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Kainate receptors belong to the ionotropic glutamate receptor family and play critical roles in the regulation of
synaptic networks. The kainate receptor subunit GluK3 has unique functional properties and contributes to pre-
synaptic facilitation at the hippocampalmossyfiber synapses alongwith roles at thepost-synapses. To gain struc-
tural insights into the unique functional properties anddynamics of GluK3 receptor,we imaged them via electron
microscopy in the apo-state and in complexwith either agonist kainate or antagonist UBP301. Our analysis of all
the GluK3 full-length structures not only provides insights into the receptor transitions betweendesensitized and
closed states but also reveals a “non-classical” conformation of neurotransmitter binding domain in the closed-
state distinct from that observed in AMPA and other kainate receptor structures. We show bymolecular dynam-
ics simulations that Asp759 influences the stability of the LBD dimers and hence could be responsible for the ob-
served conformational variability and dynamics of the GluK3 via electron microscopy. Lower dimer stability
could explain faster desensitization and low agonist sensitivity of GluK3. In overview, ourwork helps to associate
biochemistry and physiology of GluK3 receptors with their structural biology and offers structural insights into
the unique functional properties of these atypical receptors.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Kainate receptors (KARs) belong to the family of ionotropic gluta-
mate receptors (iGluRs) that mediate the majority of excitatory post-
synaptic potentials in the central nervous system (CNS) [1]. KARs
assemble as tetramer and are abundantly expressed in the hippocam-
pus and cerebellar region of the brain [2]. While the postsynaptic
KARs are associated with excitatory neurotransmission, the presynaptic
KARs have been reported to engage with inhibitory neurotransmission
in the CNS [3,4]. The activation of KAR generates various forms of synap-
tic plasticity like Long Term Potentiation (LTP) and Long Term Depres-
sion (LTD) patterns that are considered to be associated with memory
and learning [5]. Thus, the dysfunction of these receptors is linked to
several CNS disorders such as schizophrenia, epilepsy, and Alzheimer's
4-isoxazolepropionic acid; ATD,
te; COM, Center of mass; CTD,
pyranoside; iGluR, ionotropic
d binding domain; NMDA, N-

ence, NCCS Complex, S. P. Pune
disease [6]. Despite sharing similarities in sequence,membrane regional
anatomy, and organization of domains with other iGluRs, KARs possess
distinct pharmaco-physiological properties [7] and hence are important
targets for therapies of CNS disorders.

GluK3 is undoubtedly themost enigmaticmember of the KAR family
and contributes to presynaptic facilitation at hippocampal mossy fiber
synapses [4,8]. These receptors have low sensitivity towards glutamate
and thus fast desensitization kinetics. Besides, they also exhibit voltage-
dependent block by intracellular spermine and are permeable to cal-
cium ions [9]. They are also potentiated by zinc which acts as an endog-
enous allosteric modulator for native KARs containing GluK3 subunits
[10]. These characteristics make GluK3 unique across the two families
of AMPA and kainate receptors. Crystal structures of isolated LBD (Li-
gand BindingDomain) combinedwith elegant electrophysiology exper-
iments have revealed the mechanisms of Zinc potentiation [10] and
ligand-induced structural transitions in the context of isolated neuro-
transmitter binding domain [10] [11].

Similarly, ATD (Amino Terminal Domain) crystal structures shed
light on its conserved 2-fold symmetric dimer-of-dimers assembly
[12]. This tetrameric assembly was preserved in the full-length GluK3
receptor structures trapped in desensitized (SYM bound) and closed
states (UBP310 bound) elucidated via cryo-EM. These structures

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2020.01.282&domain=pdf
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mailto:janesh@nccs.res.in
https://doi.org/10.1016/j.ijbiomac.2020.01.282
http://www.sciencedirect.com/science/journal/
http://www.elsevier.com/locate/ijbiomac


Table 1
Electron microscopy data collection, refinement and validation statistics.

GluK3-Kainate GluK3-UBP301 GluK3-Apo

Data collection and
processing
Microscope Tecnai Arctica Tecnai Arctica T12
Voltage (kV) 200 200 120
No. of micrographs 2845 2005 1215
Camera Falcon 3 Falcon 3 Eagle
Mode of recording Integrated

mode
Integrated
mode

Integrated
mode

Exposure time (seconds) 3 3 3
Defocus range (μm) 1.0–3.5 1.0–3.5 1.5–3.5
Pixel size (Å) 0.935 1.27 3.5
Symmetry C1 C1 C1
Initial particle images (no.) 491,250 118,670 39,912
Final particle images (no.) 46,106 24,997 15,217
Map resolution (Å) 9.6 10.6 –
FSC threshold 0.143 0.143

Refinement
Initial model used (PDB
code)

6JFY 6JFY –

Model resolution (Å) 8.9 11.4 –
FSC threshold 0.5 0.5
Map-to model fit, CC_mask 0.83 0.80

Model composition –
Non‑hydrogen atoms 23,017 22,965
Protein residues 2881 2873

RMSD –
Bond lengths (Å) 0.005 0.008
Bond angles (°) 1.039 1.082

Validation –
MolProbity score 1.99 2.07
Clashscore 10.44 13.11

Ramachandran plot –
Favored (%) 92.91 93.15
Allowed (%) 7.09 6.81
Disallowed (%) 0.0 0.04
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established the similarity of the desensitized state in GluK3 and GluK2
receptors with LBD adopting a quasi-4-fold symmetry. However, the
UBP310 bound structure is trapped in a non-classical closed-state,
where only two LBD domains adopt the dimeric arrangement necessary
for receptor activation, while the other two remain in a desensitized-
like state [13]. This is in contrast to GluK2 orGluA2where the antagonist
binding leads to the classical closed state with two LBD dimers. To cap-
ture more intermediates in the gating cycle and investigate the struc-
tural dynamics of GluK3 receptors, we imaged them via electron
microscopy in the apo state and in complex with either kainate (ago-
nist) or UBP301 (antagonist). Analysis of the structures revealed distinct
conformational states for both the agonist and the antagonist bound
forms. Additionally, the apo state revealed conformational heterogene-
ity of the ligand-binding domains. Further, we show by molecular dy-
namics simulations that the residue Asp759, which is unique to GluK3
and is positioned at the LBD dimer interface, is crucial for the stability
of LBD dimers and could be responsible for the observed conformational
variability and dynamics of the GluK3 ligand-binding domains.

2. Results

2.1. Receptor purification and structure determination

Due to the poor yield and low stability, the wild type GluK3 was
modified as mentioned in Section 2.2. The final construct named
GluK3EM, as shown in Fig. 1A was found to be most suitable for struc-
tural studies [13]. Optimization of receptor expression, purification
and stabilization was carried out as detailed in Supplementary text
and Supplementary Figs. S1 and S2. The functionality of the recombi-
nant receptor was checked by electrophysiology. We observed that
the fast application of glutamate and kainate evoked currents that
were comparable in both wild type and GluK3EM using whole-cell
patch clamp recordings in HEK293T cells. The peak amplitude ratios of
IGlu/IKai for wild type and GluK3EM were nearly identical, suggesting
Fig. 1. Construct design and 2D classification (A) GluK3 was fluorescently tagged with EGFP for FSEC screening and octa-His tag for affinity purification at C-ter, three cysteine mutations
were made, two in ATD and one in M1 helix as shown. Panels (B) and (C) show representative 2D classes for kainate and UBP301 bound form respectively.

pdb:6JFY
pdb:6JFY
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that GluK3EM forms a functional channel when expressed in HEK293T
cells and was similar to wild-type receptors. Our results are also consis-
tent with previous electrophysiology reports which suggest that GluK3
has less sensitivity to glutamate and even lesser for kainate [14]. Simi-
larly, we also tested the effect of antagonist UBP301. Although GluK3
LBD has a weak affinity for UBP301, we found that 100 μM UBP301
was enough to block glutamate evoked currents in both wild type and
GluK3EM (Supplementary Fig. S3). To deduce the complete receptor
structure, the receptor molecules were captured in the presence of
10 mM kainate to trap the desensitized state and 100 μM UBP301 to
image the closed state using single-particle cryo-EM (Supplementary
Fig. S4). The reference-free 2D classification showed that multiple ori-
entations of receptors were trapped and sufficient for 3D map recon-
struction and refinement (Fig. 1B and C and Supplementary Fig. S5).
The data collection and refinement parameters are listed in Table 1.

2.2. The overall structure of GluK3

The 3D structure of GluK3 was determined by single-particle cryo-
EM at a resolution of ~9.6 Å for kainate bound and ~10.6 Å for UBP301
bound state, estimated by the gold standard 0.143 Fourier shell correla-
tion (FSC) criterion [15] and displays an overall architecture similar to
structures of GluA2 and GluK2 receptors [16] [17] (Supplementary
Figs. S6 and S7). Laterally, the tetramer appears ‘Y’ shaped, typical to
Fig. 2. GluK3 structure in Kainate and UBP301 bound states. Panels (A), (B), (C) show 3D EMm
bound form. The regions corresponding to various domains ATD, LBD and TM (Pre-M1, M1, M3
panels B & E show the top views of extracellular ATD, LBD, and transmembrane TMdomains. Su
the segmented map of proximal subunit B and distal subunit C fitted with the refined model.
the ionotropic glutamate family of receptors. The map clearly indicated
the dimer of dimers arrangement at ATD two-fold symmetry mates.
Also, the TM domains were arranged in 4-fold symmetry as observed
in the model similar to previously reported structures (Fig. 2 and Sup-
plementary Fig. S8).
2.3. Kainate and UBP301 bound GluK3 receptor

In both kainate and UBP301 bound states, the receptor consists of a
3-layered assembly of ATD, LBD, and TM regions, as seen earlier [18]
[19]. In both structures, 2-fold symmetric ATDs and 4-fold symmetric
TM domains were observed with the ATDs in typical N-shaped orienta-
tion (top view) (Fig. 2A, B, D and E). While the LBDs in kainate bound
state mimic the quasi-4-fold arrangement representative of the
desensitized state and reported in GluK3-SYM bound structure [13],
the arrangement in antagonist UBP301 bound state is different. In the
UBP310 complex reported earlier, two LBDs exist in a dimeric configura-
tion, and the other two LBDs remain separated as in the desensitized
state, whereas UBP301 bound state reveals a partially formed LBD
dimer and desensitized like arrangement for the other two LBDs. Due
to this arrangement, the partially formed LBD dimer (BC) does not
maintain 2-fold symmetry observed earlier for GluK2-LY or GluK3-
UBP310 complexes. (Supplementary Fig. S9A and B).
ap of GluK3 bound with Kainate while (D), (E), (F) panels show density map for UBP301
, andM4) are indicated. Panels A and D show the view of intact full-length receptors while
bunit arrangement at the various domains is also represented in cartoon. Panels C & F show
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2.4. Conformational dynamics of the GluK3 LBD domain

To understand the underlying conformational changes in the LBD
domains, we compared kainate and UBP301 bound structures with
the recently reported SYM and UBP310 bound complex [13] (Supple-
mentary Fig. S10). As expected, the LBD domains in agonist SYM and
kainate complexes were very similar, and the LBD tetramers could be
superimposed with a root mean square deviation (RMSD) of 1.7 Å for
998 Cα atoms. The receptor transition between the two states requires
minor movements of the ligand binding domain (Fig. 3A and B). How-
ever, the transition from agonist kainate bound state to antagonist
UBP301 bound state requires significantly larger rotational movements
of the LBDdomains apart from the opening up of the cleft due to binding
of larger antagonistmolecule. Owing to this, the RMSD for LBD tetramer
superimposition between kainate and UBP301 bound states is ~12.1 Å
for 992 Cα atoms. Consistent with this observation, the LBD-distal sub-
unit B swings clockwise by ~113° in the horizontal plane, while the LBD-
proximal subunit C rotates anticlockwise by ~10° to achieve a partial di-
meric configuration distinct to that observed in UBP310 bound state
(Fig. 3A). The LBD of subunits A and D undergo a smaller degree of
anti-clockwise rotation by ~7° and ~10° respectively and hence remain
in a desensitized-like-state (Fig. 3A). Due to this rearrangement, the dis-
tance between COMs of S1 domains of subunits B and C reduces by ~8 Å
while for S2 domains it increases by ~5 Å (Fig. 3B). On the other hand,
the separation between S1 and S2 COMs for subunits A and B increases
by ~4 Å and 14 Å respectively. Additionally, the COMs (S1 lobe) of
Fig. 3. Conformational changes at the LBD domain underlying receptor transitions between diff
shown in ribbon for SYM (6JFY), Kainate, UBP301 and UBP310 (6JFZ) bound states. Structural c
Degree and direction of LBD rotations aremeasured and indicated. (B) Distances from the centre
to highlight the domain movements. (C) Relative frequency histogram of S1-S1 distances betw
0.05 nm is used. (D) RMSD and RMSF plots of the backbone of LBD along with the standard er
subunits B and C in UBP310 bound complex is closer by 6 Å coupled
with ~6–7° rotation leading to a tighter BC dimer assembly (Fig. 3B)
while the COMs of subunits A and B move further away by 4 Å. This
unique LBD configuration in UBP301 with a partially formed BC dimer
and desensitized-like monomeric state of subunits A and D points to-
wards a weak LBD dimer interface in GluK3 and traps a state distinct
from the UBP310 bound GluK3. This results in a non-classical arrange-
ment of the LBDs in antagonist bound state. The entire set of four struc-
tures highlight the dynamics of the GluK3 receptors, especially with
respect to the LBD domain.

2.5. Asp759 influences the stability of ligand binding domain dimers

One of the reasons for the weak LBD dimer interface could be
Asp759, which is unique to GluK3 and is positioned near Asp730
from the other protomer in the 2-fold symmetric dimer interface.
In order to test if Asp759 contributes to destabilizing the LBD dimer
interface, we carried out atomistic molecular dynamics simulations
of the wild-type LBD dimer and LBD dimer with Asp759Gly mutation
in the presence of 150 mM NaCl. We measured the separation of the
S1-S1 lobe that is linked to dimer stability and ultimately to the de-
sensitization property of the receptor. Our results show that the
S1-S1 equilibrium distance distribution in the wild-type LBD dimer
is broad and varies from ~22–29 Å. In contrast, for the mutant
Asp759Gly LBD dimer, the S1-S1 distance distribution is much
narrower and ranges from ~18–22 Å (Fig. 3C). Our results suggest a
erent states. (A) Top views of the segmented density maps for LBD fitted with coordinates
hanges for the LBD tetramer underlying the transitions between various states is depicted.
of mass (spheres) between LBD S1& S2 lobes aremeasured and indicated by dashed lines
een the wild type (blue) and mutant (orange) homo-dimers of LBD. A binning distance of
ror. RMSD and RMSF values for wild type receptor and mutant are in blue and orange.
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tighter packing and increased stability of the LBD dimer in
Asp759Gly mutant compared to wild-type (Fig. 3D). Analysis of the
radius of gyration also shows that the mutant dimer is more compact
compared to wild type protein (Supplementary Fig. S11). The in-
creased stability of the dimer interface would lead to slower desensi-
tization. Indeed, it has been shown previously via
electrophysiological assays that GluK3 Asp759Gly mutant receptors
desensitize with a Tau (des) of 18.4 ± 1.8 ms compared to wild-
type which has Tau (des) of 5.0 ± 0.2 ms consistent with our simu-
lations [10].
2.6. Apo-state GluK3 exhibits heterogeneity of the ligand-binding domains

The weaker, LBD dimer interface is likely to result in increased het-
erogeneity of the receptor in the apo state where the LBD domains are
not stabilized by the ligands. To test this, we imaged GluK3 receptors
in the apo state. To capture GluK3 in apo-state, we carried out negative
stain analysis on purified apo-GluK3EM protein. The negative stain data
reconstructions show that in the apo state, too, classical three-layered
architecture i.e., ATD-LBD-TM is maintained by the receptor. Consistent
with our hypothesis, 2D classes reveal significant heterogeneity at the
LBD layer to the extent that 3D reconstruction of the entire receptor
was not possible (Fig. 4A). Due to the conformational heterogeneity of
LBDs, their densities are not observed in the 3D map reconstruction
(Fig. 4B). Nonetheless, the 2D classification and 3D reconstruction fur-
ther reinforces the presence of an inherently weaker LBD dimer inter-
face in GluK3 receptors compared to GluK2 or GluA2 receptors.
Fig. 4. Ligand Binding domain exhibits substantial heterogeneity in ligand free apo state. (A) R
receptors in apo state are shown. (B) Side and top views of ab initio 3D reconstruction from ~
due to conformational heterogeneity.
3. Discussion

Gating kinetics of iGluRs is the consequence of ligand binding that
leads to structural rearrangements occurring in these receptors [20].
Understanding these transitions becomes conceivable when structural
information about the receptor is obtained while trapped in different
states. Previously crystal structures of individual domains of GluK3 in
different states have been reported. However, the consequences of ago-
nist and antagonist bound to these domains, on the complete receptor
organization and thus its behavior were not clear. Besides, crystal struc-
tures come with constraints occurring due to lattice contacts [21].
Single-particle cryo-EM enables us to overcome these problems by im-
aging receptors in solution, free to adopt random orientations and con-
formations. In this study, we report structures of rat GluK3 receptor in
agonist kainate and antagonist UBP301 bound states and compare it
with existing full-length receptor structures to delineate conforma-
tional changes underlying receptor transitions. Kainate receptors
swiftly undergo almost complete desensitization post agonist binding.
While only subtle structural changes are observed at the ATD level in
order to undergo a transition from the desensitized to closed state
[13],major rearrangements happen at LBDwith TM domains remaining
in a closed-pore configuration (Supplementary Fig. 8). It is interesting to
note that for homomeric GluK2-Kainate receptors, it has been shown
that in the presence of Na+ ions the LBD dimer interface is coupled in
all the three states viz. the apo, antagonist-bound and activated (open
channel) states while it gets decoupled only in the desensitized state
[22]. Consistent with this, GluK2 structure in the antagonist bound
state has the classical arrangement of LBDs as two dimers with 2-fold
epresentative 2D classes from reference free 2D classification of negatively stained GluK3
15,000 particles for apo-GluK3 is shown indicating poor density at the LBD domain likely
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symmetric dimer and dimer-of-dimer interface, while the agonist
bound state reveals LBDs in quasi-4-fold symmetric arrangement [18].
Single molecule fluorescence based studies in full-length GluK2 recep-
tors also show a coupled LBD dimer interface in apo and antagonist
bound states [22]. In contrast, our work provides evidence that GluK3
receptors have amuchweaker dimer interface owing to which the clas-
sical LBD arrangement representative of resting/antagonist bound
closed state is not observed. In both the UBP301 and UBP310 bound
structures, only two LBD subunits were in partial-dimeric or dimeric ar-
rangement. This weak dimer interface is consistent with faster desensi-
tization and lower glutamate sensitivity of GluK3 receptors compared to
that of GluK2 [23] [24]. Consistent with this, the apo receptors display
significant heterogeneity.We further show bymolecular dynamics sim-
ulations that one of the reasons could be attributed to residue Asp759 in
GluK3 that lies at the LBD dimer interface and faces Asp730 on the for-
mation of LBD dimer. This close apposition of two similarly charged res-
idues likely induces a destabilization of the dimer interface by
electrostatic repulsion generating fast desensitization properties.
These charges are neutralized, and the LBD dimer interface is thus stabi-
lized by binding of a Zn2+ ion which in turn potentiates current as re-
ported earlier [10].

In conclusion, our work highlights the structural dynamics of GluK3
receptors and suggests that the unique properties of GluK3 receptors
like fast desensitization, and low agonist sensitivity could be attributed
to theweaker LBD dimer interface. Our study also helps to associate de-
cades of electrophysiology based functional assays and biochemistry
with receptor structure. This could prove useful in developing novel
tools to target GluK3 containing kainate receptors therapeutically.

4. Materials and methods

4.1. Materials

All chemical reagents were purchased from Sigma-Aldrich, India.
The DNA manipulation enzymes were from New England Biolabs. The
pEGBacMam vector was a kind gift from Dr. Eric Gouaux. Detergents
were purchased from Anatrace and ligands were obtained from Tocris.

4.2. GluK3 expression, detergent screening, and purification

As reported earlier, for improved and stable recombinant expression
of GluK3, certain modifications were necessary for the wild type se-
quence resulting in GluK3EM construct [13] that was cloned into
pEGBacMam vector [25]. To enhance the expression in HEK293 GnTI−

cells, different concentrations of sodium butyrate were screened at
30 °C and 37 °C using Fluorescence detection Size Exclusion Chromatog-
raphy (FSEC). Different detergents (DM, NDM, BOG, DDM, MNG, and
DDM-CHS) were also screened to check recombinant protein stability
at 4 °C. All the detergents for receptor solubilization were used at con-
centrations ~10 times of the reported CMC.

Based on expression optimization experiments, 10 mM sodium bu-
tyrate was added to the culture flasks after 20 h of infection and trans-
ferred to 30 °C for large-scale protein expression. Cells were harvested
60–70 h post-infection and re-suspended in ice-cold buffer containing
150 mM NaCl, 20 mM Tris (pH 8.0) and protease inhibitor cocktail.
The re-suspended cells were disrupted by ultrasonication [QSonica
sonicator, 4 cycles of 90 s]with constant stirring. The lysatewas clarified
by low-speed centrifugation, and membranes were collected by ultra-
centrifugation (37,000 rpm, 60 min). GluK3 protein was extracted
from membrane fraction by solubilization with 0.75% w/v n-dodecyl-
β-D-maltopyranoside (DDM), 0.005% w/v cholesterol hemisuccinate
(CHS) in 150 mM NaCl, 20 mM Tris (pH 8.0) and purified by using
cobalt-charged TALON metal affinity resin at 4 °C. Peak fractions were
digestedwith thrombin at 1:100wt/wt ratios. GluK3 receptor tetramers
were isolated by size exclusion chromatography (Superose 6 10/300) in
a buffer containing 150 mM NaCl, 20 mM Tris (pH 8.0), 0.75 mM DDM,
and 0.02 mM CHS, concentrated to ~1.7 mg/mL (MWCO 100 kDa).
Desensitized and closed states were trapped using 10mM kainate, and
100μM UBP301 respectively. The stability of the ligand bound protein
was checked using FSEC.

4.3. Electron microscopy specimen preparation, data collection, and
processing

Ligand free apo receptor was stained with uranyl acetate for
negative-stain electron microscopy on carbon-coated copper grids
whereas ligand complexed proteins were vitrified on quantifoil R1.3/
1.2 Au 300mesh grids for cryo-electron microscopy using an early pro-
totype of VitroJet [26]. The negative stain grids for GluK3 apo were im-
aged using T12 microscope operated at a voltage of 120kV. A total of
1215 micrographs were collected, and 39,912 particles were picked
using Relion 2.1 [27] and exported to cryoSPARC [28]. After several
rounds of data cleanup, the final 2D-classification was performed on
15,217 particles. These particles were further processed by following
the ab initio reconstruction and homogeneous refinement as imple-
mented in cryoSPARC. Cryo-EM datasets were collected on a Tecnai
Arctica 200 kVmicroscope equipped with a Falcon 3 direct electron de-
tection camera. A total of 2845 and 2005 movies were collected for
GluK3-Kainate and GluK3-UBP301 complexes, respectively, at different
defocus values in integrated mode. Motion correction and dose
weightingwere carried out using UCSFMOTIONCOR2 [29], and contrast
transfer function (CTF) was estimated using CTFFIND4 [30] for each
summed micrograph. Initially, ~1000 particles were picked manually
and subjected to reference-free 2D classification in cryoSPARC V2. 2D
classes from manually picked particles were used as a reference for
auto picking from entire micrograph sets. A total of 124,268 and
118,670 particles were picked for GluK3-Kainate and GluK3-UBP301,
respectively. Final 3D classification and reconstruction were performed
in C1 symmetry on 46,106, and 24,997 particles for Kainate and UBP301
bound receptors, respectively. Refinement focused on the individual do-
mains of their combinations didn't improve the map quality
significantly.

4.4. Model building

GluK3-SYM (6JFY) and GluK3-UBP310 (6JFZ) [13] models as a tem-
plate, were rigid-body fitted into cryo-EM density map of GluK3-
Kainate and GluK3-UBP301 using UCSF-Chimera. To improve the fit,
molecular dynamics based flexible fitting into the EM map was carried
out using Namdinator [31]. Themodels were subjected to real space re-
finement using Phenix refine 1.15.2.3472 [32] and Coot 0.8.9.1 pro-
grams [33]. The quality and overall geometry of the structures was
adjudged via Molprobity [34], and the structures were visualized and
analyzed using PyMOL [35] and UCSF-Chimera [36].

4.5. Molecular dynamics simulations

The LBD dimer from GluK3-UBP310 (PDB ID: 6JFZ) was chosen as
the initial model for atomistic molecular dynamics simulations. The
LBD dimers with Asp759 in both monomers is referred to as wild type,
while the dimers where Asp759 on both the subunits is mutated to gly-
cine is referred to asmutant. LBDs in their homo-dimeric formwere sol-
vated using the TIP3P water model and neutralized with a 150 mM
concentration of sodium and chloride ions. The system parameters
were obtained from the CHARMM36 forcefield [37]. The minimum dis-
tance of solute from box edge is 1.0 nm. The potential energy of systems
was minimized using 50,000 steps of steepest descent algorithm,
followed by an equilibration phase of 100 ps in NVT and 2 ns in NPT en-
sembles. The final volume of the system is 115,201.0688 nm3. Three in-
dependent runs of 200 ns each were performed for the wild type and
mutant proteins using GROMACS 5.0.4 [38]. The temperaturewasmain-
tained at 300 K using Nosé Hoover thermostat [39], and the pressure
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was kept constant at 1 bar using the Parrinello-Rahman isotropic cou-
pling scheme [40]. Long-range electrostatic interactionswere calculated
using the ParticleMeshEwaldmethod [41]. The analysiswas doneusing
tools of GROMACS and VMD [42]. For distance calculations, S1 is defined
as the center of mass of residues Tyr513, Arg514, Lys515, Glu708,
Ser709, and Thr710 [43].

4.6. Whole-cell voltage-clamp recordings

We evaluated the response of GluK3EM construct to ligands kainate
and UBP301 using whole-cell patch-clamp as described earlier [13].
Briefly, human embryonic kidney 293 T (HEK 293T) cells were cultured
on coverslips and either infected with GluK3EM baculovirus or tran-
siently transfected with wild type receptors along with GFP expressing
plasmid using Xfect reagent (Clontech). Currents were recorded from
medium-sized cells at 48 to 60 h post-transfection. Whole-cells were
lifted, and voltage was clamped at−80mV using a HEKAUSB 10 ampli-
fier. Cells were bathed with extracellular solutions (ECS) containing
NaCl (150 mM), KCl (2.8 mM), HEPES (10 mM), and CaCl2 (0.5 mM),
pH 7.3. Recording pipettes were pulled (Sutter, P-1000) from borosili-
cate glass capillaries (1.5 OD × 1.17 × 100 L mm, Harvard Apparatus).
Pipette was filled with intracellular solution (ICS) containing CsCl
(30 mM), CsF (100 mM), NaCl (4 mM), HEPES (10 mM), EGTA
(5 mM), Na2ATP (2 mM) and CaCl2 (0.5 mM), pH 7.2. Currents were
elicited by ultrafast ligand application for 200 ms via two-barrel theta
pipette ultra-fast perfusion system mounted on a piezoelectric device
(Multichannel Systems) controlled by Patchmaster software (HEKA)
[44]. The currentwasfiltered at 3 kHz and recorded at 20 kHz frequency.
The whole cell recordings were accomplished using Patchmaster
V2 × 90.2 (Heka Elektronick). Raw data files were analyzed using Igor
Pro (ITX). In the presence of ligand, the desensitization kinetics were
fitted by using pClamp 10.3 (Molecular Devices, US) exponential, stan-
dardmethod 2-term fitting (Levenberg-Marquard). Values are reported
as Mean ± SEM. Statistical tests were performed in Prism.
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