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Kainate receptors, asubclass of ionotropic glutamate receptors, are tetrameric
ligand-gated ion channels that mediate excitatory neurotransmission’ ™. Kainate
receptors modulate neuronal circuits and synaptic plasticity during the development
and function of the central nervous system and are implicated in various neurological

and psychiatric diseases, including epilepsy, depression, schizophrenia, anxiety and
autism® ™, Although structures of kainate receptor domains and subunit assemblies
areavailable? 8, the mechanism of kainate receptor gating remains poorly
understood. Here we present cryo-electron microscopy structures of the kainate
receptor GluK2 in the presence of the agonist glutamate and the positive allosteric
modulators lectin concanavalin A and BPAM344. Concanavalin Aand BPAM344
inhibit kainate receptor desensitization and prolong activation by acting as a spacer
between the amino-terminal and ligand-binding domains and a stabilizer of the
ligand-binding domain dimer interface, respectively. Channel openinginvolves the
kinking of all four pore-forming M3 helices. Our structures reveal the molecular basis
of'kainate receptor gating, which could guide the development of drugs for treatment
of neurological disorders.

Kainate receptors (KARs) are members of the ionotropic gluta-
mate receptor family of tetrameric ion channels'?. Together with
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid)
receptors (AMPARs) and N-methyl-D-aspartate (NMDA) receptors,
postsynaptic KARs mediate excitatory neurotransmission in the
central nervous system>*, In addition, presynaptic KARs act as neu-
romodulators by tuning the secretion of excitatory and inhibitory
neurotransmitters*’, KARs regulate the development and matura-
tion of neuronal connections and are involved in memory formation.
They are implicated in neurodevelopmental, neurodegenerative
and psychiatric disorders, including pain, epilepsy, migraine, Hun-
tington’s disease, schizophrenia, Down syndrome, depression,
and bipolar, autism spectrum and obsessive-compulsive disor-
ders, therefore representing an important target for therapeutic
development®™,

KAR tetramers are assembled from a pool of five subunits, GluK1-5.
GluK1-3 can form functional homotetrameric channels, whereas GluK4
and GluKS5 subunits must co-assemble with GluK1-3 to form functional
heterotetramers®. KAR tetramers can also bind NETO1 and NETO2,
auxiliary subunits that influence their synaptic trafficking? 2. Both
principal and auxiliary subunits determine KAR functional proper-
ties, including ion permeation, channel block, ligand specificity and
kinetics, and haveimportantrolesin shaping KAR-mediated synaptic
responses? 2, Each KAR subunit has a multi-domain organization,
including the amino-terminal domain (ATD), involved in receptor
assembly and trafficking, the ligand-binding domain (LBD) that

binds agonists, competitive antagonists and positive allosteric mod-
ulators (PAMs), the transmembrane domain (TMD), which forms an
ion-conducting channel, and the carboxy-terminal domain, which
determines surface expression, synapticlocalization and interactions
withintracellular proteins.

Isolated KARATD and LBD structures revealed their clamshell archi-
tecture and mechanisms of ligand binding>***, exhibiting high similarity
to AMPARs®™¥, Structures of full-length GluK2 and GluK3 homotetram-
ers and GluK2-GluKS5 heterotetramers have been resolved in the apo,
agonist-bound and competitive-antagonist-bound states>'®, Although
many of these structures showed KAR domain assembly analogous
to AMPARSs, structures in the apo and agonist-bound states demon-
strated a nearly four-fold symmetrical arrangement of LBDs, which is
non-canonical for ionotropic glutamate receptors. Given the unique
role of KARs in the central nervous system, their gatingis also expected
todiffer from that of otherionotropic glutamate receptors. Although
AMPAR gating has been revealed by open-state structuresin the pres-
ence of agonist, PAM and activating auxiliary subunit y2 (refs. 38,39)
(alsoknownas Stargazin), open-state structures of KARs have remained
unresolved.

Here we performed structural studies of KAR gating using time-
resolved cryo-electron microscopy (cryo-EM). Fast application of ago-
nist glutamate (Glu) in the presence of the PAMs lectin concanavalin A
(ConA) and BPAM344 (hereafter BPAM) enabled us to trap an ensem-
ble of GluK2 KAR conformations, including the fully-liganded open
state and Glu-bound non-conducting states. These structures reveal
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Fig.1|KARfunctionand time-resolved cryo-EM. a, Whole-cell patch-clamp
currents recorded at -60 mV membrane potential from HEK 293F cells
expressing rat GluK2 inresponse to 6-s application of 3 mM Glu alone, in the
continuous presence of 50 utM BPAM or 0.3 mg mI™ ConA, or in the presence of
bothBPAM and ConA. Thegreenarrow indicates the 3-s mark since the beginning
of Gluapplication. b, GluK2-mediated current measured at 3 s after the
beginning of Glu application (/;,) as a fraction of the maximum current (/,,,,).

the unique gating mechanism of KARs, uncover the mechanism of their
regulation by ConA***?, provide molecular templates for understand-
ingtheir distinctrolesin the central nervous system, and suggest poten-
tial strategies for drug development to treat numerous neurological
and psychiatric diseases.

Synergistic effect of PAMs on GluK2 function

We tested KAR function using patch-clamp current recordings from
HEK 293F cells expressing rat GluK2. At a membrane potential of
-60 mV, prolonged application of 3 mM Glu elicited a rapidly acti-
vating inward current that further decayed with a time constant r of
3.89 +0.27 ms (n=10) to nearly zero value (/;//,,,, = 0.0022 + 0.0011,
n=10) owing to receptor desensitization (Fig. 1a, first trace). In the
presence of 50 UM BPAM, desensitization was 270 times slower
(desensitization time constant (7) =1.05 + 0.13 s, n =10; Fig. 1a, sec-
ond trace) but a 3 s exposure to Glu also resulted in substantial
current reduction (/5//,,x= 0.074 + 0.021, n =10). In the presence
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Dataare mean ts.e.m.Biologicallyindependent measurements: n =10 for Glu,
n=10for Glu+BPAM, n=10 for Glu + ConAand n =9 for Glu + BPAM + ConA.
Dataarerepresentative of threeindependent experiments. ¢, Time-resolved
3D cryo-EMreconstructions of GluK2 captured within3 s of Glu applicationin
the continuous presence of ConA and BPAM. d, Extracellular view of density for
theLBD layerinthe same reconstructionsasinc.

of 0.3 mg ml™ ConA, fast desensitization (r=9.08 +1.15 ms, n=10)
was accompanied by an even slower component (t=2.64 +0.23s,
n=10) (Fig. 1a, third trace). However, the relatively small fraction
of the slow component (9.1+3.2%, n=10) did not prevent consider-
able current reduction on the 3-s time scale (/5//,,,, = 0.104 £ 0.03,
n=10).

In the presence of both ConA and BPAM, desensitization included
only the slow component (7=1.94 + 0.17 s,n = 10; Fig. 1a, fourth trace).
Within 3 s of Glu application, the current amplitude was reduced to
less than one-third of its maximal value (/;//,, = 0.378 £ 0.037, n =10).
After ConA and BPAM washout, the Glu-induced current (Fig. 1a, fifth
trace) resembled the current recorded in the continuous presence of
ConA alone (Fig.1a, third trace), suggesting that BPAM dissociates from
GluK2 readily, whereas ConA remains bound. Given the synergistic
effect of PAMs on the current amplitude (Fig. 1b), we reasoned that
more than one-third of GluK2 receptors can be trapped in the open
state by anexposure to Glu for less than 3 s in the continuous presence
of ConA and BPAM.
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Fig.2| The structure of GluK2g,, cona_gpam- @, The GIUK 2, _cona_gpam Structure
viewed parallel to the membrane, with subunits Aand C coloured orange, Band D
inlight blue,and ConAin purple and magenta. Glu (dark green) and BPAM

(dark blue) are shown as space-filling models. Carbohydrates (light green) and
lipids (violet) are shown as sticks. The axes of the two-fold overall symmetry
andlocalsymmetry of the ATD and LBD dimers are shown as dashed and solid
blacklines, respectively. Boxed regions are expandedin e-g.b-d, Extracellular
views of ATD (b), LBD (c) and TMD (d) layers. e-g, ATD-ConA (e) and LBD-ConA
typel (f)and 11 (g) interfaces, withglycosylated asparagines and ConAresidues
incontact with carbohydrates shown as sticks. h, Whole-cell patch-clamp

Time-resolved cryo-EM

Fortime-resolved cryo-EM, we built asolenoid-driven plunger*** that
enabled freezing of GluK2 protein sample within 2-3 s after adding
Gluin the presence of ConA and BPAM (Methods). In agreement with
functional experiments (Fig. 1a,b), short exposure to Glu revealed
an ensemble of KAR gating conformations. Processing of cryo-EM
datarevealed two main compositionally different groups of particles:
with ConAbound and without ConA bound (Fig. 1c and Extended Data
Figs.1-3). The ConA-bound group of GluK2 particles includes two
subgroups, with one or two ConA dimers bound. Both ConA-bound
subgroups showed a distinct separation of the ATD and LBD layers,
with ConA molecules serving as spacers (Extended Data Fig. 4a).
Notably, the ATD and LBD layers in ConA-bound structures showed a
dimer-of-dimers domainarrangement, typical for closed-state Gluk2
and AMPAR structures?™"”¥, Although the ATD layer and individual
LBDs maintained similar conformations (Extended Data Fig. 4b-j),
particles representing GluK2 with no ConA bound demonstrated dif-
ferent domain arrangement in the LBD layer (Fig. 1d and Extended
DataFig. 4a). Of these particles, 25% yielded a 3D reconstruction with
anearly four-fold symmetrical LBD layer, which resembled GluK2
structures in the presumed desensitized'? and apo'® states (Extended
DataFig. 5). Additionally, 22% of particles showed a mixed domain
arrangement, withoneintact LBD dimer and one LBD dimer separated
into monomers.

Structure of GluK2 bound to Glu, ConA and BPAM

The most compositionally complex GluK2-Glu-ConA-BPAM
(GluK21,_cona-pam) Structure has an overall two-fold rotational symme-
try and two bound ConA dimers (Fig. 2a). The core of GIuK2¢,,_cona-gpam
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currentsrecorded at -60 mV membrane potential from HEK 293F cells
expressing wild-type (WT) or dATD GluK2 inresponseto a 6-s application of

3 mM Gluinthe continuous presence of 0.3 mg ml™ ConA. /..., peak current;
I, steady-state current. i, Steady-state to peak current ratio for wild-type
andindicated mutant GluK2 channels. Dataare mean + s.e.m. Biologically
independent measurements: n =10 for wild type, n=6for N378Q, n =5 for
N546Q,n=7forN751Q,n=10for N546Q/N751Q and n =8 for dATD. Dataare
representative of five independent experiments. Two-sided two-sample t-test,
*P<0.05.P=0.029 forN378Q, P=0.078 for N546Q, P= 0.109 for N751Q,
P=0.026forN546Q/N751Qand P=0.027 for dATD.

is a GluK2 homotetramer with the ATD and LBD layers assembled as
dimers-of-dimers where A-B and C-D dimers of the ATD, as well as the
A-D and B-C dimers of the LBD, are arranged symmetrically around
the overall two-fold symmetry axis (Fig. 2b,c), with domain swapping
between layers. Similar to the closed-state GluK2-BPAM (GluK2;pay)
structure, the ATD and LBD dimers have individual local two-fold
symmetry axes that do not coincide with the overall two-fold sym-
metry axis. Four TMDs are connected to the corresponding LBDs by
S1-M1, M3-S2 and S2-M4 linkers and assemble a pseudo-four-fold
symmetrical ion channel (Fig. 2d).

A distinct feature of GIuK2g,_cona_sram COMpared to GluK2gp,\ is @
marked separation of the ATD and LBD layers, emphasized by an
increase from 59 to 75 A in the distance between their centres of mass
(COMs) andlack of the ATD-LBD interfaces in the A and C subunits that
are present in GluK2g,,\ (Extended Data Fig. 4a). Instead, the ATD and
LBDinthe Aand C subunits are connected through ConA dimersacting
as extension spacers. One protomer in the ConA dimer contacts the
ATD, whereas the second interacts with the LBD. The ATD-ConA con-
tactismediated by carbohydrates attached to N378, the glycosylation
site conserved among GluK1-3 subunits (Fig. 2e and Supplementary
Fig.1). There were two types of ConA-LBD contacts (Extended Data
Figs.1and 6), with the predominant type I contacts involvingthe Aor C
subunit LBD (Fig. 2f) and type Il contact involving the B or D subunit LBD
(Fig.2g). The type I ConA-LBD contact is mediated by carbohydrates
attached to N546, the glycosylation site conserved among GluK1-3
subunits, and the typell contactappearsto alsoinvolve carbohydrates
attached toN751, the glycosylation site conserved over all GluK subunits
(Supplementary Fig.1).

We mutated asparagine residues N378, N546 and N751 to glutamine
and compared the effect of ConA on mutant and wild-type GluK2 using
patch-clamp current recordings (Fig. 2h,i). The N378Q mutation
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Fig.3|Comparison of LBDs in GluK2;,,y and GluK2,,_cona_gpam- a,b, Single
LBD in GluK2g,,y (a; Protein Data Bank (PDB) ID: 8FWS) and GluK2,,_cona-spam
(b), with Glushown as aspace-filling model (green) and Ca atoms of S670 and
P773 asblueand pink spheres, respectively. The 20° rotation of the lobe D2
towards D1in GluK2g,,_cona-spam UpONn Glu binding is illustrated by the pink
arrow.c,d, LBD dimers in GluK2gp,y (€) and GIuK2;,_cona_gram (d), with BPAM
shownas aspace-fillingmodel (dark blue) and the axes of the local two-fold
rotational symmetry as continuous black lines. Distances between Cax atoms
of S670 and P773 areindicated. e,f, Intracellular view of LBD tetramers in
GluK2gpam (€) and GIuK 2, _cona-gpam (F). The Caatoms of S670 are connected by
blue (e) or pink (f) lines and pink arrows illustrate the expansion forces applied
tothe M3-S2linkers thatinduce channel opening.

eliminated the steady-state current in response to Glu application
in the presence of ConA, indicating the critical role of carbohydrates
attached to N378 in PAM action. Although single N546Q and N751Q
substitutions substantially reduced the steady-state currents, dramatic
current reduction was only achieved in the double mutant N546Q/
N751Q, suggesting the interchangeable capability of carbohydrates
attached toN546 and N751 to serve as ConA contact points. Complete
elimination of the ConA effect was also achieved by deletion of the
entire ATD (dATD construct, which does not include N378). Our experi-
ments with mutant GluK2 channels therefore confirmed glycosylation
of residues N378,N546 and N751to be critical for PAM action of lectin
ConA on GluK2 receptors.

Despite observations of several configurations of the GluK2-ConA-
Glu-BPAM complex, with one or two molecules of ConA bound and
typelortypell ConA-LBD interfaces (Figs. 1c and 2e-g and Extended
DataFig. 6), all these configurations demonstrated asimilar structure
of the LBD-TMD region. We improved the resolution of this region by
averaging the focused signal across all configurations and further refer
to this LBD-TMD structure as GIuK2¢,_cona-sram-

Activated LBDs

Compared with the agonist-unbound open-clamshell LBDs in the
closed-state structure of GluK2y,,y (Fig. 3a), the individual LBDs in
GluK2,-cona-sram Show Glu molecules bound (Extended Data Fig. 3a),
with each clamshell closed via a 20° rotation of the lower lobe D2
towards the upper lobe D1 (Fig. 3b). In the context of back-to-back LBD
dimers that maintain their two-fold rotational symmetry andintact D1-
Dlinterfacesinboth GluK2gp, and GIuK2,,_cona-seam, the 20° closures of
individual LBDslead to amarked separation of the D2 lobes, exemplified
byanincrease in the distance between Cotatoms of S670 from 20 Ain
GluK2ppp0 10 30 A in GIUK2 ¢y, -conn_sean (Fig. 3¢,d). In the context of the
dimer-of-dimers arrangement, the separation of the D2 lobes results
in LBD tetramer expansion (Fig. 3e,f). A similar expansion of the LBD
tetramer in AMPARs leads to ion channel opening®?°. Therefore, we
assessed the conformation of the GIuK2g,,_cona-gpam i0N channel pore.

Openchannel

We measured the channel pore radius in GluK2,,_cona-geam and observed
that the gate region became much wider than in the previously pub-
lished GluK2g,,y structure (Fig. 4a,b). The apparent opening of the
extracellular pore (Fig. 4c,d) is comparable to or larger than the one
observed in open-state AMPARs**¢ (Extended Data Fig. 7). Given
the highly conserved residues lining the gate region of KARs and
AMPARs, specifically the signature ionotropic glutamate receptor
SYTANLAAF motif*, the pore of GIuK2,,_cona_sram iS alSO €xpected to be
open.Indeed, during equilibrium molecular dynamics simulations of
GluK2g,,_cona-spamincorporatedinto alipid bilayer and surrounded by
aqueous electrolyte solution, the channel pore remained continuously
hydrated, and monovalent cations freely permeated through the gate
regioninbothdirectionsinthe absence of applied voltage (Extended
DataFig. 8 and Supplementary Video 1). By contrast, no water hydra-
tion or cation permeation was observed for the gate region during
molecular dynamics simulations of GluK2,,,, (Extended Data Fig. 8).

Comparison of the gate region in GluK2,,_cona_gpam aNd GIUK 25040
reveals the key molecular changes associated with channel opening
(Fig. 4e,f). In response to Glu binding, the separation of D2 lobes in
LBD dimersleadsto LBD layer expansion (Fig. 3c-f), characterized by
the substantialincreasein the distance between D2 lobes of diagonal B
and D subunit LBDs (Fig. 4f). The LBD layer expansion increases tension
inthe M3-S2linkers thatin turnleads to kinking of the M3 helices ata
gating hinge around L655 (Fig. 4e,f). Of note, the M3 kinking associated
with channel opening occurs in both pairs of diagonal subunits, A-C
and B-D, notably distinct from AMPARs in which the M3 kinking was
experimentally observed in subunits B and D only and at a different
location, two residues towards the N terminus compared with KAR*#¢
(Extended DataFig. 7d,e). While molecular dynamics simulations pre-
dicted kinking of all four M3 helices in AMPARs as well*, it remains to
be confirmed experimentally.

Glutamate-only bound structures

Particles representing GluK2 with no ConA bound (Fig. 1cand Extended
Data Fig. 4a) yielded two structures, GluK2,,.4s,1q, Which has a nearly
four-fold symmetrical LBD layer (Fig. 5a), and an apparently asymmetric
structure, GluK2g,.,sym (Fig. 5b). Both structures revealed Glu but not
BPAM molecules bound to the LBDs, despite incubation of the sample
with saturating BPAM concentration. The apparent reason for the lack
of BPAM bound to GluK2,,.4r,14 is the absence of LBD dimer interfaces
that harbour BPAM molecules in GluK2gp,vand GluK2g,,cona-spam (Figs. 2
and3).Indeed, dissociation of LBD dimersin GluK2g;, 4, OCcurs owing
toanapproximately 100° rotation of the Band D subunit LBDs (Fig. 5c),
which has previously been observed in the presumed desensitized"
and apo®® state GluK2 structures (Extended Data Fig. 5).
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Fig.4|Openporein GluK2g, _cona_sram- 8, Pore-forming segments M2 and M3
in GIuK2¢,,_cona-gpam, With residues lining the pore shown as sticks. Only two
subunits (A and C) of the four are shown, with the front and back subunits
(Band D) omitted for clarity. The pore profileisshown as aspace-filling model
(grey). The greenarrow indicates the gating hinge where M3 bends during
channel opening.b, Pore radius for GluK2p,\ (blue), GIuK2¢,_cona_gpam (Pink),
GluK2g,.45014 (dirty green) and GluK 2.,y (green) calculated using HOLE.

Similar to GluK2,.4¢,14, the B-C subunit LBD dimer is dissociated in
GluK2g,,..sym OWing to arotation of approximately 100° of the subunit
BLBD (Fig. 5d). Although the A-D subunit LBD dimer in GluK2g,,.55m iS
preserved, theinterface between protomersis severely altered com-
pared with the GluK2pp, and GIUK2,_cona-spam Structures. Indeed,
the D1-Dlinterface in the A-D LBD dimer of GIuK2g,,, .y Undergoes
rupture, resulting in marked separation of the D1lobes (Fig. 5e) com-
pared with GluK2g;,\ (Fig. 5f) and GluK2,_cona-geam (Fig. 5g). This rup-
ture of the interface that harbours BPAM molecules in GluK2g,,, and
GluK2,-cona-pram distorts BPAM binding sites and explains why this
PAM s not bound to the GluK2g;,.,s;n A-D LBD dimer. Of note, during
the D1-Dlinterface rupture, the GluK2g,.,syn A-D LBD dimer loses
its two-fold rotational symmetry, a defining aspect of GluK2g,,, and
GluK2g,_cona-sram Structures. Signified by the appearance of aside cleft
(Fig. 5e), thisloss of two-fold symmetry, together with the separation
of D1lobes, represents characteristic features of the desensitized-state
dimer in the complex of AMPAR with its auxiliary subunit GSG1L*%*°
(Extended DataFig. 9). Notably, although the D1lobe separation char-
acterizes desensitized AMPAR complexes with all transmembrane
AMPAR regulatory proteins (TARPs), their two-fold symmetry appears
to be preserved in complexes with y2 and y5 (Extended Data Fig. 9c),
but not in complexes with y8 subunits®**>%°,

The pores in Glu-bound GluK2,.4¢014 and GluK2g,,,s, appear to
be non-conducting (Figs. 4b and 6a,b), consistent with these being
desensitized ionotropic glutamate receptors. These agonist-bound
structures cannot represent an open state because Glu binding does
not cause the LBD layer expansion (Fig. 3f) that is required to apply
tension to the LBD-TMD linkers and drive pore opening. Instead, an
approximately 100° rotation of B and D LBDs reduces tension in the
linkers by bringing their attachment points closer together. Indeed,
among altered distances between attachment points of the diagonal
M3-S2 linkers, the most critical for driving pore opening distances
between the diagonal subunits Band D undergo substantial reduction
inboth GluK2, 4014 (Fig. 6¢) and GluK2y,,.s,m (Fig. 6d), the opposite of
what happensin the open-state GIuK2g,,_cona-spam Structure (Fig. 4f).
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The vertical dashed line denotes the radius of a water molecule (1.4 A).
c,d, Extracellular view of the ion channel semi-transparent surface in
GluK2g,,_cona-spam (€) and GluK 24,y (d; PDBID: 8FWS). e,f, Superposition of
the pore-lining segments M3 and M3-S2 linkers in subunits Aand C (e) and
Band D (f), withresidues lining the porein the gate region shown as sticks.
Distancesbetween Caatoms of S670 are indicated.

Discussion

We utilized two PAMs—ConA and BPAM—to capture the open con-
formation of the GluK2 KAR channel activated by Glu. Activation is
drivenby Glu-induced closure of individual LBD clamshells (Fig. 3a,b),
which is converted into separation of D2 lobes in back-to-back LBD
dimers (Fig. 3c,d) and expansion of the LBD tetramer (Fig. 3e,f). Dur-
ingactivation, ConA and BPAM appear to work synergistically to delay
desensitization (Fig. 1a,b). Although BPAM alone acting as a glue is
too weak to substantially impede the breakdown of the D1-D1LBD
interface associated with desensitization, ConA bound to the LBD D2
lobes seems to sterically hinder this breakdown further. In addition,
therole of ConA asaspacer betweenthe ATD and LBD layers appears to
beanelimination of ATD-LBD interfaces in subunits Aand C (Extended
Data Fig. 4a) that might restrain the activation-associated expansion
of the LBD tetramer. Applied to the LBD-TMD linkers (Fig. 4e,f), the
expansion of the LBD tetramer causes opening of theion channel pore
(Fig. 4a-d and Extended Data Fig. 8).

KAR activation appears to resemble that of AMPARs, and probably
occurs through a pre-active state, in which Glu has already bound but
the channel is not yet open2%3%51-53 However, opening of the GluK2
channel involves kinking of all four M3 helices (Fig. 4e,f), whereas all
available open-state structures of AMPARs have M3 kinked in subunits
Band D only (Extended DataFig.7d,e). One possible explanationis that
among open states with differention conductance (states 01-04, with
increasing channel opening), GIuK2g,,_cona-seam Fepresents the maximal
conductance O4 state,and AMPAR structures representintermediate
conductance O1 and 02 states*®. Alternatively, LBD-TMD linkers in
AMPARs and KARs that have distinct amino acid sequences may be
engaged inspecificinteractions, which direct the LBD layer expansion
forcestothe M3 segmentsinadistinct manner. Distinct directionality
of appliedforcesis suggested by arotation of approximately 12° of the
LBD layer in the open-state structure of GluK2 compared with GluA2
(Extended Data Fig. 7a-c). Since all available open-state structures
of AMPARs have been solved in complex with auxiliary subunits, the
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Fig.5|Structures of GluK2, 45,10 and GluK 2, ,5,m- a,b, Structures of
GluK2yy.4r014 (@) and GluK 2,55 (b) viewed parallel to membrane, with
subunits A and C coloured orange and Band D coloured light blue. Glu (dark
green) isshown as space-filling models and carbohydrates (light green) are
shown assticks. The axis of the overall two-fold symmetry in GIuK2g,, 4014 iS
shown asadashedline, and axes of the local two-fold symmetry for ATD
dimersareshownassolid lines. c,d, Intracellular view of the LBD layerin
GluK2yy.4r014 (€) and GluK 2y, oym (d), with the Caatoms of S670 (green spheres)
connected by linesand green arrows illustrating the rotation of subunit Band
D LBDsrelative to their positions in GluK2gp,y. The red arrow pointsto the
cleftbetween the GluK2,,.,,,» protomers, indicating the loss of the LBD dimer
two-fold rotational symmetry. e, Side (left) and top (right) views of the LBD
dimerin GluK2g,,.,sym, With distances between Ca.atoms of S670 and P773
indicated. Greenarrowsillustrate the 20° rotation of the lobes D1 towards D2
upon Glubinding compared to GluK 2. f,g, Similar side view of LBD dimers
in GluK2gpay (F) and GIuK 26,,_cona-span (&), with BPAM shown as a space-filling
model (dark blue) and the axes of the local two-fold rotational symmetry
shown assolid blacklines.
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L655

T652
S649

1648
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M3(C)

B GluK2q, a5ym

B GluK2gpa M3(B)

Fig. 6| Closed pore of GluK2,,.4r01sand GIUK 2, 55ym- a,b, Extracellular view of
theionchannel semi-transparent surface in GluK2g;, 401 (@) and GIuK 2y, ,ym (b).
c,d, Superposition of the pore-lining segments M3 and M3-S2 linkers in
subunits Aand C (left) and Band D (right) of GluK 2, (PDB 1D: 8FWS, blue) and
GluK2g.45014 (€; dirty green) or GluK2g,,.,5,m (d; green), with residues lining the
poreinthe gateregionshownassticks. Distances between Caatoms of S670
areindicated.

differencein M3 behaviour during channel opening might also be due
tointeractions with auxiliary subunits.

Thestates represented by the GIUK2,.4t01s and GIUK2),.5,m Structures
remainunresolved. These structures might represent different stages
of desensitization, with GluK2g,,,,,» being anintermediate state. This
would be consistent with previous studiesin which a state identical to
GluK2,.4,.s Was declared the main desensitized state™. In this scenario,
desensitization would begin similarly to that of AMPARs, from the
pre-active state, with rupture of D1-Dlinterfaces inboth LBD dimers.
Incontrastto AMPARs however, desensitizationin KARs would proceed
with further rupture of one LBD dimer (GluK2;,.,5,m), followed by the
second (GluK2g,, 4¢) through rotation of about 100° of Band D LBDs.
A missing intermediate desensitized state (GluK2g,,,¢,) that was not
revealedin this study is expected to have two LBD dimers with ruptured
D1-Dlinterfaces. However, oneinconsistency of this modelis that the
terminal desensitized-state GluK2g,,. 414 is identical to the recently
determined apo conformation' (Extended Data Fig. 5). Moreover,
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although it is conceivable that forces generated by Glu-induced LBD
closure can be directed to rotate the B and D LBDs by 100°, it remains
unclear what, aside from diffusion, could possibly cause such rotations
inthe reverse direction during recovery from desensitization.

An alternative explanation for the observed structural behaviour
is that GluK2,,.4s,is represents a structural artefact, with LBD dimers
dissociating into monomers owing to specific forces applied to KARs
associated, for instance, with the air-liquid interface of the cryo-EM
grid. According to this alternative, the putative GIuK2, 14 Structure
with two LBD dimers, each having ruptured D1-Dlinterface, would be
the ultimate desensitized state, analogous to AMPARs. Accordingly,
the GluK2,..sym Structure would then represent a semi-broken state,
inwhich one LBD dimer has a natural desensitized conformation, and
another is dissociated into monomers. These questions remain to be
addressed in future studies.
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Methods

Plasmids and strains

DNA for the full-length rat GluK2 (GenBank CAA77778.1), with V at
position 567, C at position 571and Q at position 621 (the Q/R site), was
amplified using PCR and subsequently inserted into the pEG BacMam
vector**. This vector included a thrombin cleavage site (LVPRG) at the
C-terminus, eGFP, and streptavidin affinity tag (WSHPQFEK). The Bac-
mid and baculoviruses were produced in Sf9 cells (GIBCO) cultured
in Sf-900 111 SFM media (GIBCO) at 27 °C using standard methods**.
Recombinant rat GluK2 was expressed in HEK 293F cells (ATCC) cul-
tured in Freestyle 293 expression medium (GIBCO) at 30 °C and 6%
CO,.For patch-clamp experiments, HEK 293F cells were employed and
maintained at 37 °Cand 6% CO, in Dulbecco’s Modified Eagle’s Medium,
supplemented with 10% fetal bovine serum.

Protein expression and purification

Purification of recombinant GluK2 followed previously established pro-
cedures withslight modifications”. Inbrief, P2 viruses produced in Sf9
cellswereintroduced to HEK 293F cells (Gibco,R79007) and incubated
at 37 °C with 6% CO,. After 12-15 h post-transduction, 10 mM sodium
butyratewasaddedtothecells,andthe temperature was thenlowered to
30 °C.The cultured cells were harvested 72 h post-transduction through
low-speed centrifugation (5,500g, 10 min), followed by awash with 1x
PBS pH 7.4 and another centrifugation (5,500g, 15 min). The resulting
cell pellet was resuspended in 50 ml of ice-cold lysis buffer composed
of 150 mM NaCl, 20 mM Tris-HCI pH 8.0, 1 mM 3-mercaptoethanol,
0.8 pM aprotinin, 2 pg ml? leupeptin, 2 uM pepstatin A, and 1 mM phe-
nylmethylsulfonyl fluoride (PMSF). The cells were lysed by sonication
for3 min (15 sonand 15 s off). The cell lysate was centrifuged (9,900g,
15 min) to remove cell debris, and the resulting supernatant was sub-
jectedtoultracentrifugation (186,000g,1 h) toisolate cell membranes.
The obtained cell membranes were mechanically homogenized and sol-
ubilized for2-3 hinabuffer consisting of 150 mM NacCl, 20 mM Tris-HCI
pH8.0,1mM B-mercaptoethanol, and 1% digitonin (Cayman Chemical
Company, 14952). Theinsoluble material was removed by another round
of ultracentrifugation (186,000g,1 h). The supernatant was combined
with pre-equilibrated streptavidin-linked resin (2 ml) and rotated for
10-14 hat4 °C. Subsequently, the protein-bound resin was washed with
30-35 ml buffer containing 150 mM NacCl, 20 mM Tris-HCI pH 8.0, and
0.05% digitonin. The protein was eluted in 12-15 ml of the same buffer
supplemented with2.5 mM desthiobiotin. The eluted protein was con-
centrated and subjected to thrombin digestion (1:200 w/w) at 22 °C for
90 min to remove eGFP and the streptavidin affinity tag. The digest
reactionwas theninjectedintoaSuperose 610/300 GL size-exclusion
chromatography column (GE Healthcare) pre-equilibrated with a buffer
containing 150 mM NaCl, 20 mM Tris-HCI pH 8.0, and 0.05% digitonin.
The peak fractions corresponding to tetrameric GluK2 were pooled,
concentrated to 6-6.5 mg ml™ (-60 uM), and used for cryo-EM sample
preparation. All procedures, unless otherwise specified, were carried
outat4°C.

Electron microscopy sample preparation and data collection

We utilized an in-house vitrification system developed for rapid
grid preparation (Extended Data Fig. 10). This system was built
using similar operational principles as the previously described vit-
rification devices*** with several modifications. We used Kuhnke
HD8286-R-F-24VDC and T Tulead 12 V DC as plunging and blotting
solenoids, respectively. Solenoid holders, amagnetic lock, ablotting
paper holder, and tweezer holders were designed in Blender 3.1.2 using
the previously designed parts**** as templates and printed using a Form
3 (Formlabs) 3D printer. All parts that we used to assemble a vitrification
system stand on optical table were purchased from ThorLabs. Solenoid
driver circuit boards were designed and assembled in-house. Solenoids
were powered by 60 V (plunging) and 12 V (blotting) direct current

power supply sources. The performance of blotting and plunging sole-
noids was controlled by an Axon Digidata 1440 A digitizer operated by
the Clampex 10.7 software.

For cryo-EM grid preparation, we employed UltrAuFoil R1.2/1.3,
300-mesh gold grids (EMS). Before sample application, the grids
were treated in a PELCO easyGlow cleaning system (Ted Pella, 25 s,
15mA) to render their surface hydrophilic. Purified GluK2 protein at
a concentration of 60 pM was incubated with 500 uM BPAM344 for
20-30 minonice.Subsequently, 90 uM of succinylated concanavalin
A was rapidly added to the GluK2-BPAM mixture, and a 1.5 pl protein
sample was promptly applied to both sides of the grid. Following this,
0.5 pl L-glutamate at 10 mM was applied to one side of the grid, blot-
ted for 1.5 s from the other side, and immediately vitrified in liquid
ethane cooled by liquid nitrogen. The total time between Glu applica-
tion and plunge-freezing was less than 3 s. Starting from the addition
of ConA to the GluK2-BPAM mix until vitrification, the entire process
was completed in 40-45s. The grids were imaged using a Titan Krios
transmission electron microscope (Thermo Fisher Scientific) operating
at300 kV, equipped with a post-column GIF Quantum energy filter (slit
width set to 20 eV) and a Gatan K3 direct electron detection camera.
The total number of 22,990 images were collected in the counting
mode across the defocus range of 1.0 to —2.0 um and the pixel size
of 0.83 A. The total dose of ~58 e"A2 was attained by using the dose
rate of -16 e pixel s during the 2.5-s exposure time across 50 frames.

Image processing and three-dimensional reconstructions

Data were processed in cryoSPARC v4.4.1% (Extended Data Fig. 1).
Movie frames were aligned using Patch Motion Correction algorithm.
Contrast transfer function (CTF) estimation was performed using the
patch CTF estimation. Following CTF estimation, micrographs were
manually inspected and those with outliers in defocus values, ice thick-
ness, and astigmatism as well as micrographs with lower predicted
CTF-correlated resolution were excluded from further processing
(individually assessed for each parameter relative to the overall distri-
bution). Approximately 5,000 micrographs were used for blob picking
and particle extraction, followed by multiple rounds of 2D classifi-
cation to create templates for Template picking and training Topaz
model*®. After removal of duplicates, the total number of 8,660,229
particles were picked from the full set of micrographs using results
from Template picker and Topaz and extracted with the 416-pixel box
size and then binned to the 128-pixel box size. After several rounds
of reference-free 2D classifications and heterogeneous refinements
with one reference class created using ab initio reconstruction and
three automatically generated ‘garbage’ classes, the best set 0f 746,323
particles was subjected to heterogeneous refinement into four classes.
At this moment, we observed two classes with ConA bound (419,597
particles) and two classes without ConA density (326,726 particles).
ConA-bound and ConA-unbound classes were separately subjected to
thereference-based motion correction, and the resulting pool of parti-
cleswith a416-pixel box size was down sampled to a256-pixel box size
(or1.34 A pixel™) and used throughout the remaining processing steps.

Particles representing GlukK2 without ConA were subjected to
non-uniform refinement without applied symmetry restrains (C,)
and classified into 3 classes using a reference-free 3D classification
algorithm. Particles from the best two classes underwent refinement
using non-uniform refinement. This process included refinement with
either C, symmetry (80,612 particles) imposed, resulting in a 3.36-A
reconstruction (GluK2g,, 4r,14) and a nearly four-fold symmetrical LBD
layer, or withoutimposed symmetry (C,, 72,375 particles), resulting in
a3.84-A reconstruction (GluK2g),,.a5ym) and an apparently asymmetric
structure.

Particles representing GluK2 with ConAbound were subjected to the
non-uniform refinement without application of symmetry restraints
(C).Subsequently, focused masks around the ATD, ConA and LBD-TMD
were created and used for the local refinements of the corresponding
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regions. Local refinements with the focused masks resulted in 3.50-A
reconstruction (C,) of the ATD region, 3.69-A reconstruction (C,) of the
ConA dimer, and 3.40-A reconstruction (C,) of the LBD-TMD region.

Additionally, heterogeneous refinement was used to classify all
ConA-bound particles into five classes, yielding GluK2 classes with
distinct modes of ConA binding to afull-length GluK2 tetramer: three
classes with two ConA dimers bound and two classes with a single ConA
dimerbound. Of these five classes, two most populated were subjected
to non-uniform refinement, resulting in a 6.66-A reconstruction (C,,
77,587 particles) with a single ConA dimer bound, and a4.29-A recon-
struction (C,, 109,827 particles) with two ConA dimers bound.

Subsequently, the combine_focused_maps algorithmimplemented
inPhenix was used to create composite maps for GluK2boundto either
one or two ConA dimers, with 4.29-A and 6.66-A resolutions, as well
asthelocally refined ATD, ConA and LBD-TMD regions as inputs. The
reported resolution for the final maps was estimated in cryoSPARC
using the gold standard Fourier shell correlation of the Fourier shell
correlation (FSC) = 0.143 criterion. The local resolution was calculated
in cryoSPARC using the FSC = 0.5 criterion. Cryo-EM densities were
visualized using UCSF ChimeraX¥. Structural biology applications used
in this project adhered to and were configured by SBGrid.

Model building, refinement and validation

Initially, the GluK2-ConA model was constructed in Coot>® using
cryo-EM density alongside the coordinates from the full-length cryo-EM
structure of GluK2 (PDB ID: 8FWQ) and the X-ray crystal structure of
ConA (PDB ID: 3ENR) as references. The models of GluK2 and ConA
were docked into the GluK2-ConA map in Chimera®. Visual inspection
ensured a general fit, and manual model building was carried out in
Coot. Theresolution and quality of the maps facilitated the unambigu-
ous completion of model building. To check for overfitting, the models
were subjected toa coordinate shift of 0.5 A (using shake) in Phenix®.
Each shaken model was refined against a corresponding unfiltered
half map, and densities were generated from the resulting models in
Chimera. The resultant models underwent real-space refinement in
Phenix and were visualized in Chimera or Pymol (The PyMOL Molecular
Graphics System, version 2.0, Schrodinger). Validation statistics for the
models are summarized in Extended Data Table 1. Domain rotations
were determined using the DynDom server (http://dyndom.cmp.uea.
ac.uk/dyndomy/). The pore radius was calculated using HOLE®'.

t58

Patch-clamp recordings

DNA encoding GluK2 (described in ‘Plasmids and strains’) was intro-
ducedintoaplRES plasmid for expressionin eukaryotic cells that were
engineered to produce green fluorescent protein via a downstream
internal ribosome entry site®>. HEK 293 cells (ATCC, CRL-1573) grown
on glass coverslips in 35-mm dishes were transiently transfected with
1-5 pg plasmid DNA using Lipofectamine 2000 Reagent (Invitrogen).
Recordings were made 24 to 48 h after transfection at room tempera-
ture. Currents fromwhole cells, typically held at -60 mV potential, were
recorded using Axopatch 200B amplifier (Molecular Devices), filtered
at 5 kHz, and digitized at 10 kHz using low-noise data acquisition sys-
tem Digidata 1440 A and pCLAMP 10.2 software (Molecular Devices).
The external solution contained (in mM): 150 NaCl, 2.4 KCl, 4 CaCl,,
4MgCl,, and 10 HEPES pH7.3; 7 mM NaCl was added to the extracellular
activating solution containing 3 mM Glu to improve visualization of
the border between two solutions coming out of a two-barrel theta
glass pipette, which allowed its more precise positional adjustment for
faster solutionexchange. Theinternal 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 piezo-
electric translator. Typical 10-90% rise times were 200-300 ps, as
measured fromjunction potentials at the open tip of the patch pipette
afterrecordings. Data analysis was performed using the Clampfit10.3
and Origin 2023 software (OriginLab Corporation).

System preparation for molecular dynamics simulations

The structures of GluK2;p,y (PDBID: 8FWS) and GIuK2,,_cona-gpam WETE
used asinitial atomic coordinates for molecular dynamics simulations.
GluK2gpay structure comprised the LBD, TMD and linkers between them
and included residues R431 to A850. Similarly, the GIuK2,,_cona-gpam
structure used in molecular dynamics simulations included residues
starting from S429 in the LBD and ending with R874 in the TMD. For
the molecular dynamics system of GluK2;,,\, we kept the protein, Na*
ions and BPAM molecules from the cryo-EM structure and removed all
other molecules. For the GIuK2,,_cona-spam System, we kept the protein,
BPAM, Glu, and cholesterol molecules from the cryo-EM structure and
removed all other molecules. Each simulation box was constructed in
CHARMM-GUI membrane builder®® by inserting the protein into a
POPCbilayer and solvating it with TIP3P water molecules and 150 mM
KCI. The systems were set up for molecular dynamics simulations using
the “tleap” module of the AmberTools20 package®*. Parametrization
of all the ligands was carried out using the general AMBER force field
(GAFF2)®, The total number of atoms in the final simulation boxes was
304,680 for the GluK2gp,, system and 313,937 for the GIuK2g,,_cona-gpam
system. The boxes contained 69,896 water molecules for GluK2,, and
72,667 for GluK2¢,,-cona-spam- The GluK2,,4 System contained 6 Na*,
207 K" and 189 CI" ions, while the GIuK2g,,_cona-sram SYStem contained
212 K" and 196 CI " ions. The number of lipid molecules was 507 for
GluK2gpam and 504 for GIuK2¢,,_cona-spam-

Molecular dynamics simulation protocols

The Pmemd.cuda program of the Amber20 molecular dynamics soft-
ware package was used for all molecular dynamics simulations®*. Amber
FF99SB-ILDN® force field parameters were used for protein and ions,
TIP3P model for water, and Lipid14 force field®” parameters for lipids.
All equilibration and production simulations were performed in NPT
ensemble at 300 K temperature and 1 bar pressure with anisotropic
pressure scaling. The temperature was controlled using Langevin
thermostat with a collision frequency of 1 ps™ and the pressure was
controlled using Berendsen barostat with a relaxation time of 1 ps as
implementedin Amber20. All covalent bondsinvolving hydrogenatoms
were constrained using the SHAKE algorithm®, with the integration
time step of 2 fs. Thelong-range electrostaticinteractions were approxi-
mated using the particle mesh Ewald method®, with a non-bonded
interaction cutoff radius of 10 A. Periodic boundary conditions were
appliedinall directions.

Each system was minimized while keeping restraints on protein Cx
andligand heavy atoms. Next, water and ions were equilibrated at con-
stant volume molecular dynamics simulations as the temperature was
gradually increased from 0 to 300 K, with all protein, ligand and lipid
heavy atoms harmonically restrained at their energy minimized posi-
tions with the force constant of 40 kcal mol™ A2, The systems were then
equilibrated for 100 ns at constant pressure, gradually releasing the
restraints on the protein and ligands to 0.5 kcal mol™ A, Production
simulations were carried out for 200 ns without any restraints on the
pore-forming helixes or non-helical structures.

Molecular dynamics trajectory analysis

Post-processing and analysis of the trajectories were carried out using
CPPTRAJ”° module of AmberTools20 and VMD 1.9.47%. VMD 1.9.4 was
usedtovisualize trajectories and generate simulation video,and PyMOL
was used to generate simulation snapshot figures.

Statistics and reproducibility

Statistical analysis was performed using Origin 2023. Statistical sig-
nificance was calculated using two-sample ¢-test, with the significance
assumed if P< 0.05. In all figure legends, n represents the number of
independent biological replicates. All quantitative data were presented
asmean *s.e.m.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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(GluK21y-2cona-gpam, COMposite map), EMD-44130 (GIuK2,,_1«cona-gpam»
composite map), EMD-44128 (GluK2g,,_cona-gpam, LBD-TMD), EMD-
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44127 (GluK2g,,_1xcona-gram, reference map). The atomic coordinates
have been deposited to the Protein Data Bank (PDB) under the acces-
sion codes 9B36 (GIuK2,s«cona-sram)» IB37 (GIUK2 1, -1xcona-sram)» IB35
(GIUK2¢y, cons_spars LBD-TMD), 9B38 (GIUK2(, 47010), 9B39 (GIUK 21 45ym),
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with this paper.
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Extended DataFig. 3| Cryo-EM density for GIuK2,,.cona.spam- a-b, Binding oftypell(e) contactinterfaces between the GluK2 and ConA, with the proteins
pockets of Glu (a) and BPAM (b), with the protein structural model shownasa shownasyellow and purpleribbons, respectively, their density as blue mesh,
yellow ribbon and sticks, ligands as green sticks, and the corresponding density =~ carbohydrates as green sticks and their density as red mesh. f, M1-M4 segments
asblue and red mesh. c-e, ATD-ConA (c), ConA-LBD of type I (d), and ConA-LBD ofthe TMD.
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Extended DataFig. 4 |Structuralensemble observed for GluK2in the
presence of Glu, ConA and BPAM and domain comparisons. a, Structures
0f GluK 2y, 2xcona seams GIUK 21y 1xconasramy GIUK 261y 45010 N GIUK 26, 45y Viewed
parallel tothe membrane (top) and their LBD layers viewed extracellularly
(bottom). Subunits A/C colored orange, B/D cyan, and ConA molecules purple
and magenta. Molecules of Glu (dark green) and BPAM (dark blue) are shown as
space-fillingmodels. Carbohydrates (light green) and lipids (violet) are shown

Gluk2, Gluk2

Glu-4fold Glu-asym

No ConA bound
~4-fold symmetric LBD layer No ConA bound
Asymmetric LBD layer

assticks. The distances between the centers of mass of ATD and LBD layers
areindicated. b-f, ATD layer structures from GluK2g,,\ (b, PDBID: 8FWS,
blue), GluK2g,.conasram (€, PINK), GIUK 24y, 4014 (d, smudge), GIUK2,5ym

(e, green) and their superposition (f). g-j, Individual LBD structures from
GIUKZGIu'COnA'BPAM (g' pil’lk), GIUKZGIurﬁold (hr SmUdge)' GIUKZGlurasym (i, green)
and their superposition (j).
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Extended DataFig. 5| Comparison of GluK2 structures with 4-fold tothe membrane. The agonist molecules Gluand SYM are shown as space-
symmetrical LBD layer. a-d, Structures of GluK2g,, 414 (@, green), GluK2in fillingmodels. e-h, LBD tetramers in GluK 2,401 (€), GIUK 24y (F), GIUK2,,, (g)
complexwith (25,4 R)-4-methylglutamate (SYM) in the putative desensitized and their superposition (h) viewed extracellularly. i-1, Individual LBDs from
state (b, GluK2gyy, PDBID: SKUF, cyan), GluK2in the putative apo state GluK2gy.4501 (), GlUK25yy (j), GluK2,,, (k) and their superposition (I).

(¢, GluK2,,,, PDBID: 8F0O, orange) and their superposition (d) viewed parallel
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Extended DataFig. 6 | Different configurations of the ConA dimers ATD and LBD layers (right), with ConA molecules showninribbonrepresentation.
connecting the ATD and LBD layers. a-b, Cryo-EM density for Note, thereare two types of ConA-LBD contacts that are shown in more detail in
GIUK 21 2xcona-sranm (@) and GIUK 2, 1 conasram (D) Viewed from the side (left) Fig.2f,g.

and closeup views of different configurations of ConA dimers connecting
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Extended DataFig.7| Comparison ofopenstatesin KARsand AMPARs.
a-c,LBD-TMD structures in GIuK2g,,.conaspam (@, pink), GluA2-y2,,.crz (b, PDBID:
SWEO, olive and cyan) and their superposition (c) viewed parallel to the
membrane (top) or extracellularly (bottom). The molecules of Gluand PAMs
areshown asspace-fillingmodels. Pink arrows indicate a - 12° rotation of the
LBD layer in GIuK2g,,.cona.spam relative to GluA2-y2,,.crz. d-e, Superposition of
the pore-lining segments M2 and M3 in subunits Aand C (d) and Band D (e) of
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thegateregionshown assticks. Arrowsindicate the gating hinge in M3.f, Pore
radius for GIuK 2, cona-span (PiNk), GIluA2-y2,, 17 (0live), GGGN (PDBID: 7TNO,
light blue), GNGN1(PDBID: 7TNL, purple), GNGN2 (PDBID: 7TNM, blue), GGNN
(PDBID:7TNN, violet) and GGGG (PDBID: 7TNP, green) calculated using HOLE.
The vertical dashed line denotes the radius of awater molecule, 1.4 A.
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Extended DataFig. 8| Molecular dynamics simulations. a, Asnapshot of the
MD simulated GluK2, conasram Systemin lipid bilayer and aqueous electrolyte
solution, with the receptor subunits A/C shown as orange and B/D as cyan
ribbons, lipid bilayer acyl chainsin white and hydrophilic head groups as sticks,
BPAMindarkblue and glutamate in dark green space-filling models, cholesterol
asviolet sticks, water as light blue continuum, and K*and Cl" ions as green and
pinkspheres, respectively. b, Structural stability during MD simulationsis
illustrated asatime dependence of the Ca Root Mean Square Deviation (RMSD)
for GIuK2g;,.cona-spam (PiNk) and GluK 24,y (blue, PDBID: 8FWS). ¢-f, Instant
occupancy of water molecules (white/red spheres and light blue surface) andK*
ions (greenspheres) (c-d) and cumulative density of K*ions (green surface)

100
Time (ns)

(e-f) for MD simulations of GluK2g,,y (PDB ID: 8FWS) (c,e) and GIuK2,,.conaspam
(d,f). Pore-forming segments M2 and M3 (subunits A and C) in GluK2g,,y, (blue)
and GIuK2g,.cona-sram (Pink) are shown as ribbons, with residues lining the pore
shownassticks. g, Ontheleft, the structure of GluK2g,,.conaspam With three
exemplar K*ions colored differently. On the right, trajectories for K* ions
movingalong the pore axis (Z) during the MD simulation of GIuK2¢,,.cona-span-
Thesame colors are used for the trajectories as for K* ions represented by
spheresontheleftorinSupplementary Video 1. The dashed lineindicates the
gateregionatz-20 A.K"ions crossing this line permeate through the open
gate.NoK"ion permeation was observed during MD simulations of GIuK 2y
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Extended DataFig. 9| Comparison of desensitized-state dimersin KARs asspace-filling models. Distances between Caatoms of S670 and P773 in KARs
and AMPARSs. a-d, LBD dimers from structures of GluK2g,,,,,m (a, green), and S635and S741in AMPARs areindicated. Rotation of the lobes D1towards D2
GluA2-GSGlLy, (b, PDBID: 7RYZ, cyan), GluA2-y5.,; (c, PDBID: 7RZ8, olive) uponagonist bindingisillustrated by blue arrows. Red arrows point to the cleft

and superposition of GIuK2,.,sym and GluA2-GSGIL,; (€) viewed from the side betweenthe LBD protomerssignifying the loss of the dimer 2-fold rotational
(left) or top (right). The agonist molecules Glu and quisqualate (Quis) areshown  symmetry.
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Extended DataFig.10|In-house vitrificationsystem for time-resolved when glutamate was added. ¢, Overview of in-house vitrification system
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b, Principal protocol for controlling the operation of blotting (blue) and plunging  components of the system.

(red) solenoids using the Clampex 10.7 software. Black arrow indicates the time



Article

Extended Data Table 1| Cryo-EM data collection, refinement, and validation statistics

GIuK2giy-2xcona-BPAM

GIuK2giy-1xcona-BPAM

GIuK2giy-cona-BrAM

GIuK2gi1y.41oid

Glu K2Glu-asym

LBD-TMD
EMDB code EMD-44129 EMD-44130 EMD-44128 EMD-44131 EMD-44132
PDB code 9B36 9B37 9B35 9B38 9B39
Data collection
and processing
Voltage (kV) 300 300 300 300 300
Electron exposure 58 58 58 58 58
(eA?)
Reported pixel size 1.34 1.34 1.34 1.34 1.34
(Alpix)
Processing cryoSPARC cryoSPARC v4.4.1 cryoSPARC cryoSPARC cryoSPARC
software v4.4.1 v4.4.1 v4.4.1 v4.4.1
Symmetry imposed Cc2 C1 Cc2 Cc2 C1
Final particle 109,827 77,587 95,210 80,612 72,375
images (no.) (EMD-44126) (EMD-44127)
Map resolution (A) 4.29 6.66 3.4 3.36 3.84
FSC 0.143 (EMD-44126) (EMD-44127)
Refinement
Initial models used 8FWQ, 3ENR 8FWQ, 3ENR 8FWS 8FWQ 8FWQ
(PDB code)
FSC threshold 0.143 0.143 0.143 0.143 0.143
Map sharpening B -171.8 -557.4 -91.4 -88.4 -82.3
factor (A?) (EMD-44126) (EMD-44127)
Model
composition
Non-hydrogen 36,342 32,654 15,472 22,670 27,522
atoms
Protein residues 4320 3846 1788 2720 3372
Ligands
2J9 (BPAM344) 4 4 4 - R
Glu (L-glutamate) 4 4 4 4 4
BMA ( D-mannose) 18 13 4 12 8
NAG (N- 66 65 16 46 40
Acetylglucosamine)
POV (POPC) 14 14 14 - -
CA (calcium) 4 2 - - -
GAL(D-galactose) 4 4 - - -
CLR (Cholesterol) 8 8 8 16 -
MAN (D-mannose) 15 14 - - 10
ZN (zinc) 4 2 - - -
B factors (A?)
Protein 90.40 114.64 87.14 104.18 152.63
Ligands 61.35 75.56 35.93 42.98 91.72
R.m.s. deviations
Bond lengths (A) 0.007 0.007 0.008 0.007 0.009
Bond angles (°) 1.390 1.323 1.314 1.311 1.547
Validation
MolProbity score 1.97 1.92 1.94 1.77 2.10
Clash score, all 5.73 5.67 5.98 4.66 7.52
atoms
Outliers rotamers 0.64 0.36 0.64 0.76 0.44
(%)
Ramachandran
plot
Favored (%) 85.21 87.55 87.39 90.59 83.18
Allowed (%) 14.05 11.98 11.71 9.04 15.36
Quitliers (%) 0.74 0.47 0.90 0.37 1.46
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reference map), and EMD-44127 (GluK2Glu-1XConA-BPAM, reference map). The atomic coordinates have been deposited to the Protein Data Bank (PDB) under the
accession codes 9B36 (GluK2Glu-2XConA-BPAM), 9B37 (GluK2Glu-1XConA-BPAM), 9B35 (GluK2Glu-ConA-BPAM, LBD-TMD), 9B38 (GluK2Glu-4fold), 9B39 (GluK2Glu-
asym), 9B34 (ConA, Type 1), and 9B33 (ConA, Type Il). The atomic coordinates under the accession codes 3ENR, SKUF, SWEO, 7RZ8, 7RYZ, 7TNL, 7TNM, 7TNN,
7TNO, 7TNP, 8F00, 8FWQ and 8FWS were used for model building and structural comparisons. Source data are provided with this paper.
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Sample size Amount of cryo-EM data collected was limited by time allocation at the microscopes. For electrophysiological experiments, we only selected
healthy-looking cells, with contrast body and smooth membrane that also showed the fluorescent signal of GFP expressed under a different
from GluK2 promotor. No statistical approaches were used to predetermine the sample size but all measurements were performed using five
or more biologically independent measurements. Exact number of biologically independent measurements and the number of independent
experiments are reported in the figure legends.

Data exclusions  No data has been excluded.

Replication No replication attempts have failed. Cryo-EM data collections were performed during two continuous two- and three-day data collection
sessions and were consistent from the beginning to the end. A replication of the cryo-EM data collection was therefore not necessary or
economically justifiable. In electrophysiological experiments, we made at least five independent replicates for each construct.

Randomization  Samples were not randomized; it is not technically or practically feasible to do so for cryo-EM or patch-clamp studies. Covariant control is not
economically viable in cryo-EM data collections. Covariant control was also not possible in electrophysiological experiments due to the need
to transfect with predetermind cDNAs and optimize protein expression for individual constructs.

Blinding Researchers were not blinded; it is not technically or practically feasible to do so for cryo-EM or electrophysiological experiments. It is not
economically viable to blind cryo-EM collections. For electrophysiological experiments, researchers conducting the studies were also in charge
of cell as well as protein expression optimization for individual constructs in order to achieve recordings or transfected cells in these studies.
These circumstances made blinding not possible.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
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Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

Plants

HEK293S GnTl-, ATCC, Cat#CRL-3022
Sf9, Gibco, Cat#12659017
HEK 293, ATCC, Cat#CRL-1573

None of the cell lines used have been authenticated.

The cell lines used have been tested for mycoplasma contamination by the providers (negative results) but have not been
retested in the lab.

No commonly misidentified lines were used in this study.

Seed stocks N/A

Novel plant genotypes  N/A
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