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Abstract

lonotropic orphan delta receptors (GluD) are not gated by glutamate or any other endogenous
ligand but are grouped with ionotropic glutamate receptors based on sequence similarity. GluD1
receptors play critical roles in synaptogenesis, synapse maintenance and have been implicated in
neuronal disorders including schizophrenia, cognitive deficits, and cerebral ataxia. Here we report
cryo-electron microscopy structures of the rat GluD1 receptor complexed with calcium and the
ligand 7-chlorokynurenic acid, elucidating molecular architecture and principles of receptor
assembly. The structures reveal a non-swapped architecture at the extracellular amino-terminal
(ATD) and ligand-binding domain (LBD) interface. This is in contrast to other families of
ionotropic glutamate receptors (iGIuRs) where the dimer partners between the ATD and LBD
layers are swapped. Our results demonstrate that principles of architecture and symmetry are not
conserved between delta receptors and other iGIuRs and provide a molecular blueprint for
understanding the functions of the “orphan” class of iGIuRs.
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Introduction

Results

Delta receptors belong to the ionotropic glutamate receptor (iGIuR) family along with a.-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), kainate (KA) and N-
methyl-D-aspartate (NMDA) receptors. This enigmatic class of iGIuRs is referred to as
“orphan” because they are not activated by endogenous ligands. The family consists of two
members, GluD1 and GluD2, that are expressed in multiple regions of the brain with GluD1
predominantly expressed in the inner ear! and GluD2 in cerebellar Purkinje cells (PC)2. The
two subtypes share ~50 % sequence similarity with each other and around 20-30 % with
other iGIuRs 3. While multiple structures of the intact iGIuRs have been reported for AMPA,
KA and NMDA receptors®->, structural insights into a full-length Delta receptor is still
lacking. Unlike other iGIuRs, Delta receptors do not generate ligand-gated currents®-8 and
are believed to exert their physiological functions v/aa non-canonical (metabotropic)
pathway®12, Dysfunction of GluD receptors is associated with social and cognitive deficits,
9.13 cerebellar long-term depression (LTD),11-12. 14 cerebellar ataxia and atrophy?>-16 and is
also linked to retinal dystrophy,17 schizophrenia,'8-19 and cocaine addictionZC. The primary
function of GluD receptors is believed to be their ability to act as a bidirectional synaptic
organizer viatrans-synaptic interactions at presynaptic termini mediated through neurexin
and cerebellin,21-25 and at postsynaptic sites via direct interactions with shank scaffold
proteins26-27. On the other hand, the ionotropic roles of GluD receptors are enigmatic
because they possess a functional ion channel as demonstrated by electrophysiological
assays on both recombinantly expressed GluD receptors harbouring the Lurcher point
mutation28-30 and on chimeric receptors where the ligand-binding domains were swapped
with those from AMPA or KA receptors31-32, Further, the ionotropic properties of Lurcher
mutant receptors could be modulated by ligands like D-Ser, 7-Chlorokynurenic acid (7-
CKA) and Ca?* that bind to the ligand-binding domain (LBD)31:33-35 Moreover, recent
reports suggest that GluD receptors not only interact directly with metabotropic glutamate
receptors36-37 but are also gated by their activationl9: 38-39,

While crystal structures of isolated amino-terminal domains (ATD), ligand-binding domains
(LBD) and the intact extracellular region (ATD-LBD) have been reported for GluD
receptors, the full-length structure of either member of this family is still elusive. In order to
address this and to gain structural insight into the function of these orphan receptors, we
have determined the structure of homotetrameric rat GluD1 receptors using single-particle
cryo-electron microscopy (cryo-EM). The structure reveals a distinct architecture when
compared to other iGIuRs. We validated the observed receptor assembly via cysteine
crosslinking experiments and whole-cell patch-clamp electrophysiology. Our results provide
insights into architecture and assembly of orphan delta receptors and provide molecular
blueprints for understanding their functions.

Screening of C-terminally truncated rat GluD1 via FSEC#? identified GIuD1A851 as a
promising construct for large-scale expression and purification from HEK293 GnTI- cells in
suspension using established protocols*! (Extended Data Fig. 1 a, b; Supplementary Notes).
Purified receptor (GluD1A851) was complexed with 1mM 7-chlorokyneurenic acid (7-
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CKA\) to trap open cleft LBD conformation3®, and 1mM Ca2"* to stabilize the LBD dimer
assembly33 and subjected to cryo-EM analysis. 2D and 3D classification of the cleaned-up
particle stack resulted in seven distinct classes displaying heterogeneity in the extracellular
domains (Extended Data Fig. 1c, d) resulting primarily due to the movement of the two
extracellular arms (Extended Data Fig. 2). Out of the seven 3D classes, we focussed on
classes 5 and 7 representing a “compact” and a “splayed” conformation (Extended Data Fig.
2 and Supplementary Fig. 1) for 3D refinement resulting into final maps at 8.1 A and 7.6 A
resolution respectively as estimated by the gold-standard FSC 0.143 criteria*? (Extended
Data Fig. 3) into which protein co-ordinates were modelled and refined (Supplementary Fig.
2-3, Supplementary notes and Table 1).

A unprecedented architecture of the GluD1 receptor

Our cryo-EM analysis revealed a Y-shaped GluD1 receptor tetramer with a three-layered
arrangement of the ATD, LBD, and TM domains. The ATD and LBD are arranged in a 2-
fold symmetric dimer-of-dimers configuration as observed for other iGIuRs. However,
remarkably, domain swapping is not observed at the ATD-LBD layer (Fig. 1, and Extended
Data Fig. 4-6) between the proximal and distal subunits. It is noteworthy that all ionotropic
glutamate receptor structures reported till-date for N-methyl-D-aspartate (NMDA), AMPA,
and KA receptors exhibit domain swapping at the LBD layer (Extended Data Fig. 7). Due to
this non-swapped architecture of GluD1 receptors, the two arms of the receptor tetramer are
formed by subunits AB and DC with the domains of same subunits forming 2-fold
symmetric dimers at the ATD and LBD layers (Fig. 1 a, d, e, g and Extended Data Fig. 4).
Thus the conformations of subunits BD, proximal to the axis of tetramerization and subunits
AC, that are distal to the axis of tetramerization are similar.

Further, the extracellular domains of subunits AD and BC could also be superimposed with
an RMSD of ~2.6 A but the TM domains do not superimpose such that the angle formed
between M4 helices of the two subunits is ~ 63° (B-C) and 65° (A-D) respectively (Fig. 1 c).
This assembly is distinct from the reported structures of AMPA, Kainate and NMDA
receptors where the ATD dimer pairs are formed by AB and CD subunit pairs but due to
domain swapping, the LBD dimers are formed between subunits AD and BC. This
arrangement results in the formation of receptor tetramer by pairs of conformationally
distinct AC and BD subunits (Extended Data Fig. 7 and Supplementary Fig. 4). The non-
swapped arrangement of GluD1 receptors seemingly allows more conformational freedom
for the movements of the two dimer arms (Fig. 1 a, d, and Extended Data Fig. 4 a, d) leading
to the heterogeneity observed in our cryo-EM analysis.

Assembly of the Extracellular domains in GluD1

Each of the four ATDs has a clamshell-like structure formed by the upper (R1) and lower
(R2) lobes, with a nearly identical conformation in each subunit. ATD dimers assemble via
contacts mediated by both the upper R1 and lower R2 lobes, with a buried surface of ~2120
A2 per subunit. Further, due to the movement of the two extracellular arms, the GluD1 ATD
dimers form tetrameric (dimer-of-dimer) contacts only in the “compact” conformation, with
a small buried surface of ~28 A2 (Extended Data Fig. 8) unlike that in AMPA and kainate
receptors where the buried surface is much larger at ~300 A2. However, consistent with the
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nanomolar affinity for ATD homodimer formation observed for GluD2 receptors23, the ATD
dimer interface is intact in both the compact and extended conformations (Fig. 2).

Further, due to the absence of subunit crossover, the two ATD-LBD arms of the receptor
tetramer are in the same plane (Extended Data Fig. 5 and 6) while domain swapping and the
dimer-of-dimers interface interactions in AMPA and kainate receptors leads to tilting of the
ATD dimer pairs away from the overall axis of symmetry, such that subunits B and D lie
proximal to the center of mass (COM), whereas subunits A and C form the distal edges of
the tetramer assembly (Supplementary Fig. 4). Owing to this, the COMs of R2 lobes of ATD
proximal subunits B-D in the "compact" conformation are at a distance of ~45 A and an
angle of ~162° is formed between COMs of subunits A, B and D, indicating that the two
dimer are almost in the same plane. This is in contrast to AMPA receptor GIuA2 where the
B-D COMs are a distance of ~35 A and subunit A, B and D COMs make an angle of ~119°
(Fig. 1 d, and Extended Data Fig. 4 d).

Within the LBD layer, dimer pairs like those crystallized for the isolated domains for
AMPA, kainate and delta receptors assemble via contacts mediated by the upper lobes, with
a buried surface for each subunit of ~1184 A2 (Fig. 2 d and Extended Data Fig. 8 b). The
dimer-of-dimers interface in the compact conformation for the LBD is ~510 A2 which is
similar to that observed in AMPA and kainate receptors (Fig. 2 €). Further due to non-
crossover, in GluD1, the ATD and LBD layers in subunits AB and CD pack on top of each
other in an almost linear arrangement (Fig. 2 a). We also observe that the ATD and LBD
layers pack closer with respect to each other than in AMPA and kainate receptors. Whether
this assembly is due to non-crossover and the shorter ATD-LBD linker in GluD1 needs
further exploration (Fig. 2 b). Our imaging conditions had 1mM 7-CKA and Ca2*, which
helped in trapping the LBD in the dimeric state. The LBD adopts an open cleft similar to
antagonist bound AMPA and kainate receptor LBDs with a cleft opening of ~ 25° compared
to D-Ser bound GluD2 LBD35. (Supplementary Fig. 5). In overview, the LBD layer
arrangement is similar to that observed in antagonist bound GIuA2 or GIuK2 receptors in a
closed state with a classical 2-fold symmetric dimer and dimer-of-dimer assembly.

Transmembrane domain arrangement

In contrast to the two-fold symmetry of the LBD and ATD, the ion channel pore of GluD1
has 4-fold rotational symmetry such that the M4 segment of each subunit is packed against
M1 and M3 from an adjacent subunit in a counter-clockwise rotation A-B-C-D when viewed
from above (Fig. 1 f and g). While due to domain swap, the TM arrangement is clockwise
A-B-C-D in the AMPA and kainate receptors (Extended Data Fig. 7 ¢). Similar to AMPA
and kainate receptors, the pre-M1 cuff helix in GluD1 that lies parallel to the plane of the
membrane, wraps around the exterior of the ion channel assembly. As observed in other
iGIuRs, the M3 helix bundle forms barrier to ion permeation. We also observe that although
the TMs adopt a closed-pore, their assembly is more splayed similar to that observed in
NMDA receptors and unlike AMPA or kainate receptors where the assembly is more
compact. Consistent with this, the top of the M3 helix is more constricted and immediately
separates below to form an expanded vestibule. Owing to this, the distances between
residues R632 (top), L622 (middle) and L611 (bottom) of the M3 helices from two subunits
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D and B are ~13, 22 and 35 A respectively (Fig. 2 f). In contrast, the TM packing is more
compact in case of GIUA2 receptors where the corresponding residues on M3 helix L620
(top), L610 (middle) and R599 (bottom) are separated by 15, 16 and 30 A respectively
(Supplementary Fig. 4 b). Similarly, the distance between M4 helix residues A812 (top),
L823 (middle) and A836 (bottom) between subunits C and D are separated by ~33, 38 and
49 A while those in GIUA2 for corresponding residues are at a distance of ~29, 36 and 38 A
(Supplementary Fig. 4 ¢ and Supplementary Fig. 6).

Validating receptor interfaces and assembly

In order to validate that the unprecedented subunit arrangement and molecular symmetry of
GluD1 receptor is physiological, we performed cysteine mutant crosslinking experiments.
We introduced cysteine residues into the ATD dimer-of-dimers (F385C), ATD dimer
(1155C) and LBD dimer (K514C) interfaces. These are the sites that should result in
spontaneous disulfide bond formation due to the 2-fold symmetric assembly at these layers
(Fig. 3 a; Supplementary Fig. 7). Our results show bands corresponding to GluD1 dimers in
non-reducing conditions for 1155C and K514C, indicating that the ATD and LBD indeed
exist in a 2-fold symmetric dimeric arrangement (Fig. 3 a). Further, the F385C mutant also
formed dimers suggesting that the two extracellular arms of the receptor tetramer can
interact at the ATD dimer-of-dimers interface reminiscent to that observed in AMPA and
kainate receptors.

We also made the double cysteine mutant 1155C/K514C which would lock the receptor at
both the ATD and LBD layers resulting into bands corresponding to tetramers on non-
reducing SDS-PAGE gels in case of domain-swapped architecture and dimers for non-
swapped assemblies. Consistent with our GluD1 structure, we observe bands corresponding
to dimers and not tetramers indicating non-swapped architecture of GluD1 receptors /n vivo,
although we do observe higher oligomers (bigger than tetramers) probably due to non-
specific linkages (Fig. 3 a).

In order to validate this assembly further, we carried out glutaraldehyde cross-linking of
purified GluD1 receptors along with GIuA2 as control. Due to its non-swapped architecture,
the probability for getting dimers would be higher in GluD1 receptors compared to GIuA2
where due to subunit cross-over, the probability for all protomers becoming cross-linked
would be higher, leading to tetramers in SDS-PAGE gels. Consistent with this, crosslinking
with 3mM glutaraldehyde for 2 and 5 minutes yielded dimers primarily on SDS-PAGE for
GluD1 receptors, while tetramers were observed for GIUA2 receptors (Supplementary Fig.
8).

C-terminal truncation does not affect the assembly of GluD1 receptors

We strived to use a minimally modified construct of GluD1 for protein expression and
purification. The only modification we have made is C-terminal truncation at residue 851. In
order to demonstrate that this CT deletion does not affect the receptor assembly and its
functionality, we utilized a chimeric receptor approach, as native GluD1 receptors do not
evoke ligand-gated currents. For this, we generated chimeric receptors where the LBD of
GluD1 is swapped with that of GIuK2, resulting in glutamate and kainate sensitive
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receptors32 (see Supplementary Notes). We carried out whole-cell recordings on wild type
GluD1, GluD1A851, GluD1 (K2LBD) and GluD1(K2LBD) A851 receptors. While we got
no measurable response on 10 mM glutamate application from wild type GluD1 and
GluD1A851 receptors, robust currents were recorded from both GluD1 (K2LBD) and
GluD1 (K2LBD) A851 suggesting that the CT deletion does not interfere with the assembly
of GluD1 receptors (Fig. 3 b; Extended Data Fig. 9 a). Our observation is also consistent
with the report of CT-deletion affecting synaptic trafficking but not the surface expression of
GluD1 receptors®3. In addition, we also generated A634C mutant receptors which result into
formation of constitutively active GluD1 receptors3. Consistent with this, our whole-cell
patch clamp recordings showed robust constitutively active receptors for both GluD1 A634C
and GluD1A851-A634C (Extended Data Fig. 9 b-e). These constitutive currents were
blocked when Na* in extracellular solution was replaced with large cation NMDG
demonstrating that these constitutive currents are mediated by GluD1 receptors (Extended
Data Fig. 9 c-d). Further, as reported earlier for GluD1 and GluD2 receptors, these
constitutive currents could also be modestly inhibited by application of 7-CKA and D-Ser
and potentiated by calcium (Extended Data Fig. 9 c-e). Thus our electrophysiology
experiments demonstrate that CT-deletion necessary for overexpression and purification of
GluD1 does not affect receptors assembly.

Discussion

Using a minimally modified construct, we have purified and determined the structure of
detergent-solubilized GluD1 receptors in-solution. Owing to the conformational
heterogeneity of GluD1, the resolution of our EM maps is limited to ~8A. However, by
fitting crystal structures and models of various domains into the constraints of EM density
map, we provide the first insight into the subunit arrangement for a homo-tetrameric GluD1
receptor. While all the previous models for GluD receptors depict domain swapping at the
ATD-LBD interface, our study shows a unique non-swapped architecture for this enigmatic
class of receptors. However, whether this non-crossover is the sole cause for the inactive ion
channel needs to be addressed in the future.

Due to non-crossover, the two extracellular arms of the receptor seem to have a broader
range of movement resulting in conformations where the receptor could adopt a "splayed"
conformation. Recent data shows that other iGIUuRs, which unlike delta receptors have
swapped architecture and show agonist gated ion channel activation, can also adopt splayed
ATD conformations*-48 in detergent-solubilized states (Extended Data Fig. 7) albeit to a
limited extent. It is to be noted that, the splayed conformations may not be physiological due
to the higher concentration of proteins in membranes and interactions with other synaptic
proteins,?> 49 auxiliary subunits®®-51 that would likely limit movements.

Another important feature of the GluD1 receptor is the close packing of ATD and LBD
domains. While, it’s not clear currently if this is driven by the shorter ATD-LBD linker when
compared to other iGIuRs, it has been reported that mutation of the linkers leads to loss of
function in GluD2 receptors. Pertaining to this, D-serine application induced Parallel Fibre-
long term depression (PF-LTD) in cerebellar slices in Purkinje cells (PCs) expressing wild-
type receptors while it failed to do so in PCs expressing GluD2 in which a glycosylated
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linker was inserted between the two domains?®. This could result likely from the uncoupling
of the ATD-LBD interactions, which might lead to reduced transduction of forces generated
by ligand binding to the transmembrane domains. However, the GIuA2 receptor with shorter
ATD-LBD linker still crystallized in a domain-swapped configuration and was gated by
glutamate®2. This along with other recent pieces of evidence suggest that not just the short
linkers, but the ATD-LBD interface interactions, and contribution of the hinge region of the
GluD2-LBD in the weak ligand affinity>3 among other things might contribute to the
inactivity of the GluD receptors. However, this needs to be established by future studies.

Our study also raises an important question of what drives the subunit cross-over in AMPA
and kainate receptors and why this is not observed in GluD1, the answer to which is still not
clear. For AMPA and kainate receptors, evidence from electron microscopy of intermediates
of the biosynthesis process shows that GIuA2 dimer synthesis precedes tetramer formation
and that in the dimers, the ATD and TM segments are closely apposed, whereas the LBDs
are too far apart to interact®. This arrangement is suitable for domain swapping on the
assembly of a second dimer pair to form tetramers. By contrast, for the LBD dimer—
stabilizing L483Y mutant, all three segments are closely apposed similar to that observed in
our GluD1 structure. However, subsequent tetramer formation in GIuA2 L483Y was
observed to be strongly inhibited, as the subunit crossover observed in the full-length GluA2
structure cannot occur when the LBD dimer pairs cannot separate. This assembly
mechanism is supported by nanomolar affinities of the ATD dimerization and low
micromolar to the millimolar affinity for LBD dimerization respectively55-56. The GluD1
structure with closely apposed ATD-LBD domains and non-crossover, however, points
towards a different mode of assembly. It is speculated that due to subunit crossover in the
ATD and LBD layers, the tetramer in AMPA and kainate is unlikely to be assembled in a
cooperative process involving all four subunits. While in case of GluD1 the assembly is
likely to be straightforward with subunits assembling as two dimers and the tetramer formed
by a simple assembly of the two dimers with no subunit crossover at the ATD-LBD layer.
This is also supported by the nanomolar affinities of ATD dimerization in GluD receptors?®
and the fact that isolated GluD2 LBDs in the apo state have been shown to crystallize as
dimers in the presence of Ca2* ions33 that can modulate the strength of dimer formation®’.
Further, the extracellular domains (ATD-LBD) of GluD2 also crystallized as dimers but with
interactions only at the ATD layer and the apo-LBDs adopted an unusual “swing-out”
conformation in the absence of calcium ions and antagonists®8. This GluD2 ATD-LBD
dimer could not be modelled into a receptor tetramer without significant reorganization and
reorientation of the LBD domains. We believe that in the absence of the constraints exerted
by linkers and transmembrane domain, and due to crystal lattice contacts, the LBDs likely
adopt a non-physiological conformation in this study®.

Further, AMPA, kainate and NMDA are able to assemble into functional receptors even after
ATD deletion. However, a recent study on ATD-deleted NMDA receptors revealed that a
fraction of receptor population adopted LBD packing analogous to what we observe in the
GluD1 structure highlighting the importance of ATDs in guiding the subunit arrangement of
the LBD layer. The well resolved LBD-TM linkers in this A-ATD-NMDA receptor adopted
a relaxed conformation likely rendering the receptor inactive®. Thus, aspects of our
structures are seen in other iGIuRs, but unique to GluD1 is the lack of subunit crossover.
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Multiple studies have shown that ATDs which are the most distal domains of GluD receptors
directly interact with cerebelins, which in turn couples with neurexins forming the trans-
synaptic complex. The arrangement and orientation of ATDs in GluD1 (Fig 4 a, b) does not
occlude or restrict the cerebelin interaction surface. On superimposing ATD-cerebelin
complex?> onto GluD1 ATD, the receptor ectodomain (ATD-LBD) and cerebelin (Cbln) has
a length of ~16 nm similar to ~17 nm distance reported earlier?® (Fig 4 c, d). Based on this
we propose a model (Fig. 4 e) for the tripartite complex formed between GluD receptors,
cerebelin, and neurexin that mediate trans-synaptic interactions and is essential for
maintaining the synaptic integrity of PF-PC synapses. Our model is similar to that proposed
earlier2®: 60 except for the non-crossover observed in GluD1 receptor. We also postulate that
this anchoring of GIuD receptors to the B-NRX1(+4)-CbIn1 complex will limit or prevent
large-scale motions of the two extracellular arms.

In overview, our results provide a molecular framework to design future studies directed
towards resolving the long-standing questions concerning this family of receptors. These
results suggest that orphan delta receptors of the iGIuR family likely have a different mode
of assembly and provide a foundation for future studies directed towards understanding the
functions of these receptors in light of this structural information.

Online Methods

Cell Lines

The HEK293S GnTI - (ATCC CRL-3022) were obtained and authenticated by ATCC and
no further authentication or mycoplasma testing was performed.

Construct design

Rat GluD1 was cloned into pEGBacMam vector#! in frame with a C-terminal thrombin
recognition site (GLVPRGSAAAA) and EGFP (A207K mutant) with a C-terminal octa-
histidine (His8) tag. Full-length GluD1 had weak expression and stability as judged via
FSEC#0, Further screening of constructs identified GluD1A851 as a promising candidate for
overexpression and purification.

For cysteine crosslinking experiments, mutants were generated by using site-directed
mutagenesis. The cysteine knockout constructs; C625A and C839A were first generated in
the GluD1A851 background (GluD1-2x) and then used for incorporating mutations 1155C
(ATD), F385C (ATD dimer-of-dimer interface) and K514C (LBD). Additionally,
combination mutant GluD1-2x-1155C/K514C was also generated.

For electrophysiology experiments, wild type rat GluD1 and GluD1A851 was cloned into a
pRK5 expression vector. GluK2 LBD chimeras were generated by exchanging GluD1 : S1,
T418 - P528; S2, P644 — D792) with that of GIuK2 : S1, S398-N515; S2, P636-E775 to
generate constructs GluD1(K2LBD), GluD1(K2LBD) A851.

The constitutively active receptors were generated by site directed mutagenesis of residue
alanine 634 in SYTANLAAF motif to cysteine3% (numbering as per mature polypeptide) in
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GluD1 wild type and GluD1A851 construct. All the constructs were verified by sequencing
of the entire coding region.

Expression and Purification

HEK?293GnTI" cells were adapted to grow in suspension cultures in freestyle 293 expression
media supplemented with 2 % FBS (Gibco), 2 mM Glutamine (Gibco) and 1% Penstrep
(Gibco) and were infected at a cell density of ~2.5*10° cells/ml with P2 baculovirus at a
multiplicity of infection (MOI) of ~1. To boost the expression of the protein, 10mM sodium
butyrate (Sigma) was added 20 hrs post-infection and cultures moved to 30°C. The cells
were harvested ~48-52 hrs later by centrifugation at 6000 rpm for 20 minutes. The cell pellet
was collected and stored at -80°C for further processing. The frozen cell pellet was thawed at
room temperature for 10 minutes and was resuspended in a buffer (20 mi/L cell culture)
containing 150 mM NaCl, 20mM Tris pH 8.0 along with protease inhibitor cocktail (Roche).
The resuspended cells were disrupted by ultrasonication (QSonica sonicator, four cycles of
90 sec (15 sec on/ 15 sec off) with power level 7 using medium size probe) with constant
stirring. Care was taken to keep the temperature below 12°C throughout the sonication. The
lysate was first clarified by low-speed centrifugation and membranes were collected by
ultracentrifugation at 40,000 rpm, 1 hour. Membrane pellets were homogenized and
solubilized for 45 min in buffer containing 150 mM NaCl, 20 mM Tris (pH 8.0), 40 mM n-
dodecyl-p-D-maltopyranoside, and 6 mM cholesterol hemisuccinate at 4°C. Detergent
solubilized fraction was collected by centrifugation at 40,000 rpm, 1 hour and cobalt-
charged TALON metal affinity resin (~4 ml bed volume) was added to the supernatant
together with 10 mM imidazole to allow batch binding for 3 hours at 4°C. The resin was
packed in a column, washed with 40 mM imidazole containing buffer (20 mM Tris, 150 mM
NaCl, 0.75 mM n-dodecyl-p-D-maltopyranoside, 0.03 mM cholesterol hemisuccinate) till
the baseline reached zero. Bound GluD1 receptors were eluted by 250 mM imidazole
containing buffer. The fractions containing protein of interest were pooled and kept for
thrombin (Millipore) digestion (1:100 wt/wt) overnight at 4 °C. The thrombin digested
protein was further purified by size exclusion chromatography (Superose 6 10/300)
equilibrated with 150 mM NaCl, 20 mM Tris pH 8.0 and 0.75 mM DDM, 0.03 mM
cholesterol hemisuccinate. Eluted fractions were analyzed for homogeneity by SDS-PAGE
and FSEC, only fractions containing tetrameric receptors were pooled and concentrated to
~0.9 mg/ml.

Cryo-electron microscopy data collection and analysis

A droplet of 3 ul each of purified GluD1A851 at a concentration of ~0.9 mg/ml was applied
twice onto a glow discharged 1.2/1.3 300 mesh ultrafoil gold grid (Quantifoil). It was blotted
for 8 seconds at a blot force of 0 using the FEI Vitrobot Mark IV at 4°C and 95 % humidity,

and plunge-freezing the grid in liquid ethane.

Cryo-EM data collection was carried on a 300 kV Titan Krios microscope equipped with a
K2 camera with a post-column energy filter51, Micrographs were recorded in super-
resolution mode at a magnified nominal pixel size of 1.067 A and defocus ranging from -1.5
to —3.5 um. Imaged at a dose rate of 6.5 e— per pixel per s, each micrograph consisted of 40
dose-fractionated frames with a total exposure time of 6 s and total dose of 40.38 e— per A2,
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A total of 4120 movies were collected, aligned, and dose-weighted to correct for movement
during imaging and account for radiation damage via Motioncor2%2. The CTF parameters
for each micrograph were determined by Gctf3, Manual particle picking (~2000 particles)
and reference-free 2D classification were carried out to generate templates for automated
particle picking in CryoSPARC v264. A total of ~117k particles were autopicked and
subjected to several rounds of reference-free 2D classification followed by manual
inspection and selection of classes with iGIuR like features. This process yielded a stack of
72149 cleaned particles that were subjected to per particle local motion correction followed
with 2D classification and abinitio 3D reconstruction in cryoSPARC V2. Subsequent
heterogenous 3D classification yielded seven classes, out which classes 5 (13422 particles)
and 7 (14939 particles) representing “compact” and “splayed” conformations of GluD1 were
taken for further refinement. Homogenous 3D refinement in C1 symmetry, followed with the
non-uniform and local refinement as implemented in cryoSPARC V2 workflow yielded final
maps to a resolution of ~ 8 A and ~7.6 A (0.143 FSC) for compact and splayed
conformations respectively. 3D refinement by imposing C2 symmetry for the extracellular
domains and masking out the TM domains didn’t improve the resolution significantly.

Model building and refinement

GluD1 tetramer model was built by the rigid-body fitting of individual domains into the EM
map in UCSF Chimera®. Four copies each of GluD1 amino-terminal domain (PDB code,
5KC9) and ligand-binding domain modelled via I-TASSER using 5CC2 (GluD2 LBD
complex with 7-CKA as a template) was used. Model for GluD1 TM domain was generated
by threading its sequence onto the transmembrane domain of GluK2 (PDB code: 5KUF) and
was used for fitting into EM density. The fits were improved by using a molecular dynamics-
based flexible fitting simulation®® followed by multiple rounds of real-space refinement in
Phenix8. After refinement, map CC between models and EM maps was 0.8 and 0.7 for the
two models, indicative of a reasonable fit at the present resolution. Model-map FSC curve
calculation yielded values of ~8.2 and ~8.4 that agreed well with the gold-standard FSCs
generated during the 3D refinement (Supplementary Figure S4). The final model has good
stereochemistry, as evaluated using MolProbity58 (Supplementary Data Table 1). All of the
figures were prepared with Pymol®, UCSF Chimera®, and Prism 8.0.

Cysteine crosslinking and Western blots

For GluD1 cysteine crosslinking experiments, plasmid DNA encoding GluD1-2x
(pEGBacMam), GluD1-2x with mutants 1155C (ATD), F385C (ATD dimer of dimer
interface), K514C (LBD) and GluD1-2x-1155C/K514C were transiently transfected for
expression in HEK293T cells. Cells were harvested 24-48 h after transfection and
resuspended in TBS buffer (20 mM Tris pH 8.0, 150 mM NaCl supplemented with protease
inhibitor cocktail). Cells were sonicated, and membrane fractions were harvested following
low-speed and ultra-speed centrifugation. Membranes were solubilized in TBS buffer
supplemented with 40 mM DDM / 2mM CHS for 1 hour at 4 °C, clarified by
ultracentrifugation and then run on a 6 % SDS—-PAGE gel either in the absence (hon-
reducing condition) or presence (reducing condition) of 100 mM DTT. Protein bands were
electroblotted onto PVDF membranes (Amersham Biosciences) and were blocked for 1 hour
at room temperature in TBST (150 mM NaCl, 10 mM Tris-HCI pH 7.6, 0.1 % Tween-20)
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containing 5% non-fat milk and then incubated for 1 h with monoclonal Hiss antibodies
(Sigma) raised in rabbit. After four 15-min washes with TBST (TBS +Tween-20 0.05%), the
membranes were incubated for 1 h at room temperature with anti-rabbit goat antibodies
conjugated to horseradish peroxidase. Then the membranes were rewashed two times for 15
min with TBST and twice with TBS and immunoreactivity was visualized using the ECL
detection kit (Invitrogen).

Glutaraldehyde crosslinking

Purified and detergent solubilized rat GluD1A851, and GluA2cryst* receptors in 20 mM
HEPES, 150 mM NaCl, 1 mM DDM were incubated with 3 mM of glutaraldehyde for 2, 5
and 10 minutes at 37 °C to allow for crosslinking. Crosslinking reaction was stopped by
quenching with 50 mM Tris following which, the protein was resolved on SDS-PAGE and
stained with Coomassie blue for band visualization.

Electrophysiology

Rat GluD1 wild type, GluD1A851, GluD1(K2LBD), and GluD1(K2LBD) A851 receptors
were tested for activity by whole-cell patch-clamp recordings. Assays were carried out 36—
48 hours post-transfection in HEK293T cells. Pipettes were pulled (Sutter, P-1000) from
borosilicate glass capillaries (1.5 OD x 1.17 x 100 L mm, Harvard Apparatus) and polished
to 2-3 MQ resistance, filled with internal solution containing 30 mM CsClI, 100 mM CsF, 4
mM NaCl, 10 mM HEPES, 5 mM EGTA, 2 mM NapATP and 0.5 mM CacCly, pH 7.2
(osmolarity ranging between 290-300 mosmol/L). External solution (ECS) contained 150
mM NaCl, 2.8 mM KCI, 10 mM HEPES, and 0.5 mM CacCly, pH 7.3 and osmolarity ranging
between 295-305 mosmol/L. 10 mM glutamate or ImM kainate dissolved in ECS was
applied for 100 ms to measure the whole-cell desensitization kinetics. The whole-cell
recordings were acquired using Patchmaster V2X90.2 (Heka Elektronick) 3 min after the
establishment of the whole-cell configuration. Raw data files were exported into Igor pro
(ITX) and converted into abf files, compatible for pClamp by using ABF Utility. The
macroscopic rate of desensitization (zges) Was measured by the exponential fit to the decay
of current from ~90 % of its peak amplitude (/eak) to baseline. The desensitization kinetics
were fitted by using the single exponential, 2-term fitting (Levenberg-Marquardt). Mean
weighted zqes Values were calculated from our 2-term fitting using the equation Tweighted =
(A1*T1+A2*T2)/ (A1+A2), where weight 1= Al, weight 2= A2, T1=Tau 1, T2=Tau2.
Ratios of glutamate and kainate-evoked currents were determined in 3-4 independent
experiments were subjected to statistical analysis using Prism 8.0.

For recording constitutively active currents, mutation A634C30 (numbering as per mature
polypeptide) was introduced by site directed mutagenesis in both full-length GluD1 and
GluD1A851. Recordings were performed between 16-28 hrs post-transfection from
HEK293T cells. Pipettes were pulled as described above and were filled with internal
solution containing 140 mM CsCl, 10 mM HEPES, 1 mM BAPTA, 2 mM Na,ATP with pH
adjusted to 7.2 with CsOH (osmolarity ranging between 290-300 mosmol/L). The
extracellular solution consisted of 135 mM NaCl, 5.4 mM KCl, 0.5 MgCl,, 5 mM HEPES,
pH 7.2 adjusted by NaOH as described before28. For 7-CKA, D-Ser or calcium application,
solutions were prepared by addition of either 2mM CaCl, or ImM 7-CKA, 10 mM D-Ser in
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the extracellular solution. The NMDG (N-Methyle-D-glucamine) solution consisted of 140
mM NMDG, 0.5 mM MgCl, and 5mM HEPES. The seal resistance before entering into the
whole-cell configuration was always at least 1 GQ. Currents were recorded at room
temperature using HEKA EPC10 with Patchmaster as described earlier.

Statistics

No statistical methods were used to predetermine the sample size. The experiments were not
randomized, and the investigators were not blinded to allocation during experiments and
outcome assessment.

Extended Data
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Extended Data Fig. 1. GluD1 purification and Cryo-EM data processing.

a, Schematic representation of the optimized GluD1 construct showing the C-terminal
truncation at residue 851 and C-terminal thrombin cleavage site along with GFP and Octa
histidine tag. Also, see Supplementary Fig.1. b, Size-exclusion profile of the final purified
protein showing receptor stability in optimized buffer conditions. ¢, Selected 2D class
averages from reference-free 2D classification of GluD1 in complex with 1mM 7-CKA and
1mM Ca2*. The white arrows mark a few classes that show conformational heterogeneity of
the extracellular receptor domains. d, 3D classification of GluD1 into seven classes reveals
heterogeneity due to the movement of the two extracellular arms. Also, see Extended Data
Fig.2.
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Extended Data Fig. 2. Cryo-EM data processing work flow.
A total of 72149 good particles were obtained by several cycles of 2D class averaging of

particles from 4120 micrographs. The 3D map generated by ab-initio 3D reconstruction was
further refined heterogeneously into seven conformationally distinct 3D classes. The 3D
classes showed heterogeneity due to movement of the two extracellular arms. For the
purpose of model building and analysis, a "compact" (Class 5) and a "splayed" (class 7)
conformation maps were further refined to a resolution of 8.1 A and 7.6 A respectively.
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Extended Data Fig. 3. Local resolution estimates of the cryo-EM maps.
a and d, The sharpened Cryo-EM densities of GluD1A851 in 7-CKA and calcium bound

form, colored based on local resolution. b and e, Euler angle distribution of particles for the
two models is shown. ¢ and f, Fourier shell correlation curves for the Cryo-EM maps with
mask (red) without mask (blue). The resolution of map corresponding to FSC 0.5 and 0.143
is indicated.
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1--28A~|

COMs of R2

ATD layer LBD layer TMD layer

Extended Data Fig. 4. Splayed conformation of GluD1 receptor.
Panels a-f show the architecture of splayed conformation of GluD1 receptors in complex

with 7-CKA and calcium. a, Side view highlighting the broadest face of the Y- shaped
receptor and 90° rotated views of the sharpened 3D density map is shown. Each subunit is
depicted in a different color. The EM reconstructions clearly show the non-swapped
arrangement of the ATD and LBD layers. The distances between the centroids (R1-R1 of
ATD domains) for AB and CD dimer pairs are shown above the model. The vertical
separation between the COMs of ATD dimers and LBD dimers are also shown. Panel b
shows the segmented density map for subunits A and B fitted with protein co-ordinates. c,
Superimposition of subunits B/D, B/C, A/D and A/C are shown highlighting similar AB and
BC conformations. Helices and sheets are represented as pipes and planks, respectively. Top
views of ATD (d), LBD (e) and TM domains (f) are shown. The distances and the angles
subtended between the COM (Centre of Mass) of various subunits were measured and are
indicated below the top views. Also, see Extended Data Fig. 5 and 6.
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Extended Data Fig. 5. Architecture and domain arrangement in compact GluD1 model.
a, Cryo-EM density map of compact GluD1 model is shown in a view parallel to the

membrane. The four subunits A, B, C, D are colored in orange, green, yellow and cyan
respectively. The colored spheres represent the Centre of mass (COM) of ATD and LBD
domains. b, Top view of ATD with segmented EM density map fitted with atomic models is
shown. The distances between the COMs of ATDs are shown with dashed lines below the
EM-density map, depicting the arrangement of ATDs in the plane. ¢, Densities
corresponding to LBDs fitted with atomic models is shown. d, The distances from COMs of
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ATD and LBD are shown. The LBD plane is depicted as a circular disk and ATD plane is
shown as dashed ellipse. Panels e and f, show side and top vies of angles subtended by
COMs of ATD with COM of LBD layer. COM plane of the LBD layer is indicated by
metallic disk.
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Extended Data Fig. 6. Architecture and domain arrangement in splayed GluD1 model.
a, Cryo-EM density map of splayed GluD1 model is shown in a view parallel to the

membrane. The four subunits A, B, C, D are colored in orange, green, yellow and cyan
respectively. The colored spheres represent the Centre of mass (COM) of ATD and LBD
domains. b, Top view of ATD with segmented EM density map fitted with atomic models is
shown. The distances between the COMs of ATDs are shown with dashed lines below the
EM-density map, depicting the arrangement of ATDs in the plane. c, Densities
corresponding to LBDs fitted with atomic models is shown. d, The distances from COMs of
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ATD and LBD are shown. The LBD plane is depicted as a circular disk and ATD plane is
shown as dashed ellipse. Panels e and f, show side and top vies of angles subtended by
COMs of ATD with COM of LBD layer. COM plane of the LBD layer is indicated by
metallic disk.
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Extended Data Fig. 7. Domain arrangement in GluD1, GIuA2, GluK2, GIuN1/GIuN2A and
GIuN1/GIuN2B receptors.

a, Top views of the ATD (a), LBD (b) and TM domains (c) are shown for GluD1, GIuA2,
GluK2, GIuN1/GIuN2A and GIuN1/GIuN2B receptors highlighting the subunit arrangement.
Each chain is uniquely colored and domain arrangement is also depicted in cartoon below
each layer. Comparisons for "compact" and "super-splayed"” conformations of NMDA
receptors with that of GluD1 are shown highlighting the fact that in all the conformations of
AMPA, KA and NMDA receptors the domain swapping between the ATD and LBD layers
exists unlike that in GluD1.
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Extended Data Fig. 8. Buried surface area between the sub domains.
Surface illustration of the isolated sub domains in grey with buried surface represented in

green. The calculated buried surface area for the various domains is also shown. Panels a-d
show the analysis for ATD dimer, LBD dimer, ATD dimer-of-dimer and LBD dimer-of-
dimer interface for the compact GluD1 model.
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Extended Data Fig. 9. C-terminal truncation does not affect assembly of GluD1 receptors.
a, Representative traces for the whole-cell recording of the GluD1, GluD1A851,

GluD1(K2LBD) and GluD1(K2LBD)A851 expressed in HEK-293T cells are shown in
response to 10 mM glutamate application. Panels b-e show whole-cell patch clamp
recordings (holding potential = -60 mV) from constitutively active GluD1 A634C point
mutant receptors. The seal resistance before entering into the whole-cell configuration was
always at least 1 GQ. b, shows that no spontaneous currents were observed for wild-type
GluD1 or GluD1 A851 receptors and no effect was observed on 2mM Ca?* application.
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Panels c and d show overlay of representative traces showing application of either NMDG
solution or 1 mM 7-CKA (red), 10 mM D-Ser (green) or 2 mM CaCl2 (blue). Dashed line
indicates zero current level achieved by application of impermeant NMDG which blocks the
constitutive inward currents for both GluD1 A634C (c) and GluD1 A851-A634C receptors
(d). The constitutive currents are also modestly inhibited by D-Ser or 7-CKA application
and potentiated by Ca?* (c, d) for both the full-length and CT truncated GluD1 receptors. e,
shows percent inhibition of spontaneous currents by 7-CKA and D-Ser calculated with
respect to NMDG inhibition. Data for graphs are available as source data. The number of
cells used for the recordings is shown. The error bars represent standard error from the
mean.
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Fig. 1. GluD1 has an unprecedented non-swapped architecture.
Panels a-g show the architecture of compact conformation of GluD1 receptors in complex

with 7-CKA and calcium. a, Side view highlighting the broadest face of the Y- shaped
receptor and 90° rotated views of the sharpened 3D density map is shown. Each subunit is
depicted in a different color. The EM reconstructions clearly show the non-swapped
arrangement of the ATD and LBD layers. The distances between the centroids (R1-R1 of
ATD domains) for AB and CD dimer pairs are shown above the model. The vertical
separation between the COMs of ATD dimers and LBD dimers are also shown. Panel b
shows the segmented density map for subunits A and B fitted with protein co-ordinates. c,
Superimposition of subunits B/D, B/C, A/D and A/C are shown highlighting similar AB and
BC conformations. Helices and sheets are represented as pipes and planks, respectively. Top
views of ATD (d), LBD (e) and TM domains (f) are shown. The distances and the angles
subtended between the COM (Centre of Mass) of various subunits were measured and are
indicated below the top views. Panel g shows the schematic of the domain arrangement for
the ATD, LBD, and TM layer. Also, see Extended Data Fig. 4, 5 and 6
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Density for
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Gluk2 381 MTESQKGKPANITDSLSNRS 401

GluA2 376 VTLTEL . PSGNDTSGLENKT 394
ATD-LBD linker

L611

Interface

Fig. 2. Inter Subunit arrangement and solvent accessible surface
a, Side view of the “compact” GluD1 model is shown along with the angles subtended

between COMs (shown in black solid circles) of R1, R2 lobes of ATD, LBD and TM
domain for different subunits are shown. b, Shows segmented density map of subunit B
fitted with atomic co-ordinates along with a zoomed view of the ATD-LBD interface. The
density for the linker region is visible, but not modeled. Panels c-e show solvent accessible
surface area analysis for the ATD-LBD dimer interface (c), ATD-LBD interface (d) and
LBD dimer of dimer interface (e). The buried surface is colored in green while the solvent
accessible surface is represented in grey. It is important to note that we have not modeled the
ATD-LBD linker due to limited resolution and hence are not included in the solvent-
accessible surface calculation. The buried interface is likely to be more significant if the
linker residues are placed and accounted. f, The distance between residues R611 (top) L622
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(middle) and L632 (bottom) of the M3 helices of subunits B and D are shown. Also, see
supplementary Fig. 4 and 6.
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Fig. 3. Probing GluD1 receptor interfaces.
a, Western blot analysis for the cysteine crosslinking experiment is shown. GluD1 A851-2X

construct (C625A/C839A) was used to generate cysteine mutants for the various domain
interfaces due to low non-specific crosslinking. Dimer bands increase in non-reducing
conditions for crosslinking of the ATD (2X-1155C), LBD (2X-K514C) and ATD-dimer-of-
dimer interface (2X-F385C). For ATD and LBD crosslinking (2X-1155C/K514C) only dimer
bands are observed, and bands corresponding to the tetramer are not seen. In all the cases,
under reducing conditions, only bands corresponding to monomer were observed.
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Uncropped blot is provided with the paper online as Source Data. b, The comparison of
mean weighted tau desensitization and (c) ratio of glutamate and kainate evoked currents for
GluD1(K2LBD) and GluD1 (K2LBD) A851. The number of cells used for the recordings is
shown. The error bars represent standard error from the mean. Representative normalized
traces for GluD1A851 and GluD1(K2LBD) A851 overexpressed in HEK-293T on the
application of 10 mM Glutamate is shown in the inset in b. Data for graphs in b-c are
available as source data. Also, see Extended Data Fig. 9 and Supplementary notes.
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Fig. 4. Orientation and arrangement of the ATD and LBD domains.
Panels a-b illustrate arrangement of the planes of ATD and LBD dimers in GIuA2 and

GluD1 in side a and top views b. The ATD planes are shown in brick red color while the
LBD planes are depicted in blue. The angle formed between the ATD-LBD planes are
measured and shown in a. ¢, Model of GluD1 and Cbln complex generated via
superimposition of the GluD2 ATD-CbIn1 complex onto the ATD dimers of GluD1
(compact conformation). d, Top view of the GluD1-Cbin1 binary complex is shown along
with the distances between the COMs of cerebelinl trimers. Panel e shows schematic
representation of the tripartite Neurexin, Cerebelin (Cbln) and GluD receptor trans-synaptic
complex. The non-swapped architecture may allow for movements of the GluD receptor
arms to accommodate the entire trans-synaptic complex in the 20-25 nm synaptic cleft.
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Table 1

Cryo-EM data collection, refinement and validation statistics

Glud1A851 Compact EMD-0774 PDB- 6KSS  Glud1A851 Splayed EMD-0773 PDB-6KSP

Data collection and processing
Magnification
Voltage (kV)
Electron exposure (e /A?)
Defocus range (um)
Pixel size (A)
Symmetry imposed
Initial particle images (no.)
Final particle images (no.)
Map resolution (A)

FSC threshold

Map resolution range (A)

Refinement
Initial model used (PDB code)
Model resolution (A)

FSC threshold
Model resolution range (A)
Map sharpening B factor (A2)
Model composition
Nonhydrogen atoms
Protein residues
Ligands
R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Validation

MolProbity score

Clashscore

Poor rotamers (%)

Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

130000x
300
40.38
-1.5t0-3.3
1.067
C1
72149
13422
8.1
0.143
8-16

5KCY(ATD),5CC2(LBD) 5KUF(TM)
8.4
05

-630

23768
3012

0.005
0.964

2.03
10.24
0.15

91.60
8.40
0.00

130000x
300
40.38
-1.5t0-3.3
1.067
C1
72149
14939
7.6
0.143
7.5-16

5KC9(ATD),5CC2(LBD) 5KUF(TM)
8.2
05

-452

23768
3012

0.005
0.986

2.2
10.20
1.69

91.80
8.20
0.00
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