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Summary

lonotropic glutamate receptors (iGIuRs) mediate the majority of fast excitatory signaling in the
nervous system. Despite the profound importance of iGIuRs in the nervous system, little is known
about the structures and dynamics of intact receptors in distinct functional states. Here we
elucidate the structures of the intact GluA2 AMPA receptor in an apo resting/closed state, in an
activated/pre-open state bound with the partial agonists and a positive allosteric modulator and in
a desensitized/closed state in complex with FW alone. To probe the conformational properties of
these states, we carried out double electron-electron resonance experiments on cysteine mutants
and cryo-electron microscopy studies. We show how agonist binding modulates the conformation
of the ligand binding domain 'layer' of the intact receptors and how, upon desensitization, the
receptor undergoes large conformational rearrangements of amino-terminal and ligand-binding
domains. We define mechanistic principles by which to understand antagonism, activation and
desensitization in AMPA iGIuRs.
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Introduction

lonotropic glutamate receptors (iGIuRs) harness the chemical potential of glutamate released
from presynaptic neurons to drive the opening of a transmembrane, cation-conductive ion
channel pore and thus membrane depolarization and the influx of sodium and calcium ions
(Traynelis et al., 2010). The major subtypes of iGIuRs, AMPA (Boulter et al., 1990)
(Keinanen et al., 1990), kainate (Hollmann et al., 1989) and NMDA receptors (Moriyoshi et
al., 1991) (Monyer et al., 1992), are related in amino acid sequence yet vary in their
pharmacological, physiological and biophysical properties. AMPA receptors are primarily
localized to excitatory synapses where they mediate the majority of fast synaptic
transmission and participate in synaptic plasticity (Huganir and Nicoll, 2013). Four AMPA
receptor subunits — GluA1-4 —assemble to functional homo and heterotetrameric receptor
complexes (Keindnen et al., 1990). In native tissues, the AMPA receptor heterotetramers
predominate, with calcium-impermeable GluA1/GluA2 and GluA2/GIuA3 receptors
prevalent at hippocampal synapses (Lu et al., 2009) and calcium-permeable GIuA1/GluA4
receptors found in Bergman glia of the cerebellum (Saab et al., 2012). The functional
characteristics of AMPA receptors are further diversified by RNA editing, RNA splicing,
posttranslational modification by phosphorylation and palmitoylation, and to coassembly
with transmembrane AMPA receptor auxiliary proteins (Traynelis et al., 2010).

Hallmarks of AMPA receptors are rapid kinetics of activation, deactivation and
desensitization, together with profound reduction of steady-state currents upon prolonged
application of agonist (Boulter et al., 1990) (Keinanen et al., 1990). Activation of ion
channel gating of AMPA receptors is complex and characterized by multiple sub-
conductance states (Rosenmund et al., 1998), differential activation and desensitization by
full and partial agonists, such as glutamate and kainate (Jin et al., 2003; Patneau et al.,
1993), respectively, and population of progressively larger sub conductance states as a
function of increasing agonist concentration (Smith and Howe, 2000). Allosteric modulators,
such as aniracetam (Isaacson and Nicoll, 1991) and diazoxide (Yamada and Rothman,
1992), slow receptor deactivation and desensitization and have provided chemical leads to
small molecule positive allosteric modulators in clinical trials for treating depression and
cognitive impairment (O'Neill et al., 2004). Mutations that slow or block desensitization
have profound effects in the context of transgenic animals, proving lethal when homozygous
and resulting in severely perturbed animal behavior when heterozygous (Christie et al.,
2010). Despite decades of research on AMPA receptors and over 100 structures of the
isolated domains, little is known about the molecular mechanisms of agonist activation, of
allosteric modulator action and of receptor desensitization.

AMPA receptors harbor a modular architecture composed of an amino terminal domain
(ATD), an agonist-recognizing ligand-binding domain (LBD), a transmembrane domain
(TMD) that forms the ion channel pore, and intracellular carboxyl-terminal domains (Kumar
and Mayer, 2013). Whereas the ATDs and LBDs are organized as dimers-of-dimers (Jin et
al., 2009; Kuusinen et al., 1999; Sun et al., 2002), the TMD possesses ~4-fold symmetry,
thus giving rise to a symmetry mismatch between the LBDs and TMDs (Sobolevsky et al.,
2009). Structural and functional studies show that the LBDs bind agonists and competitive
antagonists in the cleft of a bilobed ‘clamshell’, with antagonists stabilizing the cleft in a
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more ‘open’ conformation and partial and full agonists yielding progressively greater
closure of the clamshell cleft (Armstrong and Gouaux, 2000). Under non desensitizing
conditions, the LBDs are organized as back-to-back dimers, and perturbations that weaken
the dimer interface enhance receptor desensitization whereas mutations and modulators that
strengthen the interface block slow desensitization (Sun et al., 2002). Indeed, a site-directed
cysteine mutant, S729C, stabilizes the dimer interface in an interface-ruptured, possibly
desensitized conformation, thus illustrating how agonist-binding can be decoupled from ion
channel gating (Armstrong et al., 2006).

Results and Discussion

To understand the structural changes underlying AMPA receptor gating, we crystallized an
intact homotetrameric AMPA (GIuA2) receptor in an apo/resting state, an agonist-bound/
activated state and agonist-bound/desensitized state. Because AMPA receptors desensitize
rapidly and profoundly, crystallization in the presence of full or partial agonists should yield
structures representing a desensitized receptor conformation. To trap the receptor in an
agonist-bound, activated state, we employed agonists in combination with a high affinity
positive allosteric modulator (R,R)-2b which block desensitizations (Kaae et al., 2007).
Finally, crystallization under ligand-free conditions was carried out to determine a structure
of the full-length GIUAZ2 receptor in an apo/resting state.

To optimize diffraction quality we screened single amino acid substitutions in the TMD
region for enhanced thermostability (Hattori et al., 2012). Five or ten of the most
thermostabilizing mutations were combined into crystallization constructs 5M and 10M,
respectively (see extended experimental procedures). To further improve crystallization of
the 10M construct, a five amino acid stretch in the M1M2 loop was deleted (Figure S1A),
yielding construct 10Mdel. The resulting constructs 5M and 10Mdel exhibit significantly
higher melting temperatures compared to construct GIuAZys; (Sobolevsky et al., 2009)
previously used for crystallization of the antagonist-bound receptor (41° C and 51° C versus
35° C, see Figure S1B). Importantly, radio ligand binding experiments and two-electrode
voltage clamp (TEVC) recordings confirmed that binding of full and partial agonists and
gating properties, such as ion channel gating, desensitization and allosteric modulation, are
maintained for these constructs (Figure S2).

Here we report X-ray structures at resolutions of 3.5-4.2 A for the full-length receptor in the
apo state, in complex with the partial agonist kainate (KA), and two structures with positive
allosteric modulator (R,R)-2b and the partial agonists fluorowilliardiine (FW) or KA,
respectively. We obtained two different crystal forms (A and B) for the KA +(R,R)-2b
condition and will refer to form A unless otherwise noted, because form A has similar cell
dimensions and ATD arrangements to the apo, KA alone and FW+(R,R)-2b structures.
Furthermore, we determined the domain arrangement from a low resolution X-ray structure
in complex with FW. Except for the low-resolution FW-bound structure, all new structures
belong to the orthorhombic space group P212124, with similar cell dimensions (see Table 1).

Because we obtained crystal structures of full-length GIuA2 receptor in apo, KA+(R,R)-2b
bound and FW+(R,R)-2b-bound states in the same crystal form A with similar crystal
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packing environment, we assume that the changes between these three structures are due to
conformational change in response to different ligands rather than crystal packing artifacts.
Furthermore, because the extent of LBD domain closure that we observed in those full-
length structures are apo<KA<FW, we propose the structural transitions from the apo to KA
+(R,R)-2b and then to FW+(R,R)-2b structures are along GIuA2 receptor gating trajectories,
from a resting state to an agonist-bound, activated state.

Domain arrangement in full-length GIuUA2 receptor structures

The Y-shaped appearance previously described for the receptor bound with the antagonist
ZK200775 (*ZK’) is maintained in the resting state and all partial agonist-bound structures,
except for the FW-bound structure (Figure 1). The “vertical” dimension of the receptor,
parallel to the long axis of the receptor, is comparable for the apo and antagonist-bound
states, but substantially shortened for partial agonist-bound structures. To quantify the
reduction in vertical dimension, we chose a vector between the center of masses (COMs) of
helices a3 and a4 in the ATD layer and the COMs of the Ca atoms of residues Thr625 in
the TMD-LBD linker region (see vertical scale bars in Figure 1). Because of the
asymmetrical domain arrangement of the FW-bound structure, two of these vectors were
calculated using COM s for each individual ATD dimer (AB or CD) and their respective
projections onto the 4-fold axis (defined by the TMD region) were determined.

The vertical compression observed for the partial agonist-bound states can be largely
attributed to a shortening of the LBD and LBD-TMD linker region, which in turn is caused
by increased domain closure induced by these ligands compared to the apo and antagonist-
bound structures. Interestingly, the general organization of the ATD layer as pairs of dimers
is maintained in all structures, whereas the local LBD dimers seem to be intact only for the
Y-shaped structures (details below).

LBD domain closure in full-length receptor versus soluble LBD structures

To compare the LBD domain closure in the full-length GIUAZ2 receptor structures and the
respective soluble LBD (sLBD) structures, we measure two distances, £1 and £2, which span
the D1 and D2 lobes of the LBD, on opposite sides of the ligand binding pocket (Lau and
Roux, 2011) (Figure S3 A, B). The £1 and &2 distances in the full-length structures are:
ZK>apo>KA>FW, which is consistent with previous findings from studies with sSLBDs
showing that the domain closure increases with increasing ligand efficacy (Jin et al., 2003).
When comparing different agonist-bound structures with each other, we observe that the
changes in £1 are much smaller than the changes in 2. This is likely because the agonists
we used share similar a-carboxyl and y-anionic moieties that bind to the binding pocket via
the same binding mode and £1 measures changes at this binding region. In contrast, £2
measures the changes where the efficacy-determining variable groups of these different
agonists interact with the receptor.

Upon comparison of sLBD structures to the corresponding full-length receptor structures,
some differences in domain closure are observed, mainly in the £2 distance: £2 in SLBDs is
always smaller than in the full-length structures, which indicates that the sSLBD adopts a
more closed conformation. This might be because in the full-length receptor the D2 lobe of
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the LBD is physically connected to the TMD by the D2-M3 linker, whereas in the sSLBD
domain, the D2 lobe is not restrained or because the LBD is coupled to a closed pore. The
domain closures of each of the four LBDs in the full-length structures are slightly different
even in the presence of the same agonists which might be due to crystal packing or inherent
structural plasticity and asymmetry of a full-length receptor. This interpretation is in
agreement with previous molecular dynamics (MD) simulation studies using sSLBD
structures showing that agonist-bound LBDs can sample different conformations (Lau and
Roux, 2011).

Inter-domain movements in full-length receptor structures

There are large inter-domain motions in the LBD layer which can only be investigated in the
context of an intact receptor structure. To describe the relative orientation of the two local
LBD dimers - AD and BC - within each structure we defined a Cartesian coordinate system
for each dimer, using the COM of each dimer as an origin (Figure S3C). The z-axis (shown
in red) of this coordinate system was chosen to be parallel to the local 2-fold axis of the
dimer and the y-axis (in green) is parallel to the vector defined by the COMs of each
subunit. After translating the COM of dimer BC onto the COM of dimer AD, three
subsequent rotations align dimer BC onto AD (Figure S3C and Movie M1), yielding three
Euler angles of rotation (also called “roll”, “pitch”, “yaw”), as listed in Table S2. Because in
all Y-shaped structures the local 2-fold axes of both dimers and the global 2-fold axis nearly
reside in the same plane, the “roll” roughly corresponds to the angle between these local 2-
fold axes. This “roll” angle is slightly larger for the ZK-bound structure compared to the apo
structure (40.9° versus 34.6°, see Figure 2A,B), and as shown in panels C and D, these
angles are much larger for the partial agonist + modulator-bound structures (52.2° and 55.6°
for KA+(R,R)-2b and FW+(R,R)-2b, respectively). Likewise, there is only a small
difference in the vertical compression of the LBD layer between apo and ZK-bound
structures (in total ~2 A, arrows between dotted lines in Figure 2A,B), whereas the TMD-
LBD layers of the two partially activated structures in panels C and D of Figure 2 are
shortened by more than 6 A, compared to apo. The vertical “compression” concomitant with
receptor activation is in agreement with a previous modeling study (Sobolevsky et al., 2009)
and an MD simulation (Dong and Zhou, 2011) based on the ZK-bound full-length structure.

When inspecting the LBD layer of the full-length structures from the extracellular side along
the global 2-fold axis of symmetry, differences in the lateral placement of the two LBD
dimers are revealed (Figure 2E-H). Comparison between apo and ZK-bound structures
shows that the two dimers are more staggered in the antagonist-bound structure (Figure 2E)
than in the apo state (Figure 2F). This can be seen from the relative orientation of the local
2-fold axes of the two dimers (represented as black arrows) which are almost in one plane in
the apo structure (Figure 2F) but are moved “out-of-plane” in the ZK structure (Figure 2E).
The tilting of the local dimers with respect to each other also affects the positioning of the
global 2-fold axis of the LBD layer and is therefore reflected by a larger angle between this
global axis and the 4-fold axis of the TMD layer for the ZK-bound structure compared to the
apo structure (6.8° versus 3.8°, see Table S2). This change in the relative orientation of the
LBD dimers is illustrated in Movie 2, showing a morph transitioning between apo and ZK-
bound structures.
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Changes in inter-domain arrangement upon receptor activation

The same top view of the two new structures obtained under non-desensitizing conditions
(KA+(R,R)-2b and FW+(R,R)-2b, see Figure 2G and 2H respectively) reveals an
enlargement of the central opening between LBD dimers, which is reminiscent of Ca2*
activated BK channel gating ring (Yuan et al., 2012). This enlargement results from a
concerted structural rearrangement within dimers and between dimers upon receptor
activation from a resting state conformation (apo state in Figure 2F), with the D2 lobes from
both diagonal pairs (“short” AC and “long™ BD) simultaneously undergoing outward
movements (illustrated in Movie M3). To quantify this diagonal separation, we measured
inter-subunit distances between Ca atoms of two marker residues (Arg 660, located on helix
F of the D2 lobe for the AC pair and GlIn 756 on helix J for the BD pair, respectively, see
Figure 21) and plotted the respective diagonal distances against each other for each structure
(Figure 2J). Note that the AC inter-subunit distance between these marker atoms increases
from 33.1 A in the apo structure to 39.8 A and 39.9 A for the modulator-bound structures
KA+(R,R)-2b and FW+(R,R)-2b, respectively. Similarly, we can also observe a separation
of D2 lobes belonging to the BD pair, as reported by the second diagonal marker atom
distance (Ca atoms of Q756), which increases from 21.3 A to 25.7 A and 25.8 A,
respectively (apo vs. KA+(R,R)-2b and FW+(R,R)-2b). The dual increase in both AC and
BD marker atom distances upon activation from a resting state is reflected by distinct
clusters of data points for apo, partial agonist-bound and antagonist-bound structures (Figure
2J).

Detection of LBD inter-domain movements by DEER

To further investigate the increased AC distances derived from the partial agonist-bound
structures, we performed double electron-electron resonance (DEER) experiments (Jeschke,
2012; McHaourab et al., 2011) with spin-labeled full-length receptor in detergent micelles,
using a modified receptor construct without free cysteines. We introduced cysteine
substitutions for the aforementioned marker residue Arg 660 (Figure 2E-H) and, separately,
for an additional residue Arg 675, located on the adjacent helix G, to create reporter sites for
spin labeling. Probability distributions calculated from the DEER decays (Figure S3D,E) of
spin-labeled R660C and R675C receptors in presence of competitive antagonist ZK and
under non-desensitizing conditions (FW+(R,R)-2b) are shown in Figure 2K and 2L,
respectively. Note that the short distance peaks around 30-35 A reflect dipolar interactions
between labels attached to the AC subunits, whereas the larger peaks at longer distances
(around 50-60 A) can be attributed to dipolar interactions of labeled R660C within a dimer
(BC and AD distances in Table S3). This interpretation is supported by the DEER spectrum
we obtained in presence of FW and (R,R)-2b for spin-labeled R660C in context of the
soluble LBD (sLBD) fragment, showing a single peak around 50 A (dotted yellow trace in
Figure 2K).

For both reporter constructs R660C and R675C, these short-distance peaks are shifted
toward the right for the non-desensitizing conditions (FW+(R,R)-2b, shown as magenta
traces in Figure 2K and 2L) compared to the antagonist-bound condition (black traces in
Figure 2K and 2L), thus confirming the separation of the short diagonal AC pair upon
receptor activation. Notably, these results are also in line with previous functional studies
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demonstrating that crosslinking of introduced cysteine mutations at positions 664 and 665
traps the GIUA2 receptor in a low-activity state (Lau et al., 2013; Sobolevsky et al., 2009).

State of the LBD intra-dimer interface in full-length receptor structures

The intact LBD dimer interface is a key feature of non-desensitized agonist-bound states as
well as the apo/resting state, as demonstrated by numerous crystallographic and functional
studies (Sun et al., 2002) and by apo state structures of the sSLBD (Armstrong and Gouaux,
2000). Nevertheless, luminescence resonance energy transfer (LRET) experiments with the
full-length AMPA receptor suggest that the interface might be decoupled under apo
conditions (Gonzalez et al., 2010). However, side views of the LBD dimer (perpendicular to
the global 2-fold axis) show that the D1-D1 dimer interface is intact in the apo full-length
structure (Figure 3B) and is similar to the previously published ZK-bound structure (Figure
3A). The interface is also intact for the two modulator-bound full-length receptor structures,
and stabilized by the presence of (R,R)-2b (Figure 3C,D). The observation of an intact dimer
interface for apo, antagonist and modulator-bound structures is further confirmed by DEER
measurements of spin-labeled full-length receptor (Figures S4E,F), using labeling positions
Thr 394 and Ser 741 (located on top of the D1 lobes, shown in Figure 3 A-D). Indeed,
labeled Ser 741C receptor molecules under apo, ZK-bound and under non-desensitizing
conditions share a similar distribution profile between 20-40 A (Figure 3E). Because this
position matches well with the distribution observed for the sSLBD S741C mutant in the
presence of FW and (R,R)-2b (yellow trace in Figure 3E), we conclude that this distance
reflects intra-dimer (AD or BC) spin interactions which are characteristic for LBD dimers
with an intact D1-D1 interface. Furthermore, the distance distribution of labeled mutant
T394C in presence of antagonist ZK is similar to the spectrum obtained under non-
desensitizing conditions (compare black and magenta traces in Figure 3F).

D2-D2 separation upon GIuA2 receptor activation

Because (R,R)-2b stabilizes the LBD D1-D1 dimer interface in the presence of agonists, the
major structural changes within the dimer induced by agonist binding are separation of the
D2-D2 lobes (Figures 3A-D). To monitor this separation in DEER experiments, we
engineered position K697C, located on D2, close to the D2-M3 linker, for spin labeling
(Figure3A-D). The DEER spectra of spin-labeled K697C under non-desensitizing
conditions indicate a shift of the probability distributions to longer distances compared to
spectra obtained in presence of the competitive antagonist ZK (Figure 3G and Figure S4G),
thus confirming the D2-D2 distance increases shown in Figure 3A-D.

Mechanism of GluA2 receptor modulation by (R,R)-2b

In accord with a previous structural study characterizing the related modulator (R,R)-2a
(Kaae et al., 2007), the full-length GIUAZ2 structures in complex with KA (or FW) confirm
the location of modulator (R,R)-2b within the D1-D1 interface, as shown in Figure S4A-B.
To further characterize the molecular details of GluA2 receptor modulation by (R,R)-2b, we
crystallized the sLBD (Chen et al., 1998) with (R,R)-2b under saturating partial agonist
concentrations and obtained high resolution X-ray crystal structures (Table S1). Similar to
the closely related (R,R)-2a compound, (R,R)-2b also binds at the LBD dimer interface in a
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symmetric way (Figure SACD), with the sulfonamide moiety mimicking the norbornene
moiety of cyclothiazide (CTZ) (Bertolino et al., 1993; Yamada and Tang, 1993).
Interestingly, the substitution of the methyl group of (R,R)-2a with the isopropyl group of
(R,R)-2b causes a rotation of the sulfonamide group, resulting in a disruption of a hydrogen
bond between the sulfonamide oxygen of (R,R)-2a and hydroxyl group of Ser 754 (Figure
S4C-D). However, this new rotamer conformation of (R,R)-2b allows for van der Waals
interactions between the isopropyl group and Leu 751 and lle 481 of the receptor, which
might contribute to the slightly higher affinity of (R,R)-2b compared to (R,R)-2a (Kaae et
al., 2007).

The two phenyl rings of (R,R)-2b make van der Waals interaction with Pro 494, Ser 497 and
Ser 729 located at the inter-domain hinge region of LBD (Figure S4B). These residues are
involved in the binding of another set of AMPA receptor positive modulators, such as
aniracetam and CX614 (Jin et al., 2005). Modulators that bind at this site slow the
deactivation time course by stabilizing the LBD in an agonist-bound conformation. Indeed,
both 3H KA binding or 3H FW binding by scintillation proximity assay (SPA) using purified
receptor in detergent micelles show an increase in agonist affinity in the presence of
(R,R)-2b (Figure S2A-D). Moreover, co-application of (R,R)-2b with different agonists
shifts the receptor activation curve left and decreases the ECg of agonists (Figure S2E-G).
These data suggest (R,R)-2b also slows the deactivation of GIuA2 receptor. Therefore from
both a structural and a functional perspective, (R,R)-2b behaves like a hybrid of CTZ and
aniracetam: it blocks desensitization and slows deactivation, thus favoring trapping of the
receptor in an activated state.

Structural changes of the LBD-TMD linker region

As a consequence of the separation of the D2 lobes in the partial agonist-bound non-
desensitized structures, we also observe conformational changes in the D2-TM3 linker
region upon activation from a resting state conformation (compare Figure 4C and D to
Figure 4B). This can be described by the distance changes between marker atoms Ca of Ser
640 on helix E, which direct connect to TM3 gating helix (Figure 4E). When comparing
these distances in the apo structure (Figure 4B) to the partially activated KA+(R,R)-2b
structure (Figure 4C), there is an increase in the AC and BD distances by 5 A and 3 A,
respectively. For the FW+(R,R)-2b structure in Figure 4D, these distances increase by
additional 2 A and 3 A, respectively, which correlates with the reported differences in
agonist efficacy and LBD domain closure of FW > KA (Armstrong and Gouaux, 2000; Jin
et al., 2003). These distance changes in the LBD-TMD linker correlate well with the
respective changes in D2-D2 distances (comparing Figure 2J and Figure 4F), further
emphasizing that LBD is the driving force for TMD movements. It should be mentioned that
there are also some differences in the AC and BD distances when comparing the apo
structure to the ZK-bound structure (compare panels A and B in Figure 4). Whereas the AC
distance is larger for the apo structure than for the antagonist-bound structure (22.6 A versus
14.9 A), the BD distance is shorter (68.6 A versus 73.2 A). These changes might originate
from the difference in LBD clamshell closure (Figure S3B) or from different crystal packing
environment of the LBD layer.
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In summary, there is 6-7 A increase in marker atom separation in both AC and BD pairs,
transitioning from apo to FW+(R,R)-2b structure (see Figure 4F), which reflects an
enhanced mechanical pulling force exerted by bound agonists (+modulator) in the context of
a full-length receptor. Despite these movements, the gating residues on TM3 are still in the
same position as in the ZK-bound state, which indicates that the pore is essentially closed,
reminiscent of the pre-open state of the fully liganded GIRK2 channel (Whorton and
MacKinnon, 2013). This might be because the pulling force generated by partial agonists is
insufficient to maintain the gate constantly open (Jin et al., 2003) or because the conditions
of crystallization do not stabilize an open state.

Diverse ensemble of extracellular domain conformations in desensitized state

In the FW-bound, desensitized state, the ATDs and LBD undergo large conformational
rearrangements as suggested by a molecular replacement (MR) solution derived from an ~8
A dataset (Figure 5; see Table 1). Using soluble X-ray structures of ATD dimers, the TMD
portion of the ZK structure and of individual LBDs in complex with FW (PDB 1MQI) as
search models, we obtained a partial model with all receptor domains except for two missing
LBDs (chains B and C). Further MR search with the S729C structure (PDB 213W) as probe
yielded the full-length model shown in Figure 5B.

Despite the limited resolution, the domain arrangement proposed by this MR solution is
plausible because the general three-layer ATD-LBD-TMD architecture is maintained and
the distances between N- and C-termini of interdomain polypeptide segments are
reasonable. Nevertheless, we suggest cautious interpretation of our structural model,
especially in the LBD layer, because of the limited resolution.

In comparison to the other Y-shaped structures, the structure shows remarkable changes in
the orientation of both ATDs and LBDs. Compared to the FW-bound structure with
modulator (shown in Figure 5A), one of the ATD dimers (AB) is tilted downwards by about
89°, which causes the top of the dimer to approach the side of the other ATD dimer (CD)
(see Figure 5B, Figure S6A and movie M5). To accommodate the tilted ATD AB dimer, the
other ATD dimer CD slides laterally outwards by about 40 A, away from the central 2-fold
axis.

According to the MR solution, the D1-D1 interfaces are disrupted in both dimers (Figure 5E,
H and K). It should be noted that the BC pair is derived from the dimeric S729C search
model, whereas the positions of A and D chains result from MR searches using monomeric
LBD complexed with FW. The latter two LBD monomers are even more separated from
each other than suggested by the S729C structure, with the LBD of chain D being rotated
outward by ~105° (see Figure 5E,H and Figure S6B). Interestingly, a similar separation of
the LBD monomers upon desensitization was concluded from cryo-electron microscopy
(cryo-EM) analysis of desensitized kainate receptors (Schauder et al., 2013).

Validation of desensitized state structure by cryo-EM and DEER measurements

Because of the limited resolution of the FW X-ray structure, we investigated the
desensitized state using cryo-EM as an additional structural approach. Figure S5 shows
single-particle averages of vitrified GIuAZ2 receptors under non-desensitizing (GluA2+FW
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+R,R)-2b, Figure S5A) and desensitizing conditions (GluA2+FW, Figure S5B). Whereas the
particles under non-desensitizing conditions represent a relatively uniform population of
receptor molecules, resembling the Y-shaped X-ray structure obtained under the same
conditions, the particles under desensitizing conditions are conformationally heterogeneous,
suggesting that the receptor assumes a variety of different conformations. Notably, some
particle projections exhibit a striking overall similarity to the x-ray MR solution (compare
panel B and C in Figure 5). Furthermore, for a considerable number of the particles under
desensitizing conditions, the two ATD dimers are splayed apart to varying extents,
indicating a large degree of conformational flexibility of the extracellular domains (see
Figure S5B and movie M4). These results suggest that the low-resolution crystal structure of
the FW-bound state captured one conformation from an ensemble of desensitized receptor
states with multiple conformers.

To further validate the disruption of the dimer interface under desensitizing conditions, we
also performed DEER experiments with spin-labeled reporter constructs R660C, S741C and
T394C (the latter two being located on top of the D1 lobe). The distance distributions
obtained from spin-labeled R660C receptor molecules showed a shift towards shorter
distances under desensitizing conditions compared to the spectrum in the presence of
modulator (Figure 5F), which matches the predicted distance change between spin-labeled
AC subunits (compare Figure 5D and E). On the other hand, distances calculated from
DEER decays (Figure S5) of spin-labeled T394C and S741C receptors in the presence of
FW alone are both shifted towards longer distances compared to the same condition plus
modulator (R,R)-2b (Figure 51 and L), thus confirming the increase in the intra-dimer
distance suggested by the MR solution (Figure 5H and K) in comparison to the FW+
(R,R)-2b X-ray structure with an intact interface (Figure 5G and J). To be noted, we used
construct 5M (see extended experimental procedures) to obtain the desensitized state crystal
structure, as well as for the cryo-EM studies. Although this altered receptor construct shows
normal opening and desensitization properties in TEVC recordings, the ensemble of
conformational states may depend on the details of such modifications.

X-ray structure in complex with KA without modulator (R,R)-2b

We also solved an X-ray structure of full-length GIUA2 receptor in the presence of KA alone
(see Figure 1 and Table 1), which looks almost identical to the KA+(R,R)-2b structure (form
A) with an overall RMSD of 1.3 A. Although based on the ratio of steady-state currents with
and without modulator (R,R)-2b, our crystallization construct desensitizes in response to
KA, the extent of current potentiation by the modulator in response to KA is lower than in
response to the full agonist glutamate (Figure S2H,1). A reduced extent of desensitization for
KA-induced currents has been described in the literature (Levchenko-Lambert et al., 2011)
and it was also reported that the extent of desensitization drops substantially with decreasing
agonist efficacy for other partial agonists like substituted willardiines (Jin et al., 2003).
Thus, it is conceivable that in the KA alone condition, more receptors are populated in a
“pre-open” state than in presence of the more potent agonist FW and thus explaining why, in
the crystal, we have isolated a kainate-bound, non-desensitized conformation of the receptor.
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ATD movements in X-ray structures under non-desensitizing conditions

Apart from these large ATD rearrangements observed under desensitizing conditions, there
are also smaller movements in our Y-shaped X-ray structures, as shown in Figure 6.
Compared to the previously published ZK-bound structure, the two ATDs of the apo
structure are tilted towards each other. The angle between the local 2-fold axes of each ATD
dimer decreases from 50.6° to 37.9° (see Figure 6A and C), thereby decreasing the distance
of Ca atoms of Thr 262 (in helix a8) and Arg 197 (helix a7) located on the proximal BD
pair (46.2 A versus 43.6 A and 30.6 A versus 27.8 A respectively, see Figure 6B and D).

Moreover, we solved X-ray structures of two different crystal forms in presence of KA+
(R,R)-2b (3.5 A and 3.8 A resolution for form A and B respectively; Table 1) which exhibit
even more pronounced differences in the relative orientation of the ATD dimers, as
illustrated in Figure 6E-H. Whereas the angle between the local 2-fold axes in Form A is
comparable to the apo structure (36.2° versus 37.9°), it decreases dramatically in form B
(18.7°, Figure 6G) and the distances of the aforementioned marker atoms Thr 262 and Arg
197 in the proximal subunits B and D are further shortened (42.9 A and 28.3 A in form A
versus 32.7 A and 20.6 A in form B).

Significance of domain swapping for AMPA receptor desensitization

The differences in the ATD arrangement under identical ligand conditions (KA+(R,R)-2b
form A versus form B) suggest that the native GIUA2 receptor has a weak interface between
ATD dimers and thus freedom of movement and that the major constraint preventing the
two ATD dimers from separating widely, as seen under desensitizing conditions, is provided
by the adjacent intact LBD dimers. As a direct consequence of the subunit crossover or
domain swapping, it is logical that a disruption of the dimer interface in both LBD dimers
will destabilize the Y-shaped structure characteristic of resting and non-desensitizing
conditions because there is no significant additional stabilization by other inter-subunit
interfaces, such as between proximal BD subunits in the ATD layer or between proximal AC
pairs in the LBD layer. Conversely, the crossover between ATD and LBD layers is most
likely responsible for the slower onset of desensitization and a faster recovery from
desensitization for GIuA1-4 receptors with deleted ATDs (Moykkynen et al., 2014).
Because each subunit within a LBD dimer is connected to a different ATD dimer, additional
strain maybe exerted on the D1-D1 interface during activation, hence promoting D1-D1
separation and the disruption of the dimer interface. By serving as “molecular amplifiers"
for the destabilization of the dimer interface in response to agonist-induced LBD domain
closure, the large ATDs facilitate transition into a multitude of desensitized states, rather
than into an open state.

Conclusions

Using a multidisciplinary approach combining X-ray crystallography, cryo-EM and EPR
spectroscopy, we studied GIuA2 AMPA receptor structure and dynamics in resting, pre-
open and desensitized states, expanding our knowledge into the molecular mechanisms of
AMPA receptor gating in the context of the full-length receptor. Here, we observe the
structural changes that happen not only in the LBD clamshell and within the LBD dimer but
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also between LBD dimers and the ATD layers. Furthermore, to analyze the complex
movements between LBD dimers, we developed a ‘roll-pitch-yaw’ analysis of the GIuA2
receptor structures in multiple states, and we suggest this approach might also be applicable
for defining the complex motions in other multi-domain system.

AMPA receptor activation upon agonist binding to the apo/resting state occurs with an intact
D1-D1 LBD dimer interface, enhancing the probability that domain closure in response to
agonist binding is conveyed to separation of the D2 lobes within a LBD dimer.
Accompanying the conformational changes within LBD dimers is a rotation, or ‘roll’, of
LBD dimers together with translation of LBD dimers, thus resulting in a three-dimensional
separation of the LBD D2 lobes. We speculate that this separation exerts a “pulling” force
onto the D2-M3 linker region, opening the ion channel gate at or near the M3 bundle
crossing. The transient opening of the ion channel gate is terminated by relaxation of D2
lobes to a contracted, resting state-like conformation, which in turn results from rupture of
the D1-D1 LBD dimer interface and marked structural rearrangement and increased
dynamics of the ATD layer. Our newly observed inter-domain movements during GIuA2
gating transitions suggest mechanisms to modulate AMPA receptor gating by manipulating
inter-domain interactions, either by genetic or pharmacological methods. These studies
provide a nearly comprehensive mechanism of full-length AMPA receptor gating and shed
new light on the gating mechanism of kainate receptors and NMDA receptors.

Experimental Procedures

Expression, purification and crystallization of AMPA receptor

The modified intact GIUA2 AMPA receptor crystallization constructs were expressed in
HEK?293S GnTI~ cells by baculovirus-mediated gene transduction of mammalian cells
(BacMam) system (Baconguis et al., 2014). sLBD protein was expressed in Escherichia coli
as previously described (Armstrong et al., 2006). Purified receptor protein was crystallized
with different ligand combinations by hanging drop vapor diffusion. Diffraction data were
collected using synchrotron radiation at ALS 5.0.2 or APS 24I1D-E/C beam lines. The
structures were solved by molecular replacement using individual domain structures as
molecular replacement search models. Structures were further subjected to iterative
crystallographic refinement. Data processing, model building and refinement were
performed using XDS (Kabsch, 2010), COOT (Emsley and Cowtan, 2004) and Phenix
(Adams et al., 2011) computer programs.

3H KA and 3H FW binding assays

The streptavidin-binding peptide (SBP) tag was added to the crystallization construct after
the GFP-Hisg tag to generate the construct used for scintillation proximity assay (SPA)
ligand-binding experiments. All of the 3H KA and 3H FW binding assays were carried out at
room temperature. The total counts were determined in triplicate and estimates of
background readings were determined in duplicate with 2 minutes reading time per well.
The results shown were obtained from readings taken at 12 h or 24 h.
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Two electrode voltage clamp recordings

The crystallization constructs 5M and 10Mdel were subcloned as GFP-free open reading
frames into the pPCDNAZ3.1x plasmid for in vitro cRNA synthesis. Stage V-VI oocytes were
selected and injected with 0.05-2 ng of cRNA. At 2—4 days after injection, currents in
response to glutamate, KA or FW were recorded using the two electrode voltage clamp
(TEVC) technique at a holding potential of —60 mV as previously described (Armstrong et
al., 2006).

Electron microscopy and image processing

Detergent-solubilized AMPA receptors under desensitizing (FW alone) and non-
desensitizing conditions (FW+(R,R)-2b) were plunge-frozen on holey carbon films using a
Vitrobot (FEI). Grids were imaged with a Tecnai F20 electron microscope (FEI) operated at
200 kV and equipped with a K2 Summit camera (Gatan). Dose-fractionated image stacks
were drift-corrected using the UCSF Image4 software (Li et al., 2013), and particles were
picked using EMAN (Ludtke et al., 1999). Class averages were calculated using the iterative
stable alignment and clustering (ISAC) procedure (Yang et al., 2012) implemented in
SPARX (Hohn et al., 2007).

Spin-labeling and DEER experiments

For spin-labeling and subsequent DEER experiments, native cysteine not involve in
disulfide bridges were removed by introducing additional cysteine knock-out mutations into
the crystallization construct 5M, which exhibits glutamate-induced gating similar to the
wild-type receptor and shows negligible labeling by MTSSL. Single cysteine mutations
were introduced as labeling sites for the MTSSL spin label using site-directed mutagenesis.
Electron paramagnetic resonance (EPR) spectra were obtained using continuous wave EPR
as previously described (Mishra et al., 2014). DEER experiments were carried out using a
standard four pulse protocol (Jeschke, 2002). DEER distributions were obtained from global
analysis of DEER decays as described in (Mishra et al., 2014)

More detailed experimental procedures are described in Extended Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structures of intact GluR2 AMPA receptor
Views are approximately perpendicular to the overall 2-fold axes of symmetry, except for

the FW-bound structure, which is oriented to match the TMD regions of the other structures.
Axes of local 2-fold symmetry for the ATD and LBD dimers are indicated as black arrows.
For each structure, the vertical scale bar represents the distance between the center of mass
of residues Thr 625 and the center of mass of helices a3 and a4 in the ATD layer, using Cas
of all four chains. For the FW structure, the two scale bars indicate the length of the
projection of this distance, calculated for the AB and CD pair individually, onto the 4-fold
axis of symmetry defined by the TMD region. See also Figure S2.
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Figure 2. Inter-domain movements of LBD ‘gating ring’
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A-H. LBD layer arrangement of full-length GIuR2 structures in complex with the
competitive antagonist ZK (A,E; PDB code: 3KG2), in the apo state (B,F), in complex with
partial agonist KA + (R,R)-2b (C, G), and in complex with partial agonist FW+(R,R)-2b (D,
H). A-D. Views of the LBD layer perpendicular to the global 2-fold axes of symmetry.
Angles between the local 2-fold rotation axes, shown as tilted black arrows, of LBD dimers
BC and AD are indicated. Dashed lines indicate the layers defined by the positions of D1
centers of mass, D2 centers of mass and centers of mass of Thr 625 respectively. Vertical
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arrows on the left denote the respective distances between layers. E-H. Top down views of
the LBD gating ring from the extracellular side, parallel to the overall 2-fold axes. The
modulator (R,R)-2b is shown in white space-filling representation. Ca atoms of Arg 660 and
Arg 675 are shown as aquamarine and white spheres, respectively. 1. Same view showing
the location of marker positions Arg 660 (AC pair) and GIn 756 (BD pair), whose Ca atoms
were used to describe the enlargement of the central opening upon activation, with the
respective distances plotted in panel J. K-L. DEER distance distributions of MTSSL-labeled
GIuA2 receptor constructs R660C (panel K) or R675C (panel L) measured with bound ZK
(black) and FW+(R,R)-2b (magenta), respectively. DEER decays and fits are provided in
Figure S3 D and, E respectively. In panel L, the distance distribution of the respective
soluble MTSSL-labeled sSLBD R660C construct in presence of FW+(R,R)-2b is superposed
as a yellow dashed line. See also Figure S3, Table S2, Table S3, Movie M1, Movie M2,
Movie M3.
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Figure 3. Intra-dimer LBD interfaces in apo and partial agonist-bound states
A-D Side views of LBD dimers from chain A (green) and chain D (yellow) of full-length

structures in complex with the competitive antagonist ZK (A; PDB code: 3KG2), in the apo
state (B), in complex with partial agonist KA + modulator (R,R)-2b (C) and in complex with
partial agonist FW + modulator (R,R)-2b (D). D1 domains are colored in lighter shades.
LBD local 2-fold axes are shown as black arrows. Distances between Ca atoms (blue
spheres) of residues Ser 741 are indicated by black scale bars. Distances between Ca atoms
(purple spheres) of residues Lys 697 are indicated by black scale bars. Ca atoms of marker
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position T394C are shown as teal spheres. Modulator (R,R)-2b is shown in white space-
filling representation. E-G. Probability distributions of DEER distances calculated from
DEER decays, provided in Figure S4 E-G, of MTSSL-labeled receptor constructs S741C
(E), T394C (F) and K697C (panel G) measured under apo conditions (orange), with ZK
(black), or with FW+(R,R)-2b (magenta), respectively. Note that the long-distance peak of
~60 A present under all conditions in the DEER distribution of mutant S741C (in F) is
dependent on the background correction. The distance distribution of the respective
MTSSL-labeled sLBD S741C construct in presence of FW+(R,R)-2b is superposed as
yellow dashed line (E). The asterisk in panel G indicates putative inter-dimer distances.
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Figure 4. Conformational ‘expansion’ of LBD-TMD linker region upon receptor activation
A-D. Top down views of the D2 (helix E) -M3 linker region of full-length structures in

complex with competitive antagonist ZK (A; PDB code 3KG2), in the apo state (B), in
complex with partial agonist KA+(R,R)-2b (C) and in complex with partial agonist FW+
(R,R)-2b (D). E. Location of marker residue Ser 640 on helix E where Cas are shown as
orange spheres for the distal BD pair and as blue spheres for the short diagonal A/C pair,
respectively. F. Plot of AC versus BD distances, measured between Cas of Ser 640, for the
indicated full-length structures, showing the increase in "pulling force" caused by the D2
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separation of GIuA2 receptor with partial agonists + (R,R)-2b compared to antagonist-bound
and apo structures. See also Figure S4.
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Figure 5. Conformational rearrangements upon receptor desensitization
Comparison of the non-desensitized full-length structure in complex with FW and (R,R)-2b

(A,D,G,J) and low resolution X-ray (B,E,H,K) or cryo-EM (C) structures complexed with
FW alone. A. X-ray structure in complex with FW+(R,R)-2b. B. Molecular replacement
solution obtained from an 8.0 A dataset collected from a crystal grown in presence of FW.
C. Selected cryo-EM class average of the same receptor construct/ligand combination as in
B (see Figure S5 for all class averages). The side length of the panel is 29.1 nm. D,E. View
of LBD layers from the top of the receptor, Ca atoms of Arg 660 are shown as white
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spheres. In panel E, the disulfide link between S729C side chains in chains B and C is
shown in yellow stick representation. F. Distance distributions of MTSL-labeled R660C
receptor measured with FW (grey) or FW+(R,R)-2b (magenta). G,H. Side view of LBD
dimer AD. Ca atoms of Ser 741 are shown as blue spheres, Ca atoms of Thr 394 are shown
as teal spheres. I. Distance distributions of MTSSL-labeled S741C receptor measured with
FW (grey) or FW+(R,R)-2b (magenta). J,K. Side view of LBD dimer BC. Ca atoms of Ser
741 are shown as blue spheres, Ca atoms of Thr 394 are shown as teal spheres. L. Distance
distributions of MTSSL-labeled T394C receptor measured with FW (grey) or FW+(R,R)-2b
(magenta). DEER decays of the shown mutants R660C, S741C and T394C are provided in
Figure S5 C-E). See also Figure S5. Movie M4 and Movie M5.
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‘NS
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Figure 6. ATD movements in X-ray structures under non-desensitizing conditions
Relative orientation of ATD dimers AB and CD for the ZK-bound structure (A,B), the apo

structure (C,D) and the KA+(R,R)-2b-bound structures form A (E,F) or form B (G,H). Front
views perpendicular to the overall 2-fold axes of symmetry (left panels A,C,E,G) and top
view from the extracellular side, parallel to overall 2-fold axes, showing only subunits B and
D (right panels B,D,F,H). Local and global 2-fold axes of symmetry are indicated as black
arrows. Angles between the local 2-fold axes of dimer AB and CD are indicated below the
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larger arc, angles between a7-helices of subunits B and D are indicated below the smaller
arc. Ca atoms of Thr 262 and R197 are shown as spheres. See also Figure S6.
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