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Elucidation of AMPA
receptor–stargazin complexes by
cryo–electron microscopy
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AMPA-subtype ionotropic glutamate receptors (AMPARs) mediate fast excitatory
neurotransmission and contribute to high cognitive processes such as learning
and memory. In the brain, AMPAR trafficking, gating, and pharmacology is tightly
controlled by transmembrane AMPAR regulatory proteins (TARPs). Here, we used
cryo–electron microscopy to elucidate the structural basis of AMPAR regulation by
one of these auxiliary proteins, TARP g2, or stargazin (STZ). Our structures illuminate
the variable interaction stoichiometry of the AMPAR-TARP complex, with one or two
TARP molecules binding one tetrameric AMPAR. Analysis of the AMPAR-STZ binding
interfaces suggests that electrostatic interactions between the extracellular domains
of AMPAR and STZ play an important role in modulating AMPAR function through
contact surfaces that are conserved across AMPARs and TARPs. We propose a
model explaining how TARPs stabilize the activated state of AMPARs and how the
interactions between AMPARs and their auxiliary proteins control fast excitatory
synaptic transmission.

E
xcitatory neurotransmission is mediated
predominantly by ionotropic glutamate re-
ceptors (iGluRs) (1). iGluRs are tetrameric
ligand-gated ion channels found in the
postsynaptic densities of neurons and are

typically activated by glutamate released from
presynaptic terminals, resulting in ion flux and
postsynaptic depolarization (1, 2). The AMPA
subtype iGluRs exhibit kinetics at the millisec-
ond time scale and mediate fast neurotrans-
mission in excitatory synapses, directly affecting
synaptic plasticity, learning, and memory (1).

Aberrations in AMPAR function are implicated
in a wide range of diseases, from developmental
diseases such as fragile X syndrome (3) to psy-
chiatric disorders (1), acute trauma in ischemic
stroke (4, 5), epileptic seizures (6, 7), and chronic
neurodegenerative disorders such as Parkinson’s
and Alzheimer’s diseases (1).
Structural studies have revealed the three-

layer architecture of AMPARs—which includes
a two-layer extracellular domain (ECD) com-
posed of two amino-terminal domain (ATD)
and ligand-binding domain (LBD) dimers and

a channel-forming transmembrane domain
(TMD)—and have provided insights into the
gating mechanism through models obtained by
crystallography (8–11) and cryo–electron micros-
copy (cryo-EM) (12). However, in cells, AMPARs
exist as complexes with various soluble and
membrane proteins that alter their function
(13–15). The prototypical transmembrane AMPAR
regulatory protein (TARP) g2, or stargazin (STZ),
controls AMPAR synaptic targeting, gating,
and pharmacology (16–18). TARPs are linked to
the pathophysiology of several neurological
and psychiatric disorders (19, 20), making TARPs
and TARP-AMPAR complexes targets for a vari-
ety of human diseases. However, despite negative-
stain EM studies showing that STZ contributes
to the TMD of native AMPAR complexes (21),
detailed structural information on the AMPAR-
TARP interactions, including stoichiometry (22–24),
remains elusive—a key barrier to informed thera-
peutic design.
Here, we used cryo-EM to elucidate the struc-

tural basis for STZ modulation of GluA2 func-
tion. To form the complex between GluA2 and
STZ, we used a tandem construct, GluA2-STZ,
where the N terminus of STZ was fused to the
C terminus of GluA2 by a glycine-threonine (GT)
linker (Fig. 1A) (25). Purified GluA2-STZ eluted
from the size-exclusion column as a monodis-
perse peak, shifted leftward compared with
nonfused GluA2 (Fig. 1B), and ran as a higher

SCIENCE sciencemag.org 1 JULY 2016 • VOL 353 ISSUE 6294 83

1Department of Biochemistry and Molecular Biophysics,
Columbia University, 650 West 168th Street, New York, NY
10032, USA. 2Integrated Program in Cellular, Molecular, and
Biomedical Studies, Columbia University, 650 West 168th
Street, New York, NY 10032, USA. 3Department of Biological
Sciences, Columbia University, 650 West 168th Street, New
York, NY 10032, USA. 4Howard Hughes Medical Institute,
650 West 168th Street, New York, NY 10032, USA.
*Corresponding author. Email: as4005@cumc.columbia.edu
(A.I.S.); jf2192@cumc.columbia.edu (J.F.)

Fig. 1. Design, function,
and cryo-EM characteri-
zation of GluA2-STZ. (A)
Topology of the GluA2-STZ
construct with GluA2 (blue)
and STZ (magenta)
connected by a glycine-threo-
nine linker (green). Expanded
is the amino acid sequence
encompassing the linker
region. (B) Fluorescence-
detection size-exclusion
chromatography profiles of
purified GluA2-STZ (black)
and GluA2 (blue) followed by
tryptophan fluorescence.
(C) Representative whole-
cell currents recorded at
–60 mVmembrane potential
from a human embryonic
kidney–293 cell expressing GluA2-STZ in response to 2- or 500-ms applications of 3 mM glutamate (Glu) alone or application of Glu in the continuous presence of
30 mM cyclothiazide (CTZ). Inset shows normalized currents in response to 2- and 500-ms applications of Glu alone, fitted using single exponentials with the
time constants tDeact and tDes (Deact, deactivation; Des, desensitization). (D) Drift-corrected cryo-EMmicrograph of GluA2-STZ, with example particles highlighted
by red circles. (E) Representative 2D class averages.
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molecular-weight band on SDS–polyacrylamide
gel electrophoresis (fig. S1). To assess functional-
ity, we recorded glutamate-activated GluA2-
STZ currents using patch-clamp electrophysiology.
Compared with wild-type GluA2, GluA2-STZ
showed reduced desensitization and slower
rates of deactivation, desensitization, and re-
covery from desensitization (Fig. 1C and fig.
S2), as expected (26–30). Thus, the presence of
the GT linker between GluA2 and STZ in our
GluA2-STZ construct did not significantly af-
fect modulation of GluA2 function by STZ.
Cryo-EMmicrographs of purified GluA2-STZ

bound to antagonist ZK200775 gave initial insight
into the particle details (Fig. 1D), and initial views
of GluA2-STZ from two-dimensional (2D) classes
suggested high data quality, with visible linkers
between the LBD and TMD, clear secondary
structure features in both the ECD and TMD, and
diverse particle orientations (Fig. 1E). However,
atypical for the GluA2 three-layer topology (fig.
S3, A and B), GluA2-STZ showed a four-layer
architecture, where below the TMD layer is a
fourth layer (Fig. 1D) that appears dis-
ordered (Fig. 1E). A closer look at the
GluA2-STZ particles (25) suggested that
the disordered fourth layer under the
TMD is likely composed of unbound STZ
and is a result of the tandem construct
design,whichdefines the protomer ratio
but not interaction stoichiometry.
We identified multiple STZ-bound

states of the GluA2-STZ complex through
additional image processing (fig. S4).
One state resembles the map for GluA2
alone (fig. S3C) and shows no STZ bound
(GluA2-0xSTZ) (Fig. 2A). A second state
shows a single STZ assembled around
GluA2, which we call GluA2-1xSTZ (Fig.
2B). We also identified a third state of
the GluA2-STZ particles, where two
STZ molecules are assembled around
the GluA2 core, termed GluA2-2xSTZ
(Fig. 2C). For all three states, we observed
no preferred particle orientation in the
refinedmaps (fig. S5), withmost particles
contributing to the single-bound STZ
state (fig. S6). A closer look through 2D
slices of the 3D refined cryo-EM den-
sity maps in the TMD and LBD-TMD
linkers highlights the differences in
stoichiometry, where zero (Fig. 2A), one
(Fig. 2B), or two (Fig. 2C) STZ TMDs
and ECDs are visible around the GluA2
core and periphery, respectively. Corre-
spondingly, the disordered fourth layer
(Fig. 1E) in these three stoichiometric
states presumably has four, three, and
two STZ molecules from the tandem
construct that are not bound around
the GluA2 core (25). Based on our den-
sity maps (Fig. 2), we propose that the
preferred stoichiometry of the GluA2-
STZ interaction is one or two STZ
protomers to one tetramer of GluA2.
The existence ofmultiple stoichiometric
states suggests that STZ expression

levels could have a profound effect on AMPAR-
mediated neurotransmission.
To gain further insight into the AMPAR-TARP

interaction, we built a structural model of the
GluA2-1xSTZstate.Guidedby the two-fold symmetry
of the ECD (8–12), we used the corresponding
portion of the GluA2-1xSTZmap refinedwith C2
symmetry to 5.6 Å resolution (fig. S6) (25) to fit
GluA2ATDs andLBDs (8) and to build ATD-LBD
linkers. We further used the 6.4 Åmap obtained
from refinement without symmetry restraints
(fig. S7) to fit the GluA2 TMD region (8) and to
build LBD-TMD linkers (fig. S8). We then took
advantage of amino acid sequence conservation
between TARP family and Claudin family pro-
teins (fig. S9)andbuilt aClaudin-19–basedhomology
model of STZ. This model was fitted into the
GluA2-1xSTZ density (25) (fig. S8B), confirming
the similar overall fold of TARPs and Claudins
(31, 32) (fig. S9). The STZ and GluA2 protomers
from the GluA2-1xSTZ structure were also fitted
into theGluA2-2xSTZmap to generate a structure
of the corresponding complex (Fig. 3, A and B).

The structure of STZ includes a TMD that rep-
resents a bundle of four transmembrane helices,
TM1 to TM4, and an extracellular head domain
that sits atop the TMD (Fig. 3C). The main inter-
action between STZ and AMPAR is mediated by
a substantial interface between transmembrane
helices TM3 and TM4 of STZ and M1 and M4 of
GluA2 (Fig. 3D). STZ TM1 and TM2 have no direct
contact to the AMPAR core and face the lipid
membrane. The STZ head domain is composed
of two extracellular polypeptide segments be-
tween TM1 and TM2 and between TM3 and TM4
(Fig. 3C). Most of the head domain is a b sheet
that includes strands b1 to b4 formed by the N-
terminal portion of the TM1-TM2 segment and b5
formed by the C-terminal portion of the TM3-TM4
segment. The remaining portions of the extracellular
segments, the TM3-b5 loop and the b4-TM2 loop
in particular, are conveniently positioned in close
proximity to the LBD and LBD-TMD linkers to
play a key role in regulation of AMPAR function.
The GluA2-STZ structures indicate that the

TM3-b5 and b4-TM2 loops of STZ can only inter-
act with GluA2 subunits B and D but not
A and C (Fig. 3B). At the level of the
LBD, B and D represent the distal sub-
units (fig. S10A) that play a more impor-
tant role in iGluRgating than theproximal
subunitsA andC (9,33,34). STZmolecules
are thus optimally positioned in the
GluA2-STZ complex to maximally affect
GluA2 gating. Themost likely regions of
GluA2 subunits B and D to interact
with STZ loops TM3-b5 and b4-TM2
are the adjacent S1-M1 linker and the
LBD loop between helix H and the b
stand 10 (Fig. 4A). The S1-M1 linker con-
tains four positively charged residues
(K505, K506, K509, and K511), in addi-
tion to four positively charged residues
in the helix H-b strand 10 loop (R692,
K695, K697, and K699), that form an
electropositive patch on the surface of
GluA2 facing STZ (Fig. 4, B and C). In
contrast, six negatively charged residues
in the b4-TM2 loop of STZ (E84, D85,
D87, E89, D91, and E94) form an elec-
tronegative patch on the surface of the
STZ head domain facing GluA2.
Confirming a key role of the electro-

static interactions in regulationofAMPAR
function by STZ, recentmutagenesis expe-
riments on a similar GluA2-STZ tandem
construct showed that the aspartate sub-
stitution of a KGKmotif, which is highly
conserved in AMPARs and includes K697
andK699 residues in the helixH-b strand
10 loop, almost completely abolished the
effects of STZ onGluA2 receptor function
(29). In addition, the electronegativemo-
tif in the STZ b4-TM2 loop is highly con-
served across type I TARPs (19), including
g2 (STZ), g3, g4, and g8 (fig. S9). Similar to
STZ, g3, g4, and g8 slow AMPAR de-
activation and desensitization kinetics
(19). In contrast, type II TARPs g5 and g7
donot have the conserved electronegative
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Fig. 2. Stoichiometric states of GluA2-STZ. On the left, cryo-EM
density maps of (A) STZ-unbound, (B) single STZ-bound, and (C) dou-
ble STZ-bound states of GluA2-STZ filtered to 8.7 Å, 6.4 Å, and 7.8 Å
resolution, respectively. For each state, 2D slices made parallel to the
membrane through the refined, nonfiltered map are shown on the
right: one through the middle of GluA2 LBD-TMD linker region and
another through the middle of GluA2 TMD. (Details of collection and
refinement are included in fig. S6.)
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motif in the b4-TM2 loop (fig. S9) and likely use
different mechanisms to alter AMPAR gating and
pharmacology (19, 35). Indeed, substitution of the
TM1-TM2 extracellular stretch in STZwith that of
g5 dramatically reduced the effect of STZ on
AMPAR gating and agonist efficacy to nearly the
levels of AMPAR alone (27).

We hypothesize that the overall compression of
AMPARs upon activation (9–12, 36) brings the
negative patch on the STZ surface closer to the
positive patch on the surface of GluA2 (fig. S10B),
thus enhancing their electrostatic attraction. This
additional forcewould account for STZ-stabilization
of the open conformation of AMPARs (37) and

correspondingly make deactivated and desen-
sitized states less favorable.
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Materials and Methods 

Construct 

The fusion construct used for cryo-EM was prepared by introducing a single GT linker 

between rat GluA2 (GluA2 minimal crystallization construct described in literature (11)) 

and mouse TARP-γ2 (stargazin or STZ). Similar tandem construct approach has been 

previously used to study effects of STZ on GluA2 function (28, 30, 38). To optimize 

expression and biochemical behavior, the C-terminus of STZ, which has been linked 

more to GluA2 trafficking and synaptic targeting than to modulation of gating (16, 27), 

was truncated right after the last transmembrane domain (fig. S9), after L207. We 

included a C-terminal eGFP for FSEC (39) profiling and monitoring during expression 

and a poly-histidine tag (8xHis) for purification purposes. Amino acids T-G-G were 

included between the C-terminus of STZ and a thrombin cleavage site (L-V-P-R-G-S). 

This construct was introduced into a pEG BacMam vector for baculovirus expression in 

HEK293 cells (40). The same construct was used, without STZ fused, for control cryo-

EM experiments for GluA2 (fig. S3).  

Electrophysiology 

DNA encoding wild type GluA2 or GluA2-STZ was introduced into a plasmid for 

expression in eukaryotic cells that was engineered to produce green fluorescent protein 

via a downstream internal ribosome entry site (11). HEK293 cells grown on glass cover 

slips in 35 mm dishes were transiently transfected with 1-5 Pg of plasmid DNA using 

Lipofectamine 2000 Reagent (Invitrogen). Recordings were made 24 to 96 hours after 



transfection at room temperature. Currents from whole cells or from outside-out patches, 

typically held at a -60 mV potential, were recorded using Axopatch 200B amplifier 

(Molecular Devices, LLC), filtered at 5 kHz and digitized at 10 kHz using low-noise data 

acquisition system Digidata 1440A and pCLAMP software (Molecular Devices, LLC). 

The external solution contained (in mM): 140 NaCl, 2.4 KCl, 4 CaCl2, 4 MgCl2, 10 

HEPES pH 7.3 and 10 glucose; 7 mM NaCl was added to the extracellular activating 

solution containing 3 mM L-glutamate (Glu). The internal solution contained (in mM): 

150 CsF, 10 NaCl, 10 EGTA, 20 HEPES pH 7.3. Rapid solution exchange was achieved 

with a two-barrel theta glass pipette controlled by a piezoelectric translator. Typical 10-

90% rise times were 200-300 µs, as measured from junction potentials at the open tip of 

the patch pipette after recordings. Data analysis was performed using the computer 

program Origin 9.1.0 (OriginLab Corp.). Recovery from desensitization recorded in two-

pulse protocols was fitted with the Hodgkin-Huxley equation (41): I = (Imax
1/m – (Imax

1/m – 

1)uexp(–t/WRecDes))m, where I is the peak current at a given interpulse interval, t, Imax is the 

peak current at long interpulse intervals, WRecDes is the recovery time constant and m is an 

index that corresponds to the number of kinetically equivalent rate-determining 

transitions that contribute to the recovery time course. 

Expression and purification 

The GluA2 and GluA2-STZ bacmids and baculoviruses were made using standard 

methods (42). P2 virus was added to HEK293 GnTI- cells at 37 ˚C and 5% CO2. At 12 

hours post-infection, 10 mM sodium butyrate was added the temperature was changed to 

30 ˚C. At 72 hours post-infection, cells were collected by low-speed centrifugation (4,000 



rpm, 15 minutes). Cells were then washed with PBS pH 8.0 and pelleted with low speed 

centrifugation (4,000 rpm, 15 minutes). The washed cells were lysed with a Misonix 

sonicator (18 x 10s, power level 7) in a 150 mM NaCl, 20 mM Tris-HCl (pH 8.0) 

containing protease inhibitors (0.8 μM aprotinin, 2 μg/ml leupeptin, 2 μM pepstatin A 

and 1 mM phenylmethysulfonyl fluoride) – 50 ml was used per 1 L HEK 293 cells. 

Following, the lysate was clarified after centrifugation (8,000 rpm, 15 minutes), and the 

membranes were collected by ultracentrifugation (40,000 rpm, 40 minutes). The 

membranes were collected and mechanically homogenized, then solubilized for two 

hours in 150 mM NaCl, 20 mM Tris-HCl pH 8.0, 20 mM C12M (n-dodecyl-β-D-

maltopyranoside). Insoluble material was removed by ultracentrifugation (40,000 rpm, 40 

minutes). Cobalt-charged metal ion affinity resin (TALON) was added to the soluble 

material (1 ml resin per 1 L cells), and left to bind for 10-14 hours. The resin was washed 

with 10 column volumes of 150 mM NaCl, 20 mM Tris-HCl pH 8.0, 50 mM imidazole, 1 

mM C12M. Elution was done with the same buffer but with 250 mM imidazole. The 

sample was then concentrated and digested with thrombin (1:200 mass ratio of thrombin 

to eluted protein) for 1 hour at 22 ˚C. The sample was then loaded onto a size-exclusion 

chromatography column (Superose-6) equilibrated with 150 mM NaCl, 20 mM Tris-HCl 

pH 8.0, 1 mM C12M and 0.01 mg/ml lipid – 3:1:1 POPC:POPE:POPG (1-palmitoyl-2- 

oleoyl-sn-glycero-3-phosphocholine: 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoethanolamine, and 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-

glycerol)]).  The peak fractions were pooled for cryo-EM specimen preparation. All 

steps, unless otherwise noted, were performed at 4 ˚C. 

Cryo-EM sample preparation and data collection 



C-flat (Protochips, Inc., Morrisville, NC) CF-1.2/1.3-2Au 200 mesh holey carbon grids 

were coated with gold using an Edwards Auto 306 evaporator. Carbon was removed 

using Ar/O2 (6 minutes, 50 watts, 35.0 sccm Ar, 11.5 sccm O2) plasma treatment with a 

Gatan (Pleasanton, CA) Solarus 950 advanced plasma system, making Au 1.2/1.3 holey 

/on Au mesh grids (43). In order to make the surface hydrophilic prior to sample 

application, the grid surface was plasma treated with H2/O2 (20s, 10 watts, 6.4 sccm H2, 

27.5 sccm O2). Frozen hydrated grids were prepared using a Vitrobot Mark IV (FEI, 

Hillsboro, OR).   3 µl of sample (2 mg/ml GluA2-STZ with 0.3 mM antagonist 

ZK200775) was applied to the plasma-treated grids using 8.0 s blotting time, 3 blot force, 

and 100% humidity at 22 ˚C. GluA2 (non-fused) was prepared similarly with antagonist 

ZK200775 but at 4 mg/ml GluA2 concentration. The GluA2-STZ data was collected on a 

Titan Krios cryo-electron microscope (FEI) operating at 300 kV, using SerialEM (44) 

with a Gatan K2 Summit DED camera operating at a super-resolution pixel size of 0.51 

Å/pixel. A dose rate of 10 e- physical pixel-1 s-1 (total dose of ~80 e- Å2) was used across 

40 frames (0.2 ms per frame), with defocus range -1.5 µm to -3.5 µm, Cs 2.70 mm. The 

GluA2 data were collected on a Tecnai F30 Polara (FEI) microscope operating at 300 kV, 

using Leginon (45) with a Gatan K2 Summit direct electron detection (DED) camera with 

a counting mode pixel size of 1.255 Å. Data were collected in counting mode, across 30 

frames (0.3 s per frame), with a dose rate of 8 e- pixel-1 s-1 (total dose of ~45 e- Å-2), with 

defocus range -1.8 µm to -4.0 µm, cs 2.26 mm. 

Image processing 



For GluA2-STZ, super-resolution movies were gain-corrected and binned by two in 

Fourier space to a pixel size of 1.02 Å/pixel. A total of 5492 micrographs were collected. 

Motion correction and dose-weighted filtering was performed across all frames with 

Unblur and Summovie (46). Defocus values were estimated using CTFIND4 (47). 

Further image processing on 5364 micrographs was performed in RELION (48). 

Approximately 2,000 particles were manually picked for reference-free 2D classification. 

Six classes were used as references for autopicking (49). Autopicking parameters were 

optimized based on figure-of-merit values on a subset of 15 micrographs; a picking 

threshold of 0.35 was used to ensure all particles were picked. After autopicking, selected 

particles were initially sorted by 2D classification. A 30 Å low-pass filtered map from 

GluA2-STZ data collected on a F30 Polara (not shown) in counting mode was used as the 

reference for 3D classification and autorefinement (using RELION image handler). After 

cleaning in both 2D (regularization parameter T = 2) and 3D classification (T = 4, no 

symmetry imposed), 117,729 particles were subject to further sub-classification. These 

particles were again cleaned by 2D classification, resulting in a group of 116,038 

particles. These 116,038 particles were three-dimensionally sub-classified into ten 

classes, which allowed for separation of the stoichiometric states of GluA2-STZ. 

Individual classes from here were used to refine the GluA2-0xSTZ (7,993 particles) and 

GluA2-2xSTZ states (10,293 particles). Both of these groups of particles were refined 

first without symmetry, then with C2 symmetry imposed. Other classes from this 

grouping not clearly representing a GluA2-STZ bound state were combined, totaling 

51,070 particles. Signal subtraction (50) was used to direct 3D classification on the TM 

region of the combined GluA2-STZ classes. The 51,070 particles were refined together, 



and a soft mask was created (using relion_mask_create) from the entire density 

(extending 10 pixels with a 3 pixel soft edge). A similarly wide mask was made from the 

density, with density from the ECD and fourth layer (unbound STZ) removed, giving a 

TMD mask. The TMD mask was subtracted from the whole-particle mask using 

relion_image_handler. To then subtract the ECD/fourth layer signal from the particles, a 

map was generated that was lacking the TMD by multiplying the refined map from the 

combined classes (51,070 particles) with the TMD-subtracted mask. The resulting map, 

lacking TMD density, was projected with the data.star file from the refinement across the 

51,070 particles, and experimental signal from the density lacking the TMD was 

subtracted from the projections (using relion_project). The resulting images were used for 

3D classification (T=4) with the TMD mask into ten classes.  

 A dominant class, representing GluA2-1xSTZ (comprised of 39,972 particles) 

resulted from this classification, which was used for GluA2-1xSTZ refinement in 

RELION. Symmetry was not imposed here due to the asymmetry at the TM region from 

a single STZ molecule bound. A separate refinement of the GluA2-STZ particles was 

performed with C2 symmetry imposed to improve resolution in the GluA2 ECD for 

model building. The fit in UCSF Chimera (51) between the ECDs of the C2-symmetrized 

and non-symmetrized maps of GluA2-1xSTZ gave a correlation of 99.6%, suggesting no 

asymmetry from the presence of STZ in this region. A schematic of RELION processing 

can be found in fig. S4, with statistics and FSC curves in fig. S6. Resmap (52) was used 

for local resolution estimation of the GluA2-1xSTZ map (fig. S7). 



To test the idea of the fourth blurred layer in the GluA2-STZ structures (Fig. 1E) 

being formed by unbound STZ, we calculated 2D class averages from the particles that 

contributed to the GluA2-0xSTZ and GluA2-2xSTZ 3D classes. We compared similar 

class averages (side views), which show a broader TMD of GluA2-2xSTZ compared to 

GluA2-0xSTZ but also a smaller, blurred fourth layer. Combined with the nature of the 

covalent construct design, we therefore believe that this layer is indeed made up of 

unbound STZ molecules, although we encourage cautious interpretation, given the low 

resolution of this layer and the weak signal in the densities. 

Movie alignment for GluA2 (non-fused) was performed across all frames using 

dosefgpu_driftcorr (53). For further processing of GluA2, 2200 micrographs (of 2977 

collected) were selected. RELION 1.4 was used for the remaining image processing, 

unless otherwise noted. References for autopicking for both datasets were created after 

manually selecting approximately 2,000 particles and running reference-free 2D 

classification (six classes were chosen in each case as references for autopicking). 

Autopicking parameters were optimized based on figure-of-merit values on a subset of 15 

micrographs; a picking threshold of 0.4 was used to ensure all particles were picked.  

GluA2 particles were cleaned up using 2D (regularization parameter T = 2) and 3D 

classification (T = 4, no symmetry imposed). During 3D classification and 

autorefinement, a 40 Å low-pass filtered model of the GluA2-ZK crystal structure (8) 

(PDB:ID 3KG2) was used as a reference. From the first round of 3D classification, three 

classes resembled GluA2. The best class was subject to an additional round of 2D 

classification, resulting in a principle class of 33,152 particles that was used in the final 

refinement (fig. S6). 



The resolution was estimated using the FSC=0.143 criterion (54) on corrected 

FSC curves in which the influences of the mask were removed. All visualization of EM 

densities was done in UCSF Chimera (51). Visualization of two-dimensional slices 

through 3D densities was performed in RELION.   

Model Building 

 A homology model for STZ was generated with SWISS-MODEL (55), using the 

crystal structure of mouse Claudin-19 (32) as a template. This model was fit into the 

GluA2-1xSTZ density, and minimally modified according to secondary structure 

placement and definition in the density using COOT (56). The TMD from the GluA2-ZK 

crystal structure (8) was fit into the GluA2-1xSTZ density using rigid body fitting. 

Similarly, the ATD and LBD dimers from the GluA2-ZK crystal structure were rigid-

body fitted, using COOT, into the GluA2-1xSTZ core map (fig. S6) that was refined in 

RELION using the C2 symmetry. The LBD-TMD linkers were taken from the GluA2-ZK 

crystal structure and fitted into the corresponding densities in the non-symmetrized 

GluA2-1xSTZ map, while the ATD-LBD linkers were fitted in the C2-symmetrized 

GluA2-1xSTZ map. The GluA2-1xSTZ model fit into the C2-symmetrized and non-

symmetrized maps of GluA2-1xSTZ gave correlations of 97.0% and 96.5%, respectively, 

in UCSF Chimera. The resulting model of GluA2-1xSTZ was then used to generate the 

GluA2-2xSTZ model. It was rigid-body fitted into the corresponding GluA2-2xSTZ map 

and then the second molecule of STZ was rigid-body fitted into the additional STZ 

density on the opposite side of GluA2, relative to the STZ molecule from our GluA2-

1xSTZ model. Structures were visualized and figures were prepared in Pymol (57). 

  



 

 

Fig. S1. Purification of GluA2-STZ. (A) FSEC traces for GluA2-STZ protein at 

different stages of purification: after affinity chromatography column (orange) and 

thrombin digest (green) following eGFP fluorescence, and after Superose 6 SEC column 

following tryptophan fluorescence (black). (B) SDS-PAGE for purified GluA2-STZ and 

GluA2, both expressed in HEK293 cells (see Materials and Methods).  

  



 

 

Fig. S2. Functional properties of GluA2-STZ compared to wild type GluA2. (A) 

Representative whole-cell currents recorded at –60 mV membrane potential from 

HEK293 cells expressing wild-type GluA2 (GluA2WT) in response to 2 ms or 500 ms 

applications of 3 mM Glu alone or applications of Glu in the continuous presence of 30 

µM CTZ. Inset shows normalized currents in response to 2 ms and 500 ms applications 

of Glu alone fitted using single exponentials with time constants WDeact = 1.27 ± 0.02 ms 

and WDes = 6.18 ± 0.04 ms. (B) Currents recorded from a cell expressing GluA2-STZ 

fusion using a two-pulse protocol, in which an initial application of 3 mM Glu was made 

to produce steady-state desensitization and was repeated after allowing the channels to 

recover from desensitization for different length of time. The envelope of the peak 

currents evoked by the series of the second applications gives the time course of recovery 



from desensitization. (C) Mean recovery from desensitization measured for GluA2WT 

(filled squares) and GluA2-STZ fusion (open circles) using the protocol illustrated in (B). 

Dashed and straight curves are fits with the Hodgkin-Huxley equation (see Materials and 

Methods) for GluA2WT and GluA2-STZ fusion, respectively. (D) Table of functional 

parameters for GluA2WT and GluA2-STZ. Number of cells is given in parentheses. Errors 

are SEM. The presence of STZ in the GluA2-STZ construct has clear effects on slowing 

the kinetics of receptor desensitization and deactivation, compared to wild-type GluA2.  

  



 

 

Fig. S3. Cryo-EM characterization of GluA2. (A) Cryo-EM micrograph of GluA2 in 

vitreous ice, with example particles highlighted by red circles. (B) Representative 2D 

class averages of GluA2. c, Density map of GluA2 bound to antagonist ZK, filtered to 6.8 

Å, which shows overall similarity to the ZK-bound crystal structure of GluA2 (PDB 

ID:3KG2) (8). Statistics and details of collection are in fig. S6, Materials and Methods. 

  



 

Fig. S4. RELION processing workflow for GluA2-STZ. After particle cleaning in 2D 

and 3D classification, particles were sub-classified into ten classes. Two classes clearly 



showed defined extracellular portions of the TMD with rounded edges (no STZ) or two 

pronounced bumps (2xSTZ). These were directly used for autorefinement and 

postprocessing. Two separate groups of particles did not show clear definition for the 

extracellular part of TMD, and the signal subtraction approach (50) to directed 3D-

classification (Materials and Methods) was used to further classify particles based on the 

TMD. This procedure yielded a class showing additional density only on one side of 

TMD, which was then used for autorefinement and postprocessing of the single STZ-

bound state.  

  



 

 

Fig. S5. Particle angular coverage for GluA2-STZ maps. Shown are the angular 

distributions for particles contributing to the final maps of GluA2-0xSTZ, refined in C2-

symmetry (A), GluA2-1xSTZ, refined without symmetry (B), and GluA2-2xSTZ, refined 

in C2-symmetry (C). Rod length, as well shade from blue to red, corresponds to more 

particles contributing to a particular view.  

  



 

 

Fig. S6. Cryo-EM statistics and FSC curves. (A) Details on data collection and image 

processing for each density map. All GluA2-STZ particles are from the same sample 

preparation and data collection session. Values in parentheses for resolution and B-factor 

in GluA2-1xSTZ are for the C2-symmetry refined map used to refine the GluA2 ECD 

core. Antagonist ZK200775 was added to protein for all collections. (B) FSC curves for 

filtered maps, with FSC=0.143 marked as a dashed line.  

  



 

 

Fig. S7. Local resolution for GluA2-1xSTZ. (A) Local resolution mapped onto the 

GluA2-1xSTZ density obtained from refinement without symmetry restraints, with 

voxels being colored according to reported resolution in Resmap. The map reaches 4-Å 

local resolution for the core regions of ATD, LBD and TMD, while the lowest local 

resolution is observed for the periphery of TMD, presumably contributed by the detergent 

micelle. (B) Histogram of local resolution voxels reported by Resmap (52).  

  



 

 

Fig. S8. Cryo-EM density for GluA2-1xSTZ. (A) Overall view of GluA2-1xSTZ model 

fit into the GluA2-1xSTZ (non-symmetrized) cryo-EM density map (shown as mesh). 

Protomers of GluA2 are colored mint (A), coral (B), light-blue (C), and gold (D). STZ is 

shown in purple. (B) Stereo view of STZ fit into the GluA2-1xSTZ density map. Maps 

are shown at 7V.  



 



Fig. S9. Comparison of STZ with other TARPs, γ subunits and proteins of Claudin 

family. (A-C) Superposition of the STZ model (magenta) with Claudin-15 (31) (PDB 

ID:4P79, green, RMSD 3.3) and Claudin-19 (32) (PDB ID: 3X29, cyan, RMSD 4.7) 

crystal structures viewed parallel to (A-B), or from the extracellular side of (C), the 

membrane. (D) Sequence alignment of TARPs, Claudins, and CaV-1.1 channel γ1 

subunit. The STZ model secondary structure elements are shown above the sequence 

alignment as cylinders (α-helices), arrows (β-strands) and lines (loops). Red circles above 

residues mark charged residues that reside in the GluA2 electropositive pocket (Fig. 4). 

At the TARP C-terminals, the red box indicates the consensus protein kinase 

phosphorylation site, and orange rectangle the PDZ binding domain. The blue triangle 

indicates the position of mTARP-γ2, or STZ, C-terminal truncation used in the GluA2-

STZ construct.  

  



 

 

Fig. S10. Three-layer topology of GluA2-STZ and mechanism of AMPAR regulation 

by STZ. (A) The ATD, LBD, and TMD three-layer arrangement of GluA2, with STZ 

shown in the LBD and TMD layers. The protomers are colored as in Fig. 3. The 

maximum of two STZs binding one AMPA receptor observed in our antagonist-bound 

structures (Fig. 2) is illustrated. However, up to four STZs binding one receptor have 

been reported previously (22-24). It is possible that the other STZ pair, binding the A and 

C GluA2 subunits, which was not observed in our structures, has lower affinity to AMPA 

receptor. This agrees well with the overall two-fold symmetry of the AMPA receptor and 

the ECD in particular (22). Indeed, when an additional STZ pair is placed four-fold 

symmetrically around the GluA2 TMD, the highly electronegative motifs in STZ would 

separate from the highly electropositive motifs of GluA2 subunits A and C by ~5 Å 

compared to those that contact subunits B and D in our structures (Figs. 3-4). This loss of 

electrostatic interaction between the extracellular domains might be a reason of lower 

STZ affinity to GluA2 subunits A and C compared to subunits B and D. (B) The 

electrostatic trap mechanism of AMPAR function regulation by STZ. Cartoons show 

LBDs and TMDs for two of four AMPA receptor subunits. The ATDs, which do not 



contact STZ in the closed competitive antagonist-bound state (Fig. 3) but might contact it 

in other gating states (58) with higher conformational heterogeneity (10, 12, 21), are 

omitted. Binding of glutamate causes closure of the LBD clamshells, which applies 

pulling force to the LBD-TMD linkers, causes ion channel opening, and brings the lower 

LBD lobes into close proximity to the STZ head domains. Strong electrostatic attraction 

between the closely located electropositive patch comprised of the positively charged 

residues in the lower lobe of LBD and the S1-M1 linker in GluA2 subunits B and D and 

electronegative patch contributed by the negatively charged residues in the extracellular 

β4-TM2 loop of STZ head domain helps keep the AMPAR trapped in activated states 

longer than in the absence of STZ. 
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