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SUMMARY

Native glutamate receptor ion channels are tetrameric assemblies containing two or more different
subunits. NMDA receptors are obligate heteromers formed by coassembly of two or three
divergent gene families. While some AMPA and kainate receptors can form functional homomeric
ion channels, the KA1 and KA2 subunits are obligate heteromers which function only in
combination with GIuR5-7. The mechanisms controlling glutamate receptor assembly involve an
initial step in which the amino terminal domains (ATD) assemble as dimers. Here we establish by
sedimentation velocity that the ATDs of GIuR6 and KA2 coassemble as a heterodimer of Kq 11
nM, 32000-fold lower than the Ky for homodimer formation by KA2; we solve crystal structures
for the GIUR6/KA2 ATD heterodimer and heterotetramer assemblies. Using these structures as a
guide we perform a mutant cycle analysis to probe the energetics of assembly, and show that high
affinity ATD interactions are required for biosynthesis of functional heteromeric receptors.

INTRODUCTION

During biogenesis most ion channels and neurotransmitter receptors undergo regulated
assembly prior to insertion into the plasma membrane. In prokaryotes many ion channels
function as homo-oligomers, which for individual subtypes range in size from dimers to
hexamers, while in eukaryotes, as a consequence of gene duplication, appropriate members
of a diverse subunit pool must be selected to form hetero-oligomeric assemblies of restricted
stoichiometry and composition. The glutamate receptor ion channels (iGIuRs) which
mediate excitatory synaptic transmission are important examples of the biological diversity
which arose from gene duplication, and these receptors play key roles in brain development,
synaptic plasticity, motor function, information processing and memory formation. In
mammals, the diverse functional roles of iGIuRs are mediated by a family of 18 genes,
several of which undergo alternative splicing and mRNA editing (Traynelis et al., 2010).
Genetic, biochemical and functional studies have established that individual iGIuR subunits
will coassemble with members of the same functional family, but not with other subtypes, to
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generate the large and diverse receptor population required for normal brain activity (Ayalon
et al., 2005; Ayalon and Stern-Bach, 2001; Brose et al., 1994; Burnashev et al., 1992;
Leuschner and Hoch, 1999; Partin et al., 1993). A fundamental problem in biology is to
understand the mechanisms controlling this selective assembly.

The major families of iGIuRs were identified by classical pre-genetic techniques, using
selective ligands and functional assays, leading to identification of AMPA, kainate and
NMDA receptor subtypes (Watkins and Evans, 1981). For kainate and NMDA receptors, the
native receptor assemblies in vivo contain subunits encoded by two or three different gene
families, several of which do not generate functional ion channels when expressed as
homomeric proteins. For example, GIUR5, GIuR6 and GIuR7 (also called GluK1, GluK2
and GluK3) can form functional homomeric ion channels in heterologous expression
systems (Egebjerg et al., 1991; Schiffer et al., 1997), but in vivo they coassemble with the
KA1 and KA2 subunits from a second gene family (also called GluK4 and GluK5), which
also bind glutamate, but which are functionally inactive when expressed as homomeric
proteins (Herb et al., 1992; Werner et al., 1991). For NMDA receptors the principles are
similar, with the GluNZ1subunit, which encodes the binding site for glycine or D-sering,
forming obligate heteromeric assemblies with GIUN2 subunits which bind glutamate
(Furukawa et al., 2005; Monyer et al., 1992). By contrast, AMPA receptors are formed by
coassembly of the GIuA1-GluA4 subunits, each of which can form functional homomeric
receptors (Hollmann et al., 1989; Keindnen et al., 1990), although in vivo most AMPA
receptors contain both the GIuA2 subunit, and either GIuA1, GIUA3 or GluA4 (Geiger et al.,
1995; Rossmann et al., 2011).

A large number of studies have revealed that control of trafficking plays a key role in
regulating iGIUR transport to the plasma membrane and synapse (Greger and Esteban, 2007;
Mabh et al., 2005; Penn et al., 2008; Ren et al., 2003; Shi et al., 2010; Valluru et al., 2005).
However, the mechanisms which control the assembly of heteromeric glutamate receptors
assembled from two or three different gene families are largely unknown, but likely to
involve multiple stages of regulation before transport comes into play. In particular, dimer
assembly by the 380 residue amino terminal domain, which emerges from the ribosome
before the ligand binding domain and its associated membrane embedded ion channel
segments plays a key role in determining how subunits coassemble during the early stages of
biogenesis. Recent studies on AMPA and NMDA receptors provide compelling evidence for
such a role and highlight the complex mechanisms regulating iGIuR assembly (Farina et al.,
2011; Rossmann et al., 2011; Shanks et al., 2010). In this study we examine the role of the
ATD in assembly of heteromeric kainate receptors assembled from the GIuR6 and KA2
subunits, which form the most abundant kainate receptor subtype in the brain (Petralia et al.,
1994). We address the issue of whether there exists a unique assembly pattern; define the
mechanisms which underlie its formation and which exclude alternative assemblies; and
probe the energetics of assembly for heteromeric glutamate receptors.

RESULTS AND DISCUSSION

Glutamate receptor ion channels are tetrameric assemblies in which both the ATD and
ligand binding domains assemble as a dimer of dimers (Sobolevsky et al., 2009). Because
the iGIuUR ATD dimer of dimers assembly lacks 4-fold rotational symmetry, a receptor
generated by coassembly of GIuR6 and KA2 subunits could be formed by pairs of
homodimers or pairs of heterodimers, and in the latter case, the dimer of dimers interface
could be formed by either the GIuR6 or KA2 subunits (Figure 1A). To address the issue of
whether the initial assembly is formed by homodimers or heterodimers, we used analytical
size exclusion chromatography coupled with refractive index and multiangle light scattering
detectors (SEC-UV/RI/MALS), combined with analytical ultracentrifugation (AUC), to
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measure interactions between the GIuR6 and KA2 subunit ATDs; we then solved crystal
structures of the dimeric and tetrameric ATD assemblies; performed a mutant cycle analysis
of intersubunit contacts in the dimer assemblies; we used chemical cross linking to establish
the assembly pattern in full length receptors; and determined that high affinity interactions
between the GIuR6 and KA2 ATDs are necessary for boisynthesis on heteromeric kainate
receptors in vivo.

Analysis of GIuR6 & KA2 amino terminal domain oligomerization

We expressed the GIUR6 and KA2 ATDs as soluble glycoproteins in HEK293 cells and
purified them to homogeneity by affinity and ion-exchange chromatography. Analytical size
exclusion chromatography revealed a broad and asymmetric elution profile for the GIUR6
ATD at physiological pH, with a peak mass of 192 kDa that we initially interpreted as
resulting from a monomer-dimer-tetramer equilibrium (Figure S1A). However,
sedimentation velocity (SV) experiments at loading concentrations of 2—-33 UM revealed a
reversible, concentration dependent formation of much larger oligomeric species (Figure
S1B). In prior work we found that this behavior was suppressed at pH 5 (Kumar et al.,
2009), which was an acceptable compromise for our initial structural studies on iGIUR
ATDs, but inappropriate for an analysis of assembly mechanisms, since the pH in the
cytoplasm, endoplasmic reticulum, and Golgi apparatus is close to neutral. In order to
circumvent GIuR6 aggregation at physiological pH we resorted to protein engineering,
capitalizing on prior structural knowledge of iGIuR ATD assembly (Clayton et al., 2009; Jin
etal., 2009; Kumar et al., 2009).

The ATDs of iGIuRs have a clam-shell like structure for which the upper and lower lobes
have been named domain R1 and R2 (Karakas et al., 2009; Kumar et al., 2009). In prior
work we noted that in GIuR6 ATD crystal structures the dimer assemblies pack via the
lateral edges of domain R2 to generate spiral arrays of tetramers (Figure S1C), suggesting a
possible mechanism involving domain R2 in the aggregation observed in SV experiments
(Figure S1D). An N-linked glycan introduced into this interface would be expected to
abolish aggregation of the GIuR6 ATD in solution (Figure S1E), without interfering with
dimer assembly. We verified this by making two glycan wedge mutants, GIUR6A1 (A213N/
G215S) and GIuUR6A2 (G215N/M217T), both of which showed chromatographic and
sedimentation behavior consistent with formation of high affinity homodimers in the
complete absence of higher MW species (Figure 1B, Figure S2A and Figure 3C. The X-ray
crystal structure of the GIUR6A1 mutant revealed an essentially identical dimer assembly as
found for wild type GIuR6 (RMSD 0.53 A for 649 Ca atoms), but packed in a different
space group with the glycan wedge facing solvent channels in the crystal lattice (Figure
S1F). Although insertion of a glycan at the ATD dimer of dimers interface would likely
disrupt assembly of an intact GIuR6 tetramer, this modification allowed us to quantitatively
analyze GIuR6 ATD dimer assembly in isolation of higher order oligomers. For the KA2
ATD, SEC-UV/RI/MALS analysis revealed essentially monomeric behaviour at a loading
concentration of 2.0 mg/ml in striking contrast to dimer formation for the GIuR6 ATD
(Figure 1B). Notably, when approximately equal concentrations of the GIUR6AL or
GIuR6A2 ATDs were mixed with the KA2 ATD at a 1:1 ratio prior to injection, the
amplitude of the monomer peak decreased by 77% while that for the dimer increased by
71%, indicating preferential formation of GIUR6/KA2 heterodimers (Figure 1C and Figure
S2B). Because the GIUR6A1 and GIUR6A2 glycan wedge mutants had indistinguishable
behavior assayed by SEC-UV/RI/MALS, in the majority of subsequent biochemical
experiments we used GIURBA2, while for crystallization of heteromeric assemblies we
continued to work with GIUR6AL.
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Preferential assembly of GIuR6 and KA2 heterodimers

For mixtures of self associating systems with components of similar molecular weight, like
the GIuR6 and KA2 ATDs, measurement of the Kgs for monomer, dimer and tetramer
equilibria by sedimentation analysis is technically challenging. The present study was
greatly facilitated by the large difference in Ky for self association of the GIuR6 and KA2
ATDs, and, as shown later, by mutants which preferentially disrupt homodimer versus
heterodimer assemblies. To quantify the strength of the association between the GIuR6 and
KA2 ATDs we carried out sedimentation equilibrium (SE) experiments in an analytical
ultracentrifuge at 10°C using multiple protein concentrations and rotor speeds. Experiments
were performed for GIUR6A2, KA2, and an approximately equimolar mix of the two
proteins. In each case the data was best fit to a reversible monomer—dimer equilibrium
model (Figure 2A). The GIUR6A2 ATD formed homodimers with a Ky of 0.35 uM (95%
confidence interval; 0.30 uM — 0.41 uM), compared to a K4 of 11 uM at pH 5 (Kumar et al.,
2009), indicating that the ATD dimer assembly is a potential site of proton modulation. On
the other hand, the KA2 ATD showed very weak association, with a best-fit binding
constant of K4 410 uM (95% confidence interval 380 uM — 440 uM). The K4 for
heterodimer formation was 0.076 UM (95% confidence interval; 0.02 uM — 0.141 uM), with
the heterodimer forming the major species when KA2 was in slight excess. Comparable Ky
values of 0.25 uM (0.20 — 0.30 uM) for GIUR6A2, 350 uM (380 — 650 uM) for KA2, and
0.011 uM (0.006 — 0.017 M) for the heterodimer were obtained from sedimentation
velocity (SV) experiments at 20°C, which in addition established the absence of any species
of size larger than a dimer. The Ky value for GIUR6A2/KA2 heterodimer formation from SV
analysis is 32000-fold lower than that for homodimer formation by KA2 and 23-fold lower
than the Ky for homodimer formation by GIUR6A2, establishing that the GIURBA2 and KA2
ATDs preferentially assemble as heterodimers.

We also carried out SEC, SV and SE analysis for a mixture of the wild type GIuR6 and KA2
ATDs at pH 7.4. The SEC elution profile shows a pronounced rightward shift compared to
that obtained for GIURG in the absence of KA2, but a left shift compared to the profile for
GIuR6A2 mixed with KA2 (Figure S3A). In the SV analysis, the c(s) distributions show a
significantly extended reaction boundary compared to the GIUR6A2 profile, consistent with
a system in rapid equilibrium consisting of monomers, dimers, and higher order oligomers,
most likely tetramers (Figure S3B). Strikingly, there was no formation of larger complexes
like that observed for wt GIURG at a similar concentration (Figure S1B), suggesting that
GIuR6/KA2 heterodimer formation is competitive with the assembly-pathway for high order
GIuR6 oligomers, and that the GIuR6/KA2 heterodimer does not aggregate. With a small
excess of the KA2 ATD, SE analysis for the wt GIUR6/KA2 mixture could be well fit with a
model for monomer-homodimer and monomer-heterodimer-heterotetramer equilibria, in
which the monomer-homodimer and monomer-heterodimer Kgs were constrained to values
estimated in independent experiments, as described above; a global fit to nine data sets from
multiple rotor speeds and loading concentrations gave an apparent K4 of 3.5 uM for tetramer
formation by assembly of heterodimers (Figure S3C). A similar apparent Ky of 6.2 yuM for
tetramer formation was obtained from SV analysis. However, because the sedimentation
mixture contains multiple species, including free GIuR6, we cannot exclude other models in
which the tetramer species is a mixture of both GIUR6/KAZ2 tetramer assemblies and high
order GIuR6 oligomers. Thus, although the Ky for tetramer formation by kainate receptor
ATDs remains uncertain, the interaction is several orders of magnitude weaker than for
dimer formation.

Crystal structure of the GIuUR6/KA2 heterodimer assembly

To define the molecular mechanisms controlling ATD assembly we solved crystal structures
for both the GIUR6AL1/KA2 heterodimer (Figure 2B), and as a control the GIUR6A1
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homodimer (Figure S1F), both at 2.9 A resolution (Table 1). The conformation and
arrangement of subunits closely resembles that observed previously for wild type GIuR6 and
GIuR7 homodimers, with RMSDs of 1.55 A (563 Ca atoms) and 0.53 A (649 Ca atoms) for
superposition on the wt GIuR6 ATD dimer (PDB 3H6H). By contrast, there is a substantial
difference in packing for the GIUR6A1/KA2 heterodimer assembly compared the KA2 ATD
homodimer assembly solved previously, RMSD 3.56 A for 428 Ca atoms (PDB 30MO,
Kumar and Mayer, 2010). The most substantial difference from the KA2 homodimer
structure is due to a change in orientation in the upper lobes of the two protomers in the
GIuR6A1/KA2 heterodimer assembly (Figure 2B and C). After superposition using domain
R2 coordinates, measurement of the angles between vectors drawn through alpha helix B
and its dimer partner, gave values of 97° and 101° for the GIuR6 homodimer and
heterodimer assemblies, while for the KA2 homodimer assembly the angle increases to 123°
reflecting a large separation of the upper lobes (Figure 2C). Rotation by 90° parallel to the
plane of quasi 2-fold symmetry between the subunits in the dimer assemblies reveals that in
the KA2 homodimer assembly domain R2 has also rotated by 16° relative to the heterodimer
assembly (Figure 2C). In combination, these movements bring the R1 domains of the GIuR6
and KA2 subunits close together in the heterodimer assembly, and as a result the distance
between the Ca positions of 11e90 in a-helix C, and Phe58 or Tyr 57 in a-helix B of GIuR6
and KAZ2 respectively, decreases to 6.7 A and 5.5 A (Figure 3A); this close apposition is
similar to that found in homomeric dimer assemblies for the GIuR6, GIuR6A1 and GIuR7
ATDs, for which the corresponding Co positions are separated by 5.5, 5.8 and 5.6 A, while
for the KA2 homodimer assembly these residues are separated by 10.7 A. In addition to this
movement, analysis of the extent of domain closure indicates that the KA2 clam shell in the
heterodimer is closed by 4.5° — 7.5° compared to KA2 subunits in homodimer crystal
structures, while the GIuR6 subunit is closed by 4.2° — 6.5° when compared to GIuR6
homodimer structures. Solvent accessible surface analysis of the GIuUR6/KA2 heterodimer
interface reveals a total buried area of 2953 A2 with the KA2 protomer contributing 1496
A2, a gain of 536 A2 compared to the KA2 homodimer assembly (Figure 2D). For the
GIuR6 subunit, although there is little change in buried surface area in the homodimer and
heterodimer assemblies, local rearrangements produce key changes in inter-subunit contacts.

Domain R1 interface and loop 3 interactions in heterodimer assembly

The R1 interface in both the GIUR6/KA2 heterodimer and in the GIuR6 homodimer is
formed primarily by a close apposition of a-helices B and C from each protomer. For both
subunits, loop 3, which has been proposed to be a major determinant of subtype specific
assembly mediated by iGIUR ATDs (Jin et al., 2009), projects into the heterodimer interface
and is anchored by intramolecular disulfide bonds between Cys65 or Cys64 on a-helix B,
and Cys316 or Cys315, for GIuR6 and KA2 respectively (Figure 3 and Figure S4A and B).
Of note, we observe novel intersubunit interactions in the heterodimer assembly, which are
absent in GIuR6 and KA2 homodimer structures, and which involve loop 3. Due to
formation of a hydrogen bond between the KA2 Tyr57 OH group and the GIuUR6 main chain
nitrogen of Asn317, the tip of loop 3 in the GIuR6 subunit undergoes a conformational
change in the heterodimer assembly (Figure 3A). This results in a 5A movement of the
Asn317 side chain, which dips down into the heterodimer interface and becomes trapped
between the Asp61 and Tyr57 side chains near the base of a-helix B in the KA2 subunit.
Due to replacement of Tyr57 by Phe58, in the GIuR6 homodimer this hydrogen bond is
absent. Additional interactions made by the KA2 protomer at the R1 interface, which are
unique to the heterodimer structure, result from movement of a-helices B and C towards the
central axis of dimer formation, generating a series of contacts with the GIuR6 protomer that
are absent in KA2 homodimers. In particular, Tyr57 is inserted into a hydrophobic pocket
formed by residues 1190 and Ala93 from a-helix C of the GIUR6 subunit (Figure 3A), while
in KA2 homodimer ATD crystal structures the Tyr57 side chain is solvent exposed and
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adopts multiple conformations. The conformation of the Tyr57 side chain in the heterodimer
assembly is also stabilized by van der Waals contacts with the Cys65-Cys316 disulfide bond
in loop 3 of the interacting GIuR6 protomer, and by a hydrogen bond between the main
chain amide of Tyr57 and the hydroxyl group of Ser89 on a-helix C of the GIuR6 protomer
(Figure 3A). A hydrogen bond between GIuR6 Lys62 in a-helix B and the main chain
carbonyl of Cys315 in loop 3 of the KA2 protomer further stabilizes the heterodimer
interface. On the 2-fold related side of the heterodimer assembly, the side chain of Phe58 at
the base of a-helix B in the GIuR6 subunit makes hydrophobic contacts with His89, 11e90
and the loop 3 Cys64-Cys315 disulfide bond of the KA2 protomer (Figure 3B), but as noted
above cannot form a hydrogen bond contact with loop 3 of the KA2 subunit. Supplementary
Movie 1 shows details of these contacts.

Aromatic side chain interactions at the R1 interface stabilize ATD dimer assemblies

To test the importance of intersubunit interactions made by the GIuR6 Phe58 and KA2
Tyr57 side chains, which occupy similar positions in the heterodimer and GluR6 homodimer
assemblies, we made the GIUR6A2 F58A and KA2 Y57A mutants, and used sedimentation
velocity experiments to measure changes in K for assembly of ATD homodimers and
heterodimers. Strikingly, for SV runs at loading concentrations of 1.2 uM to 47 uM the c(s)
peak distribution for the GIUR6A2 F58A ATD mutant was largely monomeric (Figure 3C).
Analysis of weighted-average sedimentation coefficient isotherms (Figure 3F) yielded a K4
value for homodimer formation of 490 uM (95% confidence interval; 380 uM — 650 uM),
2000-fold higher than for GIUR6A2. However, when mixed with the KA2 subunit ATD, the
sedimentation profile for the GIUR6A2 F58A mutant shifted to higher S values and showed
the characteristic pattern for a reversible monomer-dimer system in rapid equilibrium
(Figure 3D). Analysis of s,(S) isotherms gave a K for heterodimer formation of 0.109 uM
(95% confidence interval; 0.096 uM — 0.121 uM) tenfold weaker than the value measured
by SV for wildtype (Kq 11 nM). Likewise, SV analysis for a mixture of the GIUR6A2 and
KA2 Y57A mutant ATDs (Figure 3E) gave a similar Ky for heterodimer assembly of 0.14
UM (95% confidence interval; 0.11 uM — 0.18 uM). However, when the aromatic side
chains were mutated to alanine in both subunits (Figure 3F), the Ky for heterodimer
assembly by the GIUR6A2 F58A and KA2 Y57A mutant mix increased 150-fold to 1.63 uM
(95% confidence interval; 1.57 uM — 1.70 uM). The fact that the GIuR6 A2 F58A mutant
still forms high affinity heterodimers with KA2, even though its ability to assemble as
homodimers is essentially abolished, suggests that while the interaction of Phe58 is very
important for GIuR6 homodimer formation, other regions, most probably the R2 domain,
must make a substantial contribution to heterodimer formation with KA2.

Conformational changes in the KA2 subunit contributing to heterodimer assembly

The domain R2 dimer interface is formed by a hydrophobic core flanked by polar residues
mediated by a 2-fold related assembly of a-helices E and F and p-strand 7 from each
protomer (Figure S4C and S4D). GIuR6 residues Leul51, 1le152, GIn155, 11158, Lys159
and Ser162 on a-helices E and F and Leu168, 11e170 on 3 strand 7 form one face of the
domain R2 interface. Similarly, Alal49, Leul52, Leul53, Glul56, Val159, Leul63, lle164
on a-helices E and F, and Val171 and Met173 on B-strand 7, form the complimentary
surface of the KA2 subunit in the heterodimer (Figure 4A). For the GIuR6 domain R2
surface, comparisons between homodimer and heterodimer assemblies reveals only subtle
changes in rotamer conformations. However, similar comparisons for KA2 revealed a
striking conformational change in residues Leul63-Thr168 (Figure 4A). In the KA2
homodimer structure a-helix F extends from residues 156— 163. In the heterodimer assembly
a-helix F partially unwinds, producing a 10 A movement of Lys166 at the tip of the loop,
that requires a 180° turn over a 4 residue stretch in the loop connecting a-helix F with -
strand 7. This unusual conformation is stabilized by a 2.7 A intramolecular hydrogen bond
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between the hydroxyl groups of Ser165 and Thr168 in the KA2 subunit, and by
intermolecular hydrogen bonds between main chain atoms of 1le164 in KA2 and Leul68
from the GIuR6 protomer (Figure 4A). This movement repositions the side chain of lle 164
which stacks against 1le158, Pro161 and 11e170 in the center of the hydrophobic patch of the
GIuR6 protomer, while L163 is repositioned at the periphery. At the top of the domain R2
interface, the side chain of Glu156 forms hydrogen bonds with the hydroxyl group of
Tyr145 and the side chain amide of GIn172 in the GIuR6 subunit, while in the KA2
homodimer Glu156 forms an intramolecular salt bridge with Arg 160 in a-helix E of the
same subunit. Supplementary Movie 2 shows details of these contacts.

In view of conformational rearrangements observed in domain R2 of the heterodimer
interface, and the persistence of heterodimer formation at uM ATD concentrations when
Phe58 and Tyr57 in domain R1 were mutated to alanine, we examined the role of domain
R2 in heterodimer assembly, and made alanine mutations in the KA2 subunit for Glu156,
Leul63, and 1164, all in the background of KA2 Y57A. To destabilize the tight turn in the
loop connecting a-helix F to B-strand 7 we made the S165G/T168A double mutant.
Sedimentation velocity experiments were used to measure the Ky for heterodimer formation
with GIUR6A2. These experiments established that domain R2 plays a key role since for the
KA2 Y57A/E156A/L163A/1164A quad mutant heterodimer assembly was essentially
abolished, and in SV experiments we observed two non interacting species corresponding to
GIluR6A2 homodimers and KA2 mutant monomers (Figure 4B). To quantify the effects of
individual KA2 domain R2 mutations we performed additional SV experiments in the KA2
Y57A mutant background with GIURBA2 F58A as the dimer partner; because neither of
these mutants forms homodimers, this facilitated analysis of heterodimer formation, giving
easy to interpret isotherms of weighted-average sedimentation coefficients (Figure 4C). The
results gave Ky values with 95% confidence intervals of 2.0 uM (0.18 — 2.27 uM) for
E156A, 6.7 UM (6.4 — 7.1 uM) for L163A, and 13.0 uM (10 — 15 uM) for the S165G/
T168A double mutant. The 1164A mutation produced a much greater disruption, such that
we can set only a lower limit on the K4 of 200 uM or larger. We also screened two
additional sets of KA2 mutants in regions of the structure which might be anticipated to
affect heterodimer formation. The 15t set tested, KA2 C64S/C315S, targeted the disulfide
bond which holds loop three in place (Figure 5A). The second set targeted Lys148 and
Glu150 at the N-terminus of a-helix E, which were candidates for mediating contacts with
His105, Ser108 and Asp109 in domain R1 of the GIuR6 protomer. However, both the C64S/
C315S and K148A/E150A KA2 double mutants produced no change in oligomerization
when mixed with either GIUR6A2 or GIURBA2 F58A and analyzed by UV/RI/MALS-SEC
(Figure S5). The lack of effect of loop 3 disulfide bond disruption likely occurs because, in a
heterodimer assembly with GIuR6, loop 3 of the KA2 subunit is held in place by other
contacts such as the hydrogen bond between the main chain carbonyl oxygen of Cys315 and
the side chain of Lys62 in the GIuR6 subunit. We were unable to test the effect of the GIUR6
C65S/C316S mutant, because this construct could not be expressed at levels sufficient for
biochemical analysis, possibly due to misfolding. The interactions made by Lys148 and
Glu150 with the GIuR6 subunit are formed in solvent exposed loops with weak electron
density, and it is likely that this region is quite mobile, since our results reveal that it does
not contribute to dimer stability.

Mutant cycle analysis of interactions between sites in domains R1 and R2

To estimate the strength of the interactions underlying dimer formation we purified a series
of 15 mutant ATD proteins and measured their Ky for homodimer and heterodimer
formation using SV experiments. To select mutant combinations suitable for analysis by SV
we performed SEC-UV/RI/MALS experiments to assay for either depletion of the monomer
KA2 peak when mixed with GIUR6A2, or an increase in dimer peak when mixed with
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GIuR6A2F58A (Figure 1C, Figure S5A and Table S1). Out of 30 combinations tested, 13
pairs were selected for analysis by SV; examples of isotherms for weighted-average
sedimentation coefficients for KA2 mutants mixed with GIuR6A2F58A and GIURGA?2 are
shown in Figure 4C and Figure S5C respectively. To calculate AAG values we used SV
measurements for the GIUR6A2 homodimer Ky (250 nM), the KA2 homodimer Ky (350
M), and the GIUR6A2/KA2 heterodimer Ky (11 nM), as reference values (Table S1). The
formation of GIUR6A2/KA2 heterodimers is favored by 6.04 kcal/mol compared to the KA2
subunit homodimer Ky. Based on analysis of the heterodimer crystal structure there are four
sites which likely contribute to this large free energy change (Figure 5A), which we label
site 1 (Tyr57), site 2 (Glul56), site 3 (Leul63 and Leul64), and site 4 (Ser165 and Thr 168
in the loop connecting a-helix F to B-strand 7 in the KA2 subunit). Mutation of site 1
produced a —4.5 kcal/mol loss of binding energy for the GIUR6A2F58A homodimer, but
only a —2.9 kcal/mol loss for the GIURBA2F58A/KA2Y57A heterodimer, with equal
contributions by the F58A and Y57A mutants, of —1.4 and —1.5 kcal/mol respectively
(Table S1). The excess total dimerization energy, totaling 3.1 kcal/mol, must come from
other sites in the heterodimer interface. The mutation E156A produced a loss of only —0.43
kcal/mol; for L163A the loss was —1.31 kcal/mol. The S165G/T168A double mutant
produced a loss of binding energy of —1.74 kcal/mol. Strikingly, Ser165 and Thr168 do not
make contacts with the GIuR6 subunit, and instead merely serve to stabilize the loop
conformation which positions L163 and 1164 in the dimer interface.

To examine whether the binding mechanism for heterodimer formation was an additive or
cooperative process we performed a mutant cycle analysis looking at interactions between
sites in domains R1 and R2 with both the GIUR6A2 and GIUR6A2F58A mutant used as
heterodimer partners. Mutant cycles were calculated as shown in Figure 5B, where coupling
coefficients () greater than one indicate positive cooperativity (Carter et al., 1984; Hidalgo
and MacKinnon, 1995). The analysis yielded coupling coefficients (Q values) of only 0.8-
1.7 and reveals clearly that the process of heterodimer assembly is an additive process with
little cooperativity between domains R1 and R2 (Extended Experimental Procedures). The
much larger disruption of heterodimer assembly observed for the 1164A mutant likely
reflects conformational changes resulting from destabilization of the hydrophobic patch
formed by the loop rearrangement in the KA2 subunit. Of note, amino acid sequence
alignments (Figure 5C) reveal that in other iGIuR subunits 1le164 is replaced by charged or
polar residues, consistent with a unique role for 1le164 in mediating heterodimer assembly
for KA1 and KA2. This alignment also reveals exchange of Glul67 (Asp165 in KAL) by
Trp/lle/Leu in other iGIUR subunits (Figure 5C). The residues exchanged are in a flexible
loop region connecting helix F and strand 7, the conformation of which differs in individual
iGIuR families. In GIluR1-4 and GIuR5-7 the Trp/lle/Leu residues form part of the
hydrophobic core of domain 2, while in the KA2 subunit the polar residues are surface
exposed, and make intersubunit contacts in the heterodimer assembly. In the KA1 and KA2
subunits Phe160/162 fills the space in the hydrophobic core which in other iGIuR subunits is
occupied by the Trp/lle/Leu residues which align with Asp165/Glul67 in KA1 and KA2. At
the corresponding position in the AMPA receptors and GluR5-7 the Phe residue is replaced
by smaller Ala or Pro side chains.

GluR6 forms the dimer of dimers interface in the GIuR6/KA2 ATD tetramer

In order to elucidate the structure of the GIuUR6/KA2 ATD tetramer we crystallized a
complex of wt GIuR6 and KA2. We first demonstrated by size exclusion chromatography
and AUC experiments that wt GIuR6 and KAZ2 likely interact to form tetramers in solution
(Figure S3). The wt GIuR6 and KA2 complex purified by gel filtration crystallized in a large
unit cell with 10 protomers in the asymmetric unit, which assemble as 5 identical
heterodimers. Four of the heterodimers assemble to generate two pairs of tetramers, and a
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third identical tetramer is generated by crystallographic symmetry operations for the
remaining dimer (Figure S6A). Although this crystal form diffracted only to 3.9A resolution
(Table 1) the availability of a higher resolution refined heterodimer crystal structure allowed
us to use molecular replacement to position the heterodimers in the symmetric unit and to
refine the structure with good statistics using deformable elastic network restraints (Schroder
et al., 2010). The RMSD of 0.66 A for least squares superposition of 714 Co. atoms of the
GIuR6A1/KA2 dimer indicates that GIuUR6/KA2tetramers are formed by rigid body
assembly of heterodimer pairs. In each of the tetramer assemblies, the GIUR6/KA2
heterodimers are arranged in such a way that the dimer of dimers interface is mediated by
the two GIuRG6 subunits (Figure 6A). Helices G and H of the GIuR6 subunit form the 2-fold
symmetric interface as found previously for GluR6 ATD homodimer structures (Das et al.,
2010; Kumar et al., 2009). Electron density (Fo-Fc) difference maps, which revealed the
positions of glycan residues not used in model building or refinement, allowed us to use the
unique N-linked glycosylation patterns for the GIluR6 and KA2 ATDs as an additional check
for subunit identity in the tetramer assemblies (Figure 6A); particularly prominent is the
excess density at KA2 Asn200, a site resistant to digestion by Endo H (Kumar and Mayer,
2010).

To validate that the same ATD tetramer assembly occurs in full-length heteromeric kainate
receptors we performed cysteine mutant cross-linking experiments. For these we used the
GIluR6 G215C 5x cysteine (=) mutant, which we had shown previously to form spontaneous
cross links in full-length GIuR6 homotetramers (Das et al., 2010), and introduced a cysteine
mutation at the equivalent Gly215 position in the KA2 subunit. We tested mutants for
oligomer formation by Western blot analysis under non-reducing conditions. Unique FLAG
and STREPII tags were also inserted in the GIuR6 and KA2 full-length subunits respectively
for purification by affinity chromatography and for Western blot analysis. Dimers formed
spontaneously when GIuR6 G215C and KA2 were expressed together but not when GIuR6
wt and KA2 G215C were coexpressed (Figure 6B). This indicates that GIuR6 mediates the
dimer of dimers interface in a GIUR6/KA2 heterotetramer consistent with the ATD
heterotetrameric crystal structure.

Assembly of heteromeric kainate receptors in vivo requires high affinity ATD interactions

Conclusions

To test whether high affinity interactions between the GIuR6 and KA2 ATDs underlies
assembly of heteromeric kainate receptors in vivo, we used functional assays in Xenopus
oocytes which utilized the different ligand binding selectivity of the GIuR6 and KA2
subunits (Herb, et al., 1992; Swanson et al., 1998). When GIuR6(R) and KA2 were
coexpressed at a ratio of 1:2, following incubation with 0.3 mg/ml concanavalin-A to
attenuate desensitization, we recorded robust responses to 60 UM glutamate (0.74 £ 0.08
MA, n=5), 500 uM AMPA (1.30 + 0.15 pA, n=5) and 500 uM 5-iodowillardiine (1.69 + 0.18
MA, n=5). For the KA2 Y57A/E156A/L163A/I164A mutant responses to glutamate (0.72 +
0.16 pA, n=6) were of similar amplitude, while for AMPA and 5-lodowillardiine responses
were too small to record reliably (< 5 nA), indicating that high affinity interactions of the
GluR6 and KA2 ATDs is required for assembly of heteromeric kainate receptors in vivo
(Figure 7). We also established that interactions between the ATDs play a key role in the
selective assembly of iGIuRs by performing SEC-UV/RI/MALS for the AMPA receptor
GIluA2 ATD injected alone, or mixed with the KA2 ATD. In contrast to the decrease in KA2
monomer peak amplitude observed for the GIuR6 and KA2 mixture the GIuA2 and KA2
ATDs do not interact even at protein concentrations of greater than 10 uM (data not shown).

The results of our experiments reveal that in heteromeric kainate receptors the ATDs of the
GluR6 and KA2 subunits assemble as pairs of heterodimers, in which the KA2 subunits lie
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at the lateral edges of the tetramer, while the GIuR6 subunits mediate the dimer of dimers
assembly on the 2-fold axis of molecular symmetry. The high affinity of the KA2 subunit
for GIuR6 ensures that ATD heterodimers will form early during the process of biogenesis,
before trafficking comes into play, and in addition provides a mechanism which suppresses
formation of functional GIuR6 homotetramers which lack the KA2 subunit, while ensuring a
2:2 stoichiometry of assembly. The binding mechanism generating the kainate receptor
heterodimer assembly involves residues present in both the R1 and R2 lobes of KA2
protomers. By contrast, the emerging picture of AMPA receptor assembly indicates that
domain R1 plays a major role in heterodimer assembly (Rossmann et al., 2011), similar to
what we find for GIuR6 homodimers. For NMDA receptors, quantitative analysis of ATD
assembly using sedimentation experiments has not yet been reported.

Despite a major role in iGIuR assembly, it is striking that in prior work genetic deletion of
the ATD for AMPA, kainate, and NMDA receptors does not abolish the formation of
functional ion channels in heterologous expression systems, indicating that its role in
assembly is not obligatory (Gielen et al., 2009; Horning and Mayer, 2004; Pasternack et al.,
2002; Plested and Mayer, 2007; Yuan et al., 2009). It is notable that prokaryotic iGIuRs
which entirely lack the ATD domain assemble, activate and desensitize similar to eukaryotic
iGIuRs (Chen et al., 1999), suggesting that the ATD most likely plays a role in facilitating
the efficient assembly of heteromeric iGIUR assemblies. Consistent with this, in unpublished
work we have found a > 10-fold reduction in cell surface expression of functional
homomeric GIUA2 AMPA receptors in Xenopus oocytes injected with equal amounts of
GIuUA2ATD(—) cRNA compared to wild type GIuA2.

Because the GIuR6 and KA2 ATD heterodimer is formed with very high affinity it is
unlikely that this assembly undergoes large conformational changes in an intact receptor.
Because the dimer is stabilized by contacts mediated by both the R1 and R2 domains, it is
also unlikely that the individual subunits in a dimer could undergo substantial changes in
domain closure in response to small ligands. By contrast, although we can set only a lower
limit of 3-5 uM on the K for formation of the tetrameric ATD dimer of dimers assembly, it
is very likely that the tetramer is a dynamic assembly in which the two arms formed by ATD
dimers can move relative to each other. It is thus tempting to speculate that if the ATD
interacts with other proteins in the synaptic cleft, this could affect receptor clustering and
mobility, and in addition regulate ion channel activity via conformational changes
propagated to the ligand binding domain. The AMPA receptor ATD has been reported to
bind to N-cadehrins (Saglietti et al., 2007) and neuronal pentraxins thereby contributing to
excitatory synapotogenesis (O'Brien et al., 1999; Ripley et al., 2011; Sia et al., 2007; Xu et
al., 2003). Likewise, the GIuN1 ATD and the extracellular domain of EphB mediate
EphrinB and NMDA receptor interaction(Dalva et al., 2000; Takasu et al., 2002). More
recently, the Delta2 receptor ATD has been shown to form trans-synaptic interactions via
cerebelin-1 precursor protein and neurexin (Matsuda et al., 2010; Uemura et al., 2010). The
exact nature and stoichiometry of these interactions is not known but will be influenced by
the different stabilities of the high-affinity dimer and low-affinity dimer of dimers interfaces
in individual iGIUR subtypes.

EXPERIMENTAL PROCEDURES

Protein Purification and crystallization

The GIuR6 and KA2 ATDs were expressed in adherent and suspension cultures of wild type
HEK 293T cells for SEC-UV/RI/MALS and AUC studies and purified as described
previously (Kumar and Mayer, 2010; Kumar et al., 2009). For crystallization the proteins
were expressed in N-acetyl glucosaminyltransferase I-deficient GnTI~ HEK293 cells and
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digested with Endo H (Reeves et al., 2002). Complete descriptions are given in Extended
Experimental Procedures.

Data collection, Structure Determination and Model Refinement

X-ray diffraction data sets were collected using synchrotron radiation at the Advanced
Photon Source (GM/CA CAT; beamline 23-1D-B) and were indexed, integrated and scaled
using HKL2000 (Otwinowski and Minor, 1997). The GIUR6A1 homodimer and GIUR6A1/
KAZ2 heterodimer structures were solved by molecular replacement using the program
PHASER (McCoy et al., 2007) and search probes composed of monomers of rat GIuR6
(PDB ID: 3H6H) and KA2 (PDB ID: 30MO0) ATDs. The structures were iteratively built
and refined with riding hydrogens using Coot (Emsley and Cowtan, 2004) and Phenix
(Adams et al., 2010). The refined GIUR6A1/KA2 heterodimer was used as a search probe in
PHASER to solve the GIuR6Wt/KA2 heterotetramer structure, which was initially refined
using a deformable elastic network (DEN) model implemented in CNS 1.3 (Schroder et al.,
2010) before switching to Phenix. Data collection and refinement statistics are given in
Table 1.

Analytical size exclusion chromatography

SEC-UV/RI/MALS was performed using a Superdex 200 HR 10/30 size exclusion column
equilibrated with 20 mM HEPES, 200 mM NaCl, 1 mM EDTA, pH 7.4. The protein loading
concentration was 2mg/ml unless stated otherwise. Detection was performed using a triple-
angle light scattering detector (Mini-DAWN™ TREOS, Wyatt Technology), and a
differential refractometer (Optilab® rEX, Wyatt Technology). Molecular weight and
hydrodynamic radius determination was performed using ASTRA (Wyatt Technology).

Analytical ultracentrifugation

For AUC proteins were dialyzed against a buffer containing 200 mM NaCl, 1 mM EDTA
and 20 mM Na Phosphate, pH 7.5. Sedimentation velocity (SV) experiments were carried
out in ProteomeLab XL-I analytical ultracentrifuges (Beckman Coulter, Palo Alto, CA) at
20°C at a rotor speed of 50,000 rpm, following standard protocols (Brown et al., 2008). For
the study of GIuR6 and KA2 mixtures, parallel dilution series were conducted for each
component alone, as well as a stock mixture at an ~ 1:1 molar ratio, spanning a total loading
concentration range from 0.005 to ~2.0 mg/ml. Data were analyzed with SEDFIT applying
sedimentation coefficient distributions c(s) (Schuck, 2000) followed by integration to
determine the weighted-average sedimentation coefficients s,,, which were fitted in
SEDPHAT with models for monomers, homodimers and heterodimers in chemical
equilibrium (Schuck, 2003). The s-values for monomer and dimer species were fixed to
best-fit estimates derived from analysis of GIuR6 and KA2 mutants with very low and very
high affinity, respectively.

Sedimentation equilibrium (SE) experiments were conducted with ~ 4.5 mm sample
columns at a 5-10 fold range of loading concentrations at sequential rotor speeds of 6,500
rpm, 10,000 rpm and 16,000 rpm at 10°C. The radial signal profiles were acquired using
both absorbance optics at 230, 250 and 280 nm and interference optics. Data were globally
fitted in SEDPHAT with equilibrium models using multi-signal analysis and soft mass
conservation constraints (Vistica et al., 2004). Further details of the SV and SE analyses are
described in Extended Experimental Procedures.

Cysteine crosslinking and Western blots

Unique FLAG and Strepll tags were inserted into the full length GIuR6 G215C 5x cysteine
(=) mutant, which we had shown previously to form spontaneous cross links in full-length
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GluR6 homotetramers (Das et al., 2010), and into the KA2 G215C mutant subunit at their N
and C-termini respectively for affinity purification and Western blot analysis. Total cell
lysates from HEK293T suspension cultures were prepared on the 41/5t day post
transfection. A Strepll affinity column was used to purify receptor complexes which were
than resolved in duplicate on SDS-PAGE under non-reducing conditions. SDS gels were
electroblotted onto PVDF membranes and probed by either anti-FLAG or anti-Strepll
antibody for detection of GIuR6 and KA2 receptor subunits respectively.

Highlights

e Heteromeric kainate receptor ATD tetramer structures solved by Xray
crystallography

¢ GluR6/KA2 heterodimer assembles with Kd of 11 nM
e Interaction surface involved residues in both upper and lower lobes

e Heteromeric ion channel assembly disrupted by ATD alanine mutants

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Assembly principles for heteromeric glutamate receptor ATDs

(A) Crystal structure of the GIuR6 ATD homotetramer (PDB 3H6H) with the four subunits
individually colored, illustrating the global 2-fold axis of dimer symmetry; the cartoons
show three possible subunit arrangements for an ATD heterotetramer assembled from
GIuR6 (green) and KA2 subunits (red). (B) Superimposed gel permeation chromatography
profiles for the GIUR6A2 and KA2 ATDs when the proteins were injected separately;
analysis by SEC-UV/RI/MALS (red data points) revealed elution with mass values
corresponding to dimers and monomers respectively. (C) When the two proteins were mixed
at approximately equal concentrations prior to injection, the amplitude of the dimer peak
increased, with a corresponding decrease in the monomer peak, indicating formation of
GIluR6/KA2 heterodimers; dashed lines show data from B scaled by 50% to account for the
dilution factor when the samples were mixed.
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Figure 2. The GIuR6 and KA2 ATDs coassemble to form high affinity heterodimers

(A) Sedimentation equilibrium analysis for the GIUR6A2 ATD, homodimer Kq 350 nM
(left); the KA2 ATD, homodimer K4 410 uM (middle); and an approximately equimolar
mixture of the GIURBA2 and KA2 ATDs, heterodimer Ky 77 nM (right); fits to a monomer-
dimer model (red line), with the calculated monomer and dimer populations shown as blue
and pink lines, are shown for the three experiments (upper panels); the lower panels show
residuals for single cells for a global fit to data for 3 loading concentrations each run at three
speeds (6,500, 10,000 and 16,000 r.p.m). (B) The GIuR6/KA2 heterodimer crystal structure
superimposed using domain R2 coordinates on crystal structures for GIluR6 (PDB 3G3H)
and KA2 (PDB 30MO0) homodimers (C). Superimposed vectors drawn through helix B in
domain 1 and helix D in domain 2, for the same structures, colored as in panel B, with the
angle between helix B and its dimer partner indicated for the GIuR6 homodimer, the KA2
homodimer, and the GIuR6/KA2 heterodimer; rotation by 90° (right panel) reveals a 16°
change in angle between helix D and helix D’ in domain R2 of the KA2 homodimer
assembly. (D) Green shading illustrates buried molecular surfaces for the GIuR6 and KA2
subunits for the same heterodimer and homodimer assemblies shown in B.
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Figure 3. Role of conserved domain R1 aromatic side chains in heterodimer assembly

(A) Crystal structure of the GIUR6AL/KA2 heterodimer domain R1 interface showing the
interaction of KA2 Tyr57 with residues in a-helices B and C and loop three of the GluR6
subunit. A single subunit from the GIuR6 homodimer crystal structure, superimposed on a-
helices B and C, is colored light blue and shows the change in conformation of loop 3 and
Asn 317 in the heterodimer assembly. (B) The view after rotation by 180° shows the
interaction of GIuR6 Phe58 with residues in a-helices B and C and loop three of the KA2
subunit. (C) Sedimentation velocity analysis for self assembly of the GIUR6A2 F58A mutant
ATD reveals a shift in monomer-dimer equilibrium due to a 2000-fold increase in K for
homodimer formation; the profile for 36 uM GIUR6A2 which sediments as a dimer is shown
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as a dashed line. (D) When the GIuR6A2 F58A mutant is mixed with wt KA2 the
sedimentation profile shifts to the right due to formation of ATD heterodimers; the profile
for 14 uM KA2 which sediments as a monomer is shown as a dashed line. (E) A similar
sedimentation profile was obtained for an equimolar mixture of the GIUR6A2 and KA2
Y57A mutant ATDs. (F) Isotherms of weighted-average sedimentation coefficients fit with a
monomer-dimer model reveals that compared to mutations in single subunits, mutation to
alanine of both GIuR6 F58 and KA2Y57 produces a 13-fold increase in Ky for heterodimer
formation.
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Figure 4. Domain R2 plays a key role in heterodimer assembly

(A) Stereo diagram of the GIuR6/KA2 heterodimer domain R2 interface; the GIuR6 subunit
is shown as a molecular surface colored by atom type. The red ribbon diagram shows the
KAZ2 subunit in the heterodimer assembly, with the loop connecting a-helix F with B-strand
7 shaded green; key residues forming intermolecular contacts are drawn as sticks; the ribbon
diagram in transparent orange shows a subunit from a KA2 homodimer assembly. (B)
Sedimentation velocity analysis for an equimolar mix of the GIUR6A2 and KA2 E156A/
L163A/1164A mutant ATDs reveals disruption of heterodimer assembly, with essentially no
concentration dependence of the c(s) peak positions corresponding to monomers and dimers
formed by the KA2 and GIuR6 subunits respectively. (C) Isotherms of weighted-average
sedimentation coefficients determined from peak integration of the c(s) data for individual
KA2 Y57A domain R2 mutants mixed with GIUR6A2 F58A; solid lines shows fits of a
monomer-dimer model; the dashed line shows the isotherm for KA2 with wild type domain
R2 residues.
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Figure 5. Mutant cycle analysis for interactions between intermolecular contacts in the

heterodimer assembly

(A) The KA2 subunit ATD viewed face on to the heterodimer surface, indicating the
position of Tyr57 in site 1; Glu156 in site 2; lle164 in site 3; Serl65 and Thr168 in site 4
that stabilizes the loop which makes site 3 contacts; the Cys64-Cys315 disulfide bond which
holds loop 3 in place; and the location of Lys148 and Glu150. (B) Illustration of a mutant
cycle for coupling between two sites indicated as A and B. (C) Amino acid alignment for
AMPA and kainate receptors reveals a unique conservation of 1le164 in the KA2 subunits,
and exchange of conserved residues in the loop connecting alpha helix F with beta strand 7.
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Figure 6. Tetramer assembly is mediated by the GIuR6 subunit

(A) Crystal structure of the GIuUR6/KAZ2 heterotetramer ATD assembly for wt GIuR6 and
KAZ2, colored green and red respectively; the ribbon diagram shows one of three identical
tetramers for the 10 protomers in the asymmetric unit, with one tetramer formed by non
crystallographic symmetry operations; side chains which support N-linked glycosylation are
drawn as sticks; yellow spheres indicate the positions in the GIuR6 and KA2 subunits at
which cysteine mutations were introduced to test for formation of disulfide cross links in full
length receptors. Electron density maps (Fo-Fc contoured at 3 o blue mesh) illustrate
features corresponding to glycan residues, which were not included in the model or used for
refinement. (B) Western blots run under non-reducing conditions for detergent solubilized
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affinity-purified (Strepll tag) full-length heteromeric GIuR6/KAZ2, in which Cys mutants
were introduced at equivalent sites in the domain R2 lateral surface of either GIuR6 or KA2
and probed against Flag (GIuR6) and Strepll (KA2) epitopes; lanes 3 and 6 contain the same
samples loaded in 1 and 4 but with the addition of 10 mM BME.
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Figure 7. High affinity ATD interactions underlie assembly of heteromeric kainate receptors in

VIVO

(A) Responses to 60 uM glutamate, 500 pJA AMPA, and 500 uM 5-iodowillardiine recorded
at —60 mV from a Xenopus oocyte injected with 1.5 ng GIuR6(R) and 3 ng wt KA2 cRNAs.
(B) Responses for the same protocol but with the KA2 Y57A/E156A/L163A/1164A mutant.
(C) Bar plot showing the mean + sem for responses for wt KA2 (n=5) and the KA2 mutant
(n=6).
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Table 1

Crystallographic Data Collection and Refinement Statistics

Data Set GIuR6A1 GIuR6AL/KA2 GIUR6WI/KA2
Data Collection

Space group 14 P2,2,2, Cc2

Unit cell a, b, ¢ (&) 191.8,191.8,47.0 65.6,139.5,195.4 365.9,109.0, 155.0
Resolution range (A)@ ~ 50.00-3.0(3.1)  30.00-2.90 (30)  50.00 - 395 (4.1)
Observations 65,539 164,845 719,425
Unique reflections 17,783 40,232 54,061
Completeness (%) P 99.9 (99.4) 99.1(97.2) 100 (100)
Rmergel® 0.078 (0.706) 0.114 (0.450) 0.139 (0.895)
o(1)P 16.0 (2.0) 11.6 (2.9) 18.6 (2.8)
Structure Refinement

Resolution range (A) 47.95-2.98 29.97 - 2.90 49.0-3.9
Reflections used 16,775 39,761 50,913
Protein / glycan atoms 5,886 / 84 11,771/ 224 29,645/0
Ruwork / Réree (%) 2421293 19.7/25.6 26.4/28.0
Rms Deviations

Bond lengths (A) 0.003 0.006 0.005
Bond angles (°) 0.608 0.918 0.0593

aValues in parenthesis indicate the low resolution limit for the highest-resolution shell of data.

Values in parenthesis indicate statistics for the highest-resolution shell of data.

c . . .
Rmerge == (Z[ 11 - <l1>|) / Z| [l]|, where <I|> is the mean I| over symmetry—equivalent reflections.
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