the transmembrane segments.

Most fast excitatory signaling in the mammalian brain is
mediated by ionotropic AMPA-type glutamate receptors, with
glutamate binding to an extracellular domain on the postsyn-
aptic AMPA' receptors leading to the opening of a cation-
selective channel that results in depolarization of the
receiving cell (/-5). Significant insight into the mechanism
by which the agonist mediates receptor activation has been
obtained by the large number of structural investigations on
the isolated extracellular ligand binding domain (3, 6-22).
These structural investigations, in combination with the vast
existing electrophysiological data on the native receptor
(23-25), suggest that the cleft closure conformational change
induced by agonist binding is one of the key coupling
mechanisms between the ligand binding domain and the
channel segments (3, 16, 20). While the structures of this
isolated domain have provided invaluable insight into the
allosteric mechanism, they are limited by the fact that the
domain is isolated and in the absence of the functional ion
channel segments. The limitation of the use of the isolated
ligand binding domain is most evident in the case of the
dimer interface. While functional and biochemical investiga-
tions clearly indicate that the dimer interface between two
subunits breaks down in the glutamate-bound desensitized
state (6), the crystal structures show an intact interface in
the presence of glutamate (6). A structure similar to that of
the desensitized state was only observed when a disulfide
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bond was introduced to force apart the dimer interface (15).
While it is plausible that the cleft closure conformational
change should be the same in both the isolated ligand binding
domain and the domain in the presence of the functional
transmembrane segments, there is still no direct evidence
for this assumption. In order to validate the extensive
investigations on the isolated ligand binding domain, it is
essential to establish that the conformational changes ob-
served in the isolated domain are also observed in this
domain in the presence of the functional transmembrane
segments.

We have previously used LRET measurements in a
modified AMPA receptor to show that the ligand binding
domain exhibited similar cleft closure conformational changes
as the isolated ligand binding domain; however, this inves-
tigation was limited by the fact that the distance changes
were measured with respect to GFP, which is nearly the same
size as the ligand binding domain (26). Here, we have used
LRET investigations between significantly smaller tags to
show that the ligand binding domain in a modified AMPA
receptor (lacking the N-terminal domain), which has the
transmembrane segments, undergoes a similar cleft closure
as that seen in the isolated ligand binding domain, thus
confirming that the isolated ligand binding domain is a good
model of the domain in the receptor. Since the AMPA
receptors are not purified and are studied in a near physi-
ological state (expressed in oocytes), we modified the LRET
method by introducing a protease recognition or stop site
between the acceptor site and the donor site of the protein
of interest, thus allowing for the cleavage of the acceptor.
Since the cleavage site is specific to the protein of interest,
the action of the protease selectively removes the LRET
signal from the protein of interest. Thus, the LRET signal
measured after the cleavage provides a direct measure of
the background nonspecific LRET, which can be removed
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FIGURE 1: A schematic representation of the experiments performed
with the AMPA receptors expressed in oocytes. The modified
GluR4 homomeric AMPA receptor had a histidine tag followed
by a glutamine residue introduced at the N-terminus (histag-AN*-
AMPA-S653C receptor). LRET was measured between site C653
and the histidine tag before and after TAGZyme digestion, with
glutamine acting as the stop site for the enzyme.

from the initial signal to obtain the LRET signal of interest
(Figure 1). We first tested this modified LRET on the
nonpurified isolated ligand binding domain and compared
the results to the purified protein to establish that the
technique works on nonpurified systems and then extended
the methodology to investigate the changes in the AMPA
receptor.

EXPERIMENTAL PROCEDURES

Modifications Introduced in the GluR4 AMPA Receptor
Expressed in Xenopus laevis Oocytes. For studying the con-
formational changes in the ligand binding domain of the
AMPA receptor, we used a modified GluR4 subunit of the
AMPA receptor lacking the N-terminal domain and with
the two accessible cysteines (C426, C529) on the extracel-
lular side mutated to serines, producing a modified AMPA
receptor with no accessible cysteines. A cysteine was
introduced at site 653 (corresponding to 652 in GluR2), and
a hexahistidine tag was introduced at the N-terminus with a
glutamine residue (P382Q) between the histag and the
modified AMPA receptor sequence (histag-AN*-AMPA-
S653C).

Mutant Plasmid Preparation. The plasmid for the soluble
ligand binding domain of the AMPA receptor (GluR2-
LBD) protein has been provided by Dr. Gouaux (Oregon
Health and Science University, Portland, OR), and the
plasmid for the GluR4-flip receptor with the first 402 res-
idues to the N-terminal domain deleted has been provided
by Dr. Keinanen (University of Helsinki, Helsinki,
Finland). The hexahistidine coding sequence was inserted
into the N-terminal domain deleted GluR4 receptor after
the viral signal peptide to replace the N-terminal flag
epitope (27). For introducing the histag, the forward primer
used was 104 bases in length with a Nhel restriction site,
signal peptide, and a hexahistidine tag followed by P382Q:
GGCTAGCTATAAATATGACTATTCTCTGCTGGCTT-
GCGCTGTTGTCAACACTTACCGCCGTGAACGCAC-
ACCATCATCATCATCACCAGACTCTGGGCAATGAC.

The backward primer contained an EcoRI restriction site,
CGGAATTCTTTTGTTGACCCAGAATCAAGT.

The PCR product was digested with Nhel and EcoRI and
subcloned into the corresponding sites of the AN*-AMPA
receptor. Point mutations in the plasmids were introduced
using the Stratagene QuikChange site-directed mutagenesis
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kit (Stratagene, CA). The integrity of the final constructs was
verified by sequencing the coding region.

Expression of GluR2-LBD. Proteins were expressed, puri-
fied, and characterized as described by Armstrong et al. (8).
In brief, the protein was expressed in Escherichia coli
Origami-B(DE3) cells. Following clarification and concen-
tration, the cell culture supernatant was used directly for the
LRET measurements or purified by a Ni-NTA HiTrap affinity
column and used for the LRET measurements. The super-
natant or purified protein was labeled with maleimide
derivatives of terbium chelate for donor only samples, and
5 uM (Ni-NTA),Cy3 was added for donor—acceptor samples.
Thrombin (2.5 units/mg of protein) was added to the samples
used for the LRET measurements, and the protein was
maintained at 4 °C. LRET measurements were performed
24 h later. Parallel experiments with nonlabeled protein
before and after thrombin digestion were monitored by SDS
gel electrophoresis to show selective cleavage of the GluR2-
LBD protein by thrombin (Supporting Information Figure 1).

Oocyte Preparation. Oocytes were defolliculated by
incubation of X. laevis ovaries purchased from Nasco (WI)
for 60—90 min with 1.5 mg/mL collagenase dissolved in
Ca’*-free solution containing (in mM) 83 NaCl, 2 KCI, 1
MgCl,, and 5 HEPES, pH 7.5. The preparation was thor-
oughly rinsed with storage solution containing (in mM) 88
NaCl, 2.5 NaHCOs, 1.1 KCl, 0.4 CaCl,, 0.3 Ca(NO3),, 0.8
MgCl,, 2.5 sodium pyruvate, 10 HEPES, pH 7.3, and 5 ug/
mL gentamicin and stored overnight. Stage V—VI oocytes
were individually selected and injected with RNA of the
modified mutant receptor.

Expression and Tagging of the Histag-AN*-AMPA-S653C
Receptor. The histag-AN*-AMPA-S653C receptor was ex-
pressed in oocytes by injecting the oocytes with RNA for
this modified protein. After injection the oocytes were
incubated for 2—3 days at 12 °C and then prelabeled to block
the inherent cysteines with S-maleimidopropionic acid for
1 h. This procedure has been used in LRET investigations
of potassium channels and ensures that the background
cysteines are blocked, thus increasing the specificity of
fluorophore labeling (28, 29). The blocked oocytes were
placed at 18 °C for 24—36 h, allowing for the expression of
the receptors. At the end of 24—36 h, the oocytes were
labeled with 2 uM maleimide terbium chelate for 1 h. The
excess fluorophore was then washed with storage solution.
The oocyte membrane preparations obtained by lysis of these
oocytes were used for Western blotting, radioactive binding,
and fluorescence measurements. For LRET experiments,
approximately 300 healthy oocytes were lysed by gently
douncing in 1.5 mL of lysis buffer, consisting of 20 mM
Tris, pH 7.6, 200 mM NaCl, 1% Triton X-100, and EDTA-
free Complete protease inhibitor cocktail tablets (Roche
Diagnostics, IN). Centrifugation was performed at 13000 rpm
for 10 min at 4 °C to collect the supernatant. This procedure
was repeated on the membrane samples for two more spins,
and the resulting supernatant was used for the LRET
experiments. To obtain the background LRET, the membrane
preparations used for the fluorescence measurements were
incubated with the dipeptidase (TAGZyme) obtained from
Qiagen, Inc., CA. The TAGZyme system uses an exopro-
teolytic enzyme, DaPase (dipeptidyl aminopeptidase 1), to
cleave off N-terminal amino acids from proteins as dipeptides
progressively until a defined stop point is reached. A
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Table 1: Fluorescence Lifetimes and Distances for GluR2-LBD and Histag-AN*-AMPA-S653C Receptors

protein ligand donor lifetime (us) sensitized emission lifetime (us) distance (A)
GluR2-LBD supernatant apo 1590 £+ 45 240 £+ 20 51+2
GluR2-LBD supernatant glutamate 1575 £ 60 145 £ 10 46 £2
GluR2-LBD purified protein apo 1490 + 40 210 £ 10 512
GluR2-LBD purified protein glutamate 1455 £ 65 130 £ 10 46 £2
histag-AN*-AMPA-S653C receptor apo 1575 £ 60 260 + 25 512
histag-AN*-AMPA-S653C receptor glutamate 1580 £+ 45 165 £ 15 47£2
histag-AN*-AMPA-S653C receptor kainate 1585 £45 190 £+ 10 49 £2

glutamine inserted after the hexahistidine tag serves as the
stop point in histag-AN*-AMPA-S653C. LRET was mea-
sured at 3 and 24 h after the addition of the TAGZyme, and
no significant changes were observed in the signal, suggesting
that the peptidase reaction was complete in 3 h at room
temperature. To demonstrate complete histag cleavage and
an intact receptor expressed by Xenopus oocytes, Western
blotting was performed using membrane preparations treated
with TAGZyme at different time points and probed with anti-
pentahistidine HRP conjugate (Qiagen, CA) or anti-GluR4
evolved toward the carboxy-terminal peptide RQSSGLA-
VIASDLP (Millipore, MA) antibodies. The results indicate
that after 3 h at room temperature TAGZyme histag digestion
is complete (Supporting Information Figure 2). Additionally,
the expressed intact histag-AN*-AMPA-S653C construct was
successfully probed by Western blotting before and after
TAGZyme digestion (Supporting Information Figure 2).

Electrophysiological Measurements. Two electrode voltage
clamp experiments were performed using the NPI TEC
amplifier (ALA Scientific, NY). Microelectrodes were filled
with 3 M KCl and had resistances of 1—3 MOhms. A narrow
flow-through recording chamber with a volume of 75 uL
was used to minimize the solution exchange time (ALA
Scientific, NY). The extracellular solution contained (in mM)
100 NaCl, 1 KCl, 0.7 BaCl,, 0.8 MgCl,, and 5 HEPES, pH
7.5. Currents were recorded with Cell Works software (ALA
Scientific, NY) and exported and analyzed using Origin 4.0
(OriginLab, MA).

Radioactive Ligand Binding Measurements. The binding
affinity of AMPA for the receptors was determined by
saturation binding analysis using oocyte membranes. Con-
stant amounts of membrane protein (12 ug) were incubated
with increasing concentrations of [*HJAMPA. Bound and
free radioligands were separated by rapid filtration using
Whatman nitrocellulose filters. Radioactivity was determined
by counting with a liquid scintillation counter. Nonspecific
binding of [*HJAMPA was determined by including 10 mM
glutamate in the binding assay. The Ky values for the ligands
were determined by nonlinear fitting of the binding data using
eq 1:

'XBmax

:x+Kd

y ey
where y is the total binding of the radioactive ligand, By iS
the maximum amount of bound radioactive ligand, and x is
the concentration of free ligand.

Fluorescence Spectroscopy. (Ni-NTA),Cy3 was prepared
as outlined in Kapanidis et al. (30), and the terbium chelate
was purchased from Invitrogen Corp. (CA). The fluorescence
measurements were performed using a TimeMaster Model
TM-3/2003 (Photon Technology International, NJ), a cuvette-
based fluorescence lifetime spectrometer. The source was a

nitrogen laser that is fiberoptically coupled to the sample
compartment. Emitted light was collected and passed through
a monochromator to a stroboscopic detector. Data were
collected using Felix 32 software and analyzed using Origin
software (OriginLab Corp., MA). The lifetimes typically
were obtained by fitting an average of three to six sets of
data. Prior to averages each individual data set was studied
to ensure that it exhibits the same trends in the lifetimes.
The donor only lifetimes were collected at 545 nm while
the LRET lifetimes were obtained by studying the sensitized
emission at 575 nm for Cy3.

Distance Calculations Based on Lifetimes. The distance
between the donor—acceptor fluorophores was determined
by measuring the time constants of donor fluorescence decay
in the absence of acceptor and sensitized emission of the
acceptor due to energy transfer from the donor using Forster’s
theory for energy transfer. Ry was calculated as previously
described (22). The errors reported in Table 1 include the
error due to the orientation factor used in calculating the R,
value. These errors were determined from the anisotropy
measurements of the acceptor fluorophore using the calcula-
tions outlined by Haas et al. (37). The anisotropy of the
acceptor molecule was measured using 10 4uM GIuR2-S1S2
with 50 nM (Ni-NTA),Cy3. These concentrations ensured
that most of the (Ni-NTA),Cy3 was bound, and hence the
anisotropy corresponded to the bound fluorophore. The
anisotropy of the acceptor molecule under these conditions
was determined to be 0.2, and that for the donor terbium
chelate has been established to be 0 (32). It should be noted
that the errors reported in Table 1 are the errors associated
with the absolute distances; the relative errors between the
various ligated states are expected to be less since the
anisotropy of the donor and acceptor is the same between
the various ligated states for a given donor—acceptor tagged
protein.

RESULTS AND DISCUSSION

LRET To Study Nonpurified Systems. Prior to conducting
the investigations on the AMPA receptor which exists in a
nonpurified environment, we investigated the isolated ligand
binding domain of the AMPA receptors in a nonpurified
state, thus allowing us to compare the results from the
nonpurified protein to the previously reported studies on the
purified system (22) and establish the feasibility of studying
the receptor in a nonpurified system. To study the nonpurified
isolated ligand binding domain, we tagged similar sites, the
N-terminus and residue 652, as previously used for inves-
tigating the purified GluR2-LBD (6). The only modification
was that the N-terminal histidine tag (acceptor binding site)
was followed by a thrombin digestion sequence prior to the
GluR2-LBD sequence. The protein was expressed in E. coli,
and the supernatant of the cell lysate, without any further
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FIGURE 2: LRET lifetimes as measured by the sensitized emission
of the acceptor at 575 nm before and after thrombin digestion in
the apo state for (I) the supernatant from E. coli cell lysate and (II)
purified GluR2-LBD. The difference between the lifetimes obtained
before and after digestion with thrombin in the apo and glutamate-
bound states for (III) the supernatant from E. coli cell lysate and
(IV) purified GluR2-LBD.

purification of the protein, was used for the LRET investiga-
tions. The supernatant was labeled with the maleimide
derivative of terbium chelate and Ni-NTA derivative of Cy3
(30) (Figure 2). The lifetime of the sensitized emission of
the acceptor due to energy transfer from the luminescent
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terbium chelate donor was measured before and after addition
of thrombin, and the difference corresponding to the specific
LRET between the cysteine and the histidine tag was
obtained. This difference in lifetime could be well represented
by a single exponential decay for both the apo (240 us) and
glutamate-bound (145 us) forms of the protein (Figure 2,
Table 1). Parallel investigations performed on the purified
GIuR2-LBD showed a smaller background LRET, and the
lifetimes for the difference LRET were 210 and 130 us for
the apo and glutamate-bound states, respectively (Figure 2,
Table 1). The good correlation between the LRET lifetimes
obtained for the cell lysate and the pure protein clearly
establishes that the modification of introducing a protease
site between the donor and acceptor allows for LRET
investigations of unpurified systems.

Conformational Changes in the Receptor. Since these
studies using the GluR2-LBD established the feasibility of
the LRET measurements in measuring changes in a specific
protein expressing a histidine tag with no requirement for
purification, we extended these investigations to study the
cleft closure conformational change in the ligand binding
domain of a modified AMPA receptor expressed in oocytes.
As outlined above, the previous structural investigations of
this protein have been limited to the soluble extracellular
domain (3, 6, 16, 22, 33). While these structures have
provided useful insight into the conformational changes in
this domain, they do not contain the primary functional part
of the protein, namely, the ion channel segments. Thus it is
still unknown if these changes observed in the crystal
structures and LRET investigations of the isolated domain
are physiologically relevant structural changes. In order to
determine the conformational changes in the receptor (histag-
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FIGURE 3: Functional characterization of the histag-AN*-AMPA-S653C receptors. (A, left) Radioactive ligand binding showing [P H]JAMPA
binding to membrane preparations of oocytes expressing histag-AN*-AMPA-S653C. (B, middle) Two electrode voltage clamp experiments
performed with oocytes expressing histag-AN*-AMPA-S653C receptors. Representative currents recorded with 1 mM glutamate in the
presence of cyclothiazide and 1 mM kainate in the presence of cyclothiazide. (C, right) Dose response curve showing the dependence of
the maximum current as a function of glutamate concentration for the histag-AN*-AMPA-S653C receptors. All currents were recorded in
the presence of cyclothiazide and normalized to currents mediated by 10 mM glutamate.
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FIGURE 4: (I) LRET lifetimes as measured by the sensitized emission of the acceptor at 575 nm before and after TAGZyme digestion in the
apo state for the modified AMPA receptor. (II) The difference between the lifetimes obtained before and after digestion with TAGZyme

in the apo, glutamate-bound, and kainate-bound states.



LRET Investigations of AMPA Receptors

AN*-AMPA-S653C receptor), the AMPA receptors were
modified as outlined in the Experimental Procedures section
to allow the introduction of fluorophores at the sites reflecting
the cleft closure conformational change. The histag-AN*-
AMPA-S653C receptor was characterized using radioactive
ligand binding and electrophysiology to establish its func-
tionality. Radioactive binding was performed using mem-
brane preparations of the oocytes (Figure 3), and the K, for
AMPA was determined to be 88 £ 10 nM. This value is
similar to the value of 40 &£ 15 nM for the wild-type receptor,
showing that the AMPA binding property of the histag-AN*-
AMPA-S653C receptor is similar to that of the wild-type
protein (8). To characterize the function, two electrode
voltage clamp experiments were performed using oocytes
expressing the modified AMPA receptor construct (Figure
3). Robust currents were obtained using 1 mM glutamate
and 1 mM kainate when desensitization was blocked using
100 uM cyclothiazide. Furthermore, the dose response curve
for glutamate activation of the modified protein was found
to have an ECsy of 310 uM, similar to the ECs, value of
250 uM for the AN*-AMPA receptor (data not shown).

Having established the functionality of the modified
AMPA receptors, these receptors were then used for LRET
investigations. The modified AMPA receptor expressed in
oocytes was tagged with the maleimide derivative of the
terbium chelate, and (Ni-NTA),Cy3 was added to the
membrane preparations. The lifetimes for the sensitized
emission due to LRET between terbium chelate and (Ni-
NTA),Cy3 were measured before and after addition of
TAGZyme (Figure 4). The difference in the LRET lifetime
before and after addition of the TAGZyme could be well
represented by single lifetimes of 260, 165, and 190 us in
the apo, glutamate-bound, and kainate-bound states, respec-
tively (Figure 4). These changes in the FRET measurements
corresponded to a distance change of 4 A between the apo
and glutamate-bound states and 2 A between the apo and
kainate-bound states (Table 1). The error in the absolute
distances is =£2; hence the changes between apo and
glutamate-bound states are significant, while the changes in
the apo and kainate-bound states are not. However, as noted
in the Experimental Procedures section, the error reported
is for the absolute distance changes; the relative errors
between the various ligated states for a given protein are
expected to be less, since the main contributor for the error
is the error in the orientation factor, which is not expected
to be different between the various ligated states of the
protein.

The distance change in the receptor having the transmem-
brane segments is in good agreement with the change
observed in the investigations with the isolated ligand binding
domain, clearly indicating that the ligand binding domain
in the presence of the transmembrane segments undergoes
similar conformational changes as seen in the isolated ligand
binding domain. It has been previously shown by crystal-
lographic measurements that glutamate binding to the ligand
binding domain of the AMPA receptor leads to a cleft closure
conformational change (6, 8). This cleft closure conforma-
tional change is reflected as a 6 A distance change between
the N-terminus and residue 652 in GluR2-LBD, and these
distances are not significantly different from those observed
in the soluble domain, taking into consideration the error in
the LRET measurements. Additionally, the distance changes
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in the LRET measurements are between a histidine tag and
site 652, while the crystal structures do not have a histidine
tag, thus possibly accounting for the small differences in the
trends in distance change. It is also possible that, in the
absence of the crystallographic constraints, the changes of
the ligand binding domain are smaller relative to what is
seen in the crystal structures. Overall, the differences in the
crystal structures and the LRET measurements are not
significant, and the trends seen are the same in both.

While establishing the validity of the structural changes
observed in the isolated ligand binding domain, the experi-
ments outlined here also clearly establish the feasibility of
studying conformational changes in the receptor, opening
the door for future investigations on sites that are outside
the ligand binding domain for which little structural informa-
tion is known.
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