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Abstract (217 words)

NMDA receptors have essential roles in the physiology of central excitatory synapses and their
dysfunction causes severe neuropsychiatric symptoms. Recently, a series of genetic variants have
been identified in patients, however, functional information about these variants is sparse and
their role in pathogenesis insufficiently known. Here we investigate the mechanism by which
two GIuUN2A variants may be pathogenic. We use molecular dynamics smulation and single-
molecule electrophysiology to examine the contribution of GIUN2A subunit-residues, P552 and
F652, and their pathogenic substitutions, P552R and F652V, affect receptor functions. We found
that P552 and F652 interact during the receptors' normal activity cycle; the interaction stabilizes
receptors in open conformations and is required for a normal electrical response. Engineering
shorter side-chains at these positions (P552A and/or F652V) caused a loss of interaction energy
and produced receptors with severe gating, conductance, and permeability deficits. In contrast,
the P552R sidechain resulted in stronger interaction and produced a distinct, yet still drastically
abnormal eectrical response. These results identify the dynamic contact between P552 and F652
as a critical step in the NMDA receptor activation, and show that both increased and reduced
communication through this interaction cause dysfunction. Results show that subtle differences
in NMDA receptor primary structure can generate complex phenotypic alterations whose binary

classification istoo simplistic to serve as a therapeutic guide.

Main findings
e Two NMDA receptor residues whose substitution results in encephal opathies, were found to
form new interactions during activation, and the energy provided by this interaction is re-

quired for normal receptor gating.
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e Experimental substitutions of these residues that change the strength of their interaction re-
duce the receptor open probability, unitary conductance, and calcium permeability.
e Receptors with variations at these positions identified in patients display a broad range of

both gain- and loss-of-function changes depending on the stimulation protocol.
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I ntroduction (1062 wor ds)

N-methyl-d-aspartate (NMDA) receptors are glutamate-gated excitatory channels with critical
roles in the normal development and function of the nervous system. They are principal media-
tors of synaptic formation, maturation, and plasticity throughout the life span. In turn, both their
insufficient and excessive activation have been long known to cause severe neuropathologies.
More recently, gene sequencing approaches in patients with neuropsychiatric disorders have
identified alterations in the primary structure of GRIN genes, which encode NMDA receptor
subunits *’. To help with patient stratification and therapy development, severa publicly-
available databases centralize information on the rapidly increasing number of clinically reported
variants 8. This aggregation has made apparent several challenges that, at present, obscure the

disease mechanism of these variants.

First, rather than being specific and localized to specific genetic/structural regions, the identified
genetic alterations are diverse and widely spread over the entire length of al seven NMDA re-
ceptor subunits. Second, a direct correlation between the primary structure of NMDA receptors
subunits and their functional output remains elusive. Lastly, how NMDA receptor responses af-
fect the normal physiology of the central nervous system, and specifically which of their proper-
ties are important at a particular time and place, is only superficially understood. To date more
than 4,000 GRIN variants have been identified in human populations. About half of these have
no reported clinical phenotype and are currently classified as “benign.” The remainder display
clinical features ranging in impact from mild to severe and include developmental delay, epilep-
sy, schizophrenia, intellectual disability, autism spectrum disorders, attention( Ideficit and hyper-
activity disorders, visual impairment, hypotonia, speech disorders, movement disorders, and mi-

crocephaly ***. In part, this pleiotropy likely reflects the receptor’s diverse and dynamic contri-
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butions to ongoing normal functionaity of synapses, neurons, and circuits. It also reflects the
complex and insufficiently understood relationship between the receptor’s primary structure and

its healthy operation.

NMDA receptors are obligate heterotetramers that assemble from two obligatory GIuN1 subu-
nits, encoded by GRIN1, and a collection of two GIuN2 or GIuN3 subunits, encoded by GRIN2A-
D and GRIN3A-B, respectively. Consistent with its required role for NMDA receptor assembly
and expression, GIuN1 subunits are widely expressed across brain regions and developmental
stages; and animals lacking the GIuN1 perish at birth due to respiratory failure ** *3. In contrast,
the expression of GIuN2 and GIuN3 subunits is developmentally and regionally controlled, and
animals lacking these subunits have severe but non-lethal phenotypes **. Disease-associated vari-
ants have been identified in all eight NMDA-receptor encoding genes, attesting for the critical

and non-redundant roles of individual subunits.

Tetrameric NMDA receptors are large (~4,500 residues) transmembrane proteins. About two-
thirds of residues are extracellular and are organized into two layers, each consisting of four
globular domains. The membrane-distal N-terminal layer forms modulator-binding sites and in-
fluences the channel open probability, but is dispensable to agonist-dependent activation *> *°.
Likely, mutations in this layer affect the receptor’s sensitivity to allosteric modulators. The
membrane proximal ligand-binding layer consists of four globular domains, which form binding
sites for the physiologic co-agonists glutamate and glycine. Agonists stabilize a more compact
set of receptor conformations and energetically couple with increased mechanical tension in the
three short linkers that connect each ligand-binding module to one of three transmembrane heli-

ces (M1, M3, and M4). Together with a short M2 helix, which inserts in the membrane as a P-

loop from the cytoplasmic surface, transmembrane helices surround the cation-permeable pore,
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93  and residues on the M3 helix opposite to the cytoplasmic surface form the agonist-controlled
94 gate. The ligand-binding and transmembrane domains, together with the linkers that connect
95 them form the core of the NMDA receptor channels in that they are required and sufficient for
96 their defining function as glutamate-gated excitatory channels. The cytoplasmic domain is large;
97 it represents about a third of receptor mass; and although it is dispensable for glutamate-gated
98 currents’, animals lacking this domain are not viable '8, This observation, together with the lack
99  of a specific associations between disease-related variants and the receptor’s various structural
100 domains, indicate critical roles for all receptor domains in the normal physiology of the central

101 Nervous system.

102 Although identified smply as glutamate-gated excitatory channels, NMDA receptors are com-
103  plex multifunctional proteins. In addition to binding glutamate, their typical activation cycle also
104  includes interactions with a host of organic and inorganic ions and molecules as diverse as inor-
105  ganic cations such as protons, magnesium, and calcium, and a host of organic molecules, which
106  include glycine, polyamines, steroids, and several proteins. In turn, the residues that form these
107  externa ligand-binding sites are internally connected to the channel gate through complex net-
108  works of allosteric interactions. In effect, these internal interaction networks transform the bind-
109  ing energy contributed by ligands into conformational changes that alter the receptor’s overall
110  function. Therefore, structural variations as minor as a single-residue substitution can affect the
111  intensity and duration of its glutamate-elicited ionic current by changing how ligands bind or
112 how the binding energy is transmitted to the gate. Of the patient-derived variants that have been
113  classified as pathogenic, fewer than half have been examined functionally, and even fewer have a
114  proposed mechanism > % %% |n part, this is because the activation mechanism of NMDA re-

115  ceptors is complex and insufficiently understood % *! making correlation between in vitro char-
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116  acterization and in vivo behavior difficult % *. To begin to explain how NMDA receptor muta-
117  tions alter receptor functions and how to restore pharmacologically their normal operation, it is
118  necessary to outline the mechanism by which individual residues contribute to the receptor’'s

119  normal operation and how their substitution alters receptor responses.

120  In aprevious study, we used molecular dynamics simulations and identified pairs of interacting
121 residues whose strength of interaction changes during activation. Among these, several corre-
122 sponded to sites where variations are pathogenic 3. Specifically, GIUN2A F652, which has been
123 associated with epilepsy, contacted in a state-dependent manner GIuN1 R801, for which no vari-
124  ation has yet been reported, and GIUN2A P552, which is also associated with epilepsy. We hy-
125  pothesized that mutations at either GIUN2A F652 or GIUN2A P552 may work through the same
126 mechanism, namely by changing their interaction which is intrinsc to the activation sequence.
127  Here, we report evidence for the direct chemical coupling between F652 and P552 during recep-
128  tor opening and show that mutations at these sites, regardless of whether they weaken or
129  strengthen the native interaction, result in severe deficits in receptor open probability. Notably,
130  these deficits produced distinct functional phenotypes, which could not be predicted by simple

131  functional characterization.
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132  Methods

133 Cell culture and molecular biology

134  HEK?293 cells (ATCC CRL-1573) at the passages 25 — 32 were maintained in Dulbecco’s Modi-
135 fied Eagle Medium with 10% Fetal Bovine Serum and 1% glutamine. Cells were incubated at
136  37°Cin 5% CO, and 95% atmospheric air. Prior to experiments, cells were transfected with rat
137  GluN1-1a(U08262.1), GIuN2A (M91561.1), or mutants as indicated, and GFP cDNA at a1:1:1
138  ratio using polyethylenimine *. The transfected cells were grown for 24 — 48 h in medium sup-
139 plemented with 10 mM Mg to prevent excitotoxicity. All mutations were introduced by using

140  the QuickChange method (Stratagene, La Jolla, CA) and verified by DNA sequencing.
141

142  Electrophysiology

143  Stationary single-channel currents were recorded with the cell-attached patch-clamp technique at
144  holding potential +100 mV. Borosilicate pipettes (15 — 25 MQ) contained (extracdlular, in mM):
145 150 NaCl, 2.5 KCI, 0.1 EDTA, 10 HEPBS, 0.1 glycine, 1 glutamate, pH 8.0 (adjusted with
146 NaOH). Currents were amplified and filtered at 10 kHz (Axopatch 200B; 4-pole Bessel), sam-
147  pled at 40 kHz (PCI-6229, M Series card, National Instruments, Austin, TX) and written into
148  digital fileswith QuB acquisition software (University at Buffalo, Buffalo, NY). For the exper-

149  imentswith Ca®*, patches were held at potentials between -100 to -20 mV/, in 20 mV increments.

150  Macroscopic currents were recorded with the whole-cell patch-clamp technique using borosili-
151  cate pipettes (2 — 4 MQ) containing (intracdlular, in mM): 135 CsCl, 33 CsOH, 0.5 CaCl,, 2
152 MgCly,, 11 EGTA, 10 HEPES, pH 7.4 (adjusted with CsOH) and clamped at -70 mV. Extracellu-

153  lar solutions contained (in mM): 150 NaCl, 2.5 KCl, 0.5 CaCl,, 0.01 EDTA, 0.1 glycine, 1 glu-
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154  tamate, 10 HEPBS, pH 8.0 (NaOH). Currents were amplified and filtered at 2 kHz (Axopatch
155  200B; 4-pole Bessel), sampled at 5 kHz (Digidata, 1440A) and written into digital files with
156  pClamp 10 acquisition software (Molecular Devices, Sunnyvale, CA). Clamped cells were
157  extracellularly perfused with solutions using BPS-8SP solenoid-valve perfusion system (ALA
158  Scientific Instruments, Westbury, NY). Free Ca?* concentrations were calculated with the soft-

159  ware MAXC (www.maxchelator.stanford.edu).

160  To evaluate receptor permeability to Ca®*, we determined reversal potentia (E.e,) of macroscopic
161  currents by applying voltage ramps from -100 mV to +60 mV over 4 sec on glutamate-elicited
162  steady state currentsin several external Ca® concentrations. Currents were leak-subtracted using
163  currents elicited with voltage ramp in the absence of glutamate. Liquid junction potentials were
164  measured in each condition using the K* salt-bridge method *. E.e, was calculated by a linear fit
165  between -20 to +20 mV using the current-voltage data corrected for leak current and liquid junc-
166  tion potentials The magnitude of the Ca**-induced shift in Ee relative to Ca?*-free conditions

167  wasrelated to Ca®* permeability using the Lewis equation *";

168 Pca _ [eXp(AE;;vF)][Na+]o[1+exp(E;f;v/'IC:a)]

Pna 4[ca?*],

@)
169

170  Data Analysis

171 Single-channel traces were corrected for noise artifacts and baseline drift and idealized in QuB
172  software with the segmental-k-means (SKM) algorithm after applying a 12 kHz digital low-pass
173 filter ®. All subsequent analyses of idealized records were done in QuB with the maximum in-

174  terval log-likelihood (MIL) algorithm after imposing a conservative dead time (75 ps) *. Rate
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175  constants were estimated by fitting a model with five closed and two open states (5C20) directly
176  totheidealized data *. To determine the duration-weighted rate constants to be used for macro-
177  scopic current simulation, the model was fit globally to data pooled across all patches. Bursts of
178  activity were defined as openings separated by closures shorter than a critical duration (1) cal-
179  culated to exclude desensitized periods. Once defined, bursts were extracted and analyzed sepa-

180  rately.

181  Macroscopic currents were analyzed in Clampfit 10.7 (Molecular Devices). Steady-state (Iss) cur-
182  rent amplitude was measured as the average current amplitude at the end of a5 or 10 sec pulse of
183  glutamate at the indicated concentration. For dose-response analysis, lss measured at each dose
184  was normalized to the max I measured in 0.1 mM glutamate. To estimate the effective gluta-
185  mate binding rate for receptors containing GIUN2A™% time constants were determined by fit-
186  ting a single-component exponential function to estimate the effective activation time-course
187  (mise). The resulting time constants were plotted against the inverse of agonist concentration as
188  conventional for atwo-site ligand binding mode. Ko, was determined from the slope of a linear

189  fitto thisdata.
190

191  Snmulations

192  Macroscopic current traces were calculated as the time-dependent accumulation of receptors in
193  open states using kinetic models and unitary amplitudes derived from single-molecule record-
194 ings. All receptors occupied initially a glycine-bound glutamate-free resting state connected to

195  fully liganded state C3 with the rate constants determined previously for wild-type receptors **.
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196  Simulations were performed in MATLAB 2017a (Mathworks) using the built-in matrix exponen-
197  tia function, expm. We used the rate constants derived in QuB to construct a matrix (A) of n x n
198  size where n is the number of states in the model and each element is the rate constant value be-
199  tween the corresponding states. A deterministic simulation of the occupancy of all states with

200 timeresolution, dt, was performed by solving iteratively:

»01 P(t+dt) =expm(dt- A)- P(t)

2

202 The final macroscopic current amplitude was calculated by summing the occupancies of both
203  open statesin the model at each time point. Total charge transfer was calculated as the integral of

204  theresulting current waveform.
205

206  Molecular Dynamics Smulations

207  The core GIUN1T/GIUNZ2A structural model used in this study was generated by homology model-
208  ing followed by targeted-molecular dynamics simulations 3 *2. Briefly, the GIUNL/GIUN2A ho-
209 mology model was generated with SWISS-MODEL using the GIuUNL/GIuN2B crystal structure
210  (4tlm) * to leverage its superior resolution of linker residues and the several reported distinct
211 conformations which can be used as templates for targeted molecular dynamics (MD) simula-
212 tions *. Targeted MD simulations were performed with NAMD V2.9b using a putative active-
213 state structure as the target conformation . In al MD trajectories, only the last 150 ns period
214  was used for energy analysis and the last 10 ns period was used for HOLE calculation *°. We
215  estimated inter-resdue Van der Waals energies with the NAMDEnergy module in the VMD

216  program “® ¥
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217

218  Satistics

219 All results are presented as means with the associated standard errors (mean + sem). Statistical
220 dgignificance of differences was evaluated with the paired or unpaired t test, as appropriate. Dif-

221 ferences were considered significant for p < 0.05.

222

223  Resaults

224  Intrasubunit coupling between residues in the GIuUN2A D1-M1 linker and M3 helix

225  In previous work, we used targeted MD simulation of a core GIUNL/GIuN2A construct lacking
226 both N- and C-terminal domains (N1anac/N2Aanac) to identify pairs of side-chains predicted to
227  engage in state-specific interactions during NMDA receptor activation * (Figure 1a). Among
228  these, we prioritized for functional testing residues for which naturally occurring variants were
229  suspected as the cause of behavioral dysfunctions, as annotated in contemporary databases .
230  Wefound that residues located on the short segments linking LBD with TMD, rather than acting
231 simply as non-specific mechanical springs *, form specific chemical interactions, which catalyze
232 the channel-opening reaction, and are critical for the receptor’s physiological function. Motivat-
233  ed by this new insight, we considered additional residue pairs flagged by the MD simulation as

234 potentially forming state-dependent chemical contacts.

235  We noted that P552, which resides on the GIuN2A D1-M1 linker, contacted four proximal resi-
236  dues on the same subunit: F652 and N648 on the M3 helix, and R801 and N803 on the D2-M4
237 linker (Figure 1b). Of these putative interactions, we chose to examine in more depth the rela-

238  tionship between GIUN2A-P552 and GIUN2A-F652 for two reasons. First, along the closed-to-
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239  open trgectory of the MD simulation, their side chains moved closer together as measured by
240  center of mass (COM) distance, and formed more favorable Van der Waals (VdW) interactions
241 in the open state relative to the initial conformation (Figure 1b, Figure S1). Second, variants
242 with subgtitutions at these positions have been identified in patients with epilepsy and intellectual
243  disability, suggesting that they have a critical role in receptor’s biological function in the central
244 nervous system * . As a preliminary step in our study, we used the open structural model we
245  generated previously * to ask whether removing the side-chains of GIUN2A-P552 and GIuN2A-
246  F652 would affect the VdW contact energy between these residues. Results for receptors con-
247  taining GIUN2A-P552A or GIuUN2A-F652A showed significant change in VdW contact energy
248  consistent with the disruption of a gating-favorable interaction (Figure 1c, Figure S1). We hy-
249  pothesized that state-dependent interactions between these residues represents a critical step in

250  the opening sequence, which when disrupted cause pathological electrical signaling.

251  We proceeded to test this hypothesis by measuring the strength of the interaction between P552
252  and F652 in full-length receptors expressed in HEK 293 cells using double-mutant cycle anal-
253 yses ™. In this approach, the residues suspected of functional coupling are mutated both individ-
254  ually and together, and the free-energy landscape of the gating reaction is measured for each var-
255  iant, to estimate the individual and combined effects of the two residues. If the change observed
256  for the double mutant is simply the arithmetic sum of the changes observed for individual muta-
257  tions, the residues likely make independent contributions to gating; whereas departures from
258  simple addition indicate that the residues interact and the interaction energy contributes specifi-
259 cally to gating. Importantly, when the energy landscape is computed from measurements ob-

260 tained from single-molecule observations, results inform not only globally about the roles played
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261 by the probed residues in the overall activation sequence, but they quantify explicitly their con-

262  tributionsto each gating step.

263 We recorded equilibrium activity from receptors engineered to contain GIUNA™>?*,

264  GIuN2A™?Y or GIuUN2AP?* P2V 'in combination with wild-type GluN1-1a as described pre-
265  viously > (Figure 1d). We could not observe macroscopic of microscopic currents from recep-
266  tors containing the GIUN2A™* variant (data not shown), and the activity of receptors contain-
267  ing GIUN2A™** was dramatically impaired, suggesting that this position is critical for gating.
268  Records obtained from wild-type receptors and the remaining three variants were processed and
269  used for kinetic modeling to estimate rate constants for each receptor’s activation sequence with
270  the usual methods °* >3, Next, we validated the reaction schemes obtained by comparing the
271 waveform of their predicted macroscopic response with experimentally recorded whole-cell cur-
272 rents (Figure 1d). Based on the satisfactory match between responses predicted with models de-
273 rived from single-channel data and those recorded directly from cells expressing each variant, we
274  used the models to calculate free-energy landscapes for each receptor, and to estimate the cou-
275  pling free energy for the double-mutant thermodynamic cycle ** >* (Figure 1€). Results show a
276  net surplus of 1.52 kJmol free energy (AAGi,) for the double mutant over the entire gating reac-
277  tion, which indicates that P552 and F652 interact substantially during gating, and the energy
278  generated by this interaction makes an important contribution to the physiologic gating kinetics

279  of NMDA receptors.

280 Considering in more detail the steps within the activation sequence of each variant, we noted that
281  theinteraction between P552 and F652 had the largest impact in the later steps of the gating se-
282  quence, and facilitated specifically the C,-C; (-1.4 kcal/mol) and O;-O; (1.56 kcal/mol) transi-

283  tions. This result suggests that the contacts between P552 and F652, which are favorable to
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284  channel opening, occur after the receptors transitions through pre-open conformations and they
285  serve to stabilize open-gate conformations. This interpretation is consistent with the results from
286  the targeted MD simulation, which predicted a reduction in side-chain distance between these
287  residues during activation, and an increased energetic interaction; whereas side-chain truncation
288  of either or both residues reduced the VdW energy (Figure 1b, c). Together with the results from
289  our thermodynamic analysis these observations support the view that in wild-type receptors, the
290 side-chains of P552 and F652 contribute essentially to the normal opening of NMDA receptors;
291  therefore, preceding glutamate-induced movements in the LBD that bring these residues within
292  interaction distance will catalyze the opening reaction by forming a chemical link that stabilizes
293  the open-pore conformation. A corollary of this finding is that substitutions at these positions
294  that prevent the harnessing of LBD kinetic energy into chemical energy to stabilize the open
295  state, will present gating deficits, asillustrated by the functional analyses for receptors with trun-
296  cated side chains described above. However, it remains unanswered whether the variants identi-

297  fied in patients affect NMDA receptor function simply because they lack this interaction.
298

299  Disease-associated variants modify interactions between the D1-M1 linker and the M3 helix

300 Pathogenic variationsin GIUN2A at P552 and F652 have been identified in patients; specifically,
301 GluN2A™?Y (Clinvar: VCV000088733.1) ° and GIUN2A™*® (ClinVar: VCV000039663.3) *
302 (Figure 2a, left) are accompanied by an array of neurological dysfunctions. It is therefore im-
303 portant to ascertain whether these specific mutations affect receptor function with the same
304  mechanism as described above for mutants with side-chain truncations. When we introduced the-
305  se naturally occurring substitutions in the structural model of activated receptors, we observed

306 that they had distinct effects on the VdW energy of interaction. Relative to wild-type receptors,
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307  receptors with GIUN2A™?Y had less favorable interaction energy between P552 and V652,
308  whereas receptors with GIUN2A™**R had substantially more favorable interaction energy be-
309 tween R552 and F652 (Figure 2b, Figure S1). Previous studies have already documented that
310  both these mutations have strong effects on gating > %. However, the mechanism by which the

311  described changes occur remains unresolved.

312  To characterize the gating reactions of these two naturally occurring variants we recorded cell-
313  attached currents from patches with a single active receptor and subjected these data to kinetic
314 analyses and modding (Figure 2c). We observed substantial alterations in the gating profiles of
315  both variants. Notably, for receptors containing GIuUN2A™>%R  we could only discern four closed
316  states, rather than the typical five observed for native receptors; and for both variants the trans-
317  tion rates between the kinetic states detected were profoundly altered. Relative to wild-type re-
318  ceptors, the computed free-energy landscapes were substantially elevated for both variants, with
319  kinetic states sitting in shallower wells and being separated by larger barriers. For receptors con-
320 taining GIUN2A™2R the largest transition barrier occurred early in the gating reaction such that,
321 at equilibrium, substantially fewer receptors transitioned into open states; however, the fewer
322 receptors that managed to open, remained open for longer times, being unable to return to states
323  from which agonists could dissociate to terminate the activation reaction (Figure 2c). This
324  mechanism explains well the previously reported changes in macroscopic current, including in-
325  creased agonist potency and efficacy, slower rise time, and slower deactivation > %°. However, it
326  isimportant to note that these macroscopic behaviors can only be observed for the few receptors
327  that happen to open during the observation window (<5 s), whereas the majority of receptors re-
328 main electrophysiologically silent. By observing an individual channel over a large period (>30

329 min) we obtained amore realistic view of the receptor’s energy landscape.
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330 Wenoted large variability in the kinetic properties of these receptors (Figure 2d; Table S1). Ex-
331  cept for their open probability within bursts (Popurst) @and their unitary current amplitudes (i), both
332 variants had substantially more variable open probability (P;), mean open times (MOT), and
333  mean closed times (MCT) relative to wild-type receptors. Specifically, GIUN2A™>?® had highly
334  variable open durations, such that although longer on average, the difference was not statistically
335 gignificant relative to wild-type receptors. Notably, the two variants had distinct burst structures,
336 with substantially higher open probability for GIUN2A™®R and lower open probability for

337 GIUN2AT®?Y,

338  These functional results are consistent with the predictions from the MD simulation (Figur e 2b),
339  where GIuN2A™*®R displayed VdW interactions more favorable to opening relative to the wild-
340 typeresidues. This may be explained by the larger sidechain surface area available for contacts.
341  In addition, we observed an eectrostatic cation-r interaction between the arginine side chain and
342  the aromatic ring of phenylalanine, which likely contributes further energy to strengthen the in-
343  teraction between these residues in open receptors. This interpretation is consistent with the ob-
344  served longer openings and shorter closures durations in bursts for GIUN2A™*R In contrast,
345  GIuN2A™?Y which was predicted to have fewer VdW contacts and less favorable interaction
346  energy with P552 produced shorter openings and longer closures within bursts. We conclude that
347  stronger interactions between residues located on the D1-M1 linker and the M3 helix contribute
348  directly to the stability of open-gate conformations and increase channel open times and open

349  probability within bursts.

350
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351 Interactions between residuesin the D1-M1 linker and M3 helix modul ate receptor permeation

352 Both GIuN2A™®? and GIUN2A™® had lower unitary current amplitudes (Table S1; Figure
353  2c). Given that our single channe measurements were done with sodium as the main permeant
354 ion to facilitate detection of gating steps *°, these measurements do not offer information about
355  possible changes in the Ca?* content of the reduced currents. To determine whether these muta-
356 tions affected Ca™* permeability, which is a critical aspect of NMDA receptor signals, by meas-
357  uring the relative permeability of Ca®* to monovalent ions (Pcs/Pya) using the magnitude of the
358  shift in measured reversal potential (E.e,) of macroscopic currents (Figure 3a, b). We dlicited
359  whole-cell currents from each mutant and applied a voltage ramp protocol on the steady-state

360  current to measure the reversal potential (Ere) at several external Ca* concentrations.

361  We found relative to wild-type receptors (Psca/Pna = 2.7 £ 0.5, Pigca/Pna = 2.7 £ 0.2, n = 5),
362 channes harboring GIUN2A™® exhibit reduced Ca?* permeation in 5 mM (Psca/Pna = 1.2 + 0.1,
363 n=10, p=0.04) and 10 MM Ca** (Pioc/Pna= 1.1 + 0.2, n = 6, p = 1.2E-4). By contrast, chan-
364  nes harboring GIUN2A™®?" exhibit similar Ca®* permeation in 5 mM (Psca/Pna= 1.7 + 0.4, n =

365 6,p=0.17) and 10 MM Ca®* (Pioca/Pna = 2.3+ 0.4, n =5, p = 0.35) compared to wild-type.

366  Further, we measured for each receptor the slope unitary conductance in several external Ca®*
367  concentrations and calculated the amount of Ca®*-dependent reduction in unitary conductance
368 (Ca’ block) as described previously *° (Figur e 3c). Wild-type receptors exhibit high Na* unitary
369  conductance (yna = 85.5 + 3.0, n = 5) which decreases with increasing extracellular Ca®* concen-
370  trations (yoca=39.7x 1.1, n=7,p = 1.8E-4; y5ca =189+ 0.7, n =5, p = 1.2E-4). This corre-
371 sponds with strong Ca”* block (yna/yzca = 0.46, 95% Cl = 0.45 — 0.48; yndysca = 0.22, 95% CI =
372 0.21-0.23). Receptors harboring GIuUN2A™>?R showed decreased Na' conductance (yna = 50.5 +

373 1.6, n=6, p = 2.5E-4 to WT), which decreases with increases extracellular Ca?* concentrations
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374 (Y2ca=316x12,n=7,p=4.3E-4t0 WT; y5ca= 185+ 0.3, n =8, p = 0.60 to WT). This corre-
375  sponds with reduced Ca?* block compared to wild type receptors (yna/yaca = 0.63, 95% CI = 0.60
376 — 0.65; yndysca = 0.37, 95% ClI = 0.35 — 0.38). Similarly, receptors harboring GIuN2A™>2Y
377  showed decreased Na' conductance (yna = 50.4 + 2.1, n = 6, p = 9.5E-5 to WT), which decreases
378  with increases extracellular Ca®* concentrations (yaca = 33.7 £ 0.3, n = 13, p = 1.4E-3 t0 WT; ysca
379 =18.7+0.5,n=6, p=0.83toWT). This corresponds with reduced Ca?* block compared to wild
380  type receptors (ynayaca = 0.67, 95% CI = 0.66 — 0.69; ynalysca = 0.37, 95% CI = 0.36 — 0.39).

381  Thus, both mutation render these receptors less sensitive to the blocking effects of Ca®".
382

383  Disease-associated variants display a broad and complex set of functional changes

384  The previous functional characterization of GIUN2A™** and GIuN2A™®? variants suggested
385 that both these variants are ‘ gain-of-function” mutations based on an observed increase in charge
386 transfer and longer mean open durations > ?°. However, given the large variability we observed
387  for these mutants we undertook a systematic evaluation of the functional impact of the mutation
388  relative to wild-type, by combining our gating and permeation data to estimate changes in re-

389  sponsesto physiological pulsesof glutamate.

390 We performed glutamate dose-response measurements for the two mutants. The response of
391  GluN2A™2Y was unchanged relative to wild type: ECsp, 4.3 + 0.2 uM, vs 3.2 + 0.1 uM, and h,
392 1.33 £ 0.07 vs. 1.31 £ 0.04). Therefore, for this mutant we used wild-type glutamate binding
393 rates for our simulations. In contrast, and consistent with previous reports °, GIUN2A™® had
394  substantially higher glutamate affinity (ECso, 0.51 £ 0.02 uM, h = 0.95 + 0.03) (Figure 4a).

395 Therefore, to simulate dynamic responses we needed to measure the glutamate binding rate for
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396 thisvariant. Given this receptor’s low P,, measuring the microscopic rates for glutamate associa-
397  tion and dissociation would be intractable with a single-channel approach. Instead, we measured
398 the apparent association and dissociation rate constants by fitting the rising and decay phases of
399  the macroscopic current elicited with pulses of glutamate, sufficient to equilibrate the response
400 (Figure 4b). We used the rates derived from fitting the model globally to al the single-channel
401  records in each condition and the rates for glutamate association and dissociation, to smulated
402  the macroscopic response to a prolonged exposure to saturating glutamate. We observed robust
403  agreement between responses predicted by the models and the experimentally recorded whole-
404  cell responses for wild-type, GIUN2A™?" and GIuN2A™*®  indicated that the models capture
405  the essential features of the reaction mechanism (Figure 4c; Table S2). Based on this result, we
406  used the model to evaluate the potential impact of these variants on the response to several phys-

407  iological-like stimuli.

408  First, we simulated responses to a single synaptic-like pulse of glutamate (1 ms, 1 mM) in the
409  continuous presence of glycine (Figure 4d). For a defined number of channels, both
410 GIUNL/GIUN2A™® and GIuNL/GIuN2A % produced substantially smaller currents than wild-
411 type receptors. When normalized to the peak current amplitude, GIuUN2A™>% current had slower
412  rise and decay phases consistent with previous reports in recombinant and transfected neuronal
413 systems 2. Further, when we quantified the total Ca**-charge transferred per channel across the
414  full simulation time and glutamate concentrations, we found that at all concentrations,
415  GIUN2A™?V receptors consistently transferred less Ca?* than wild-type receptors. In contrast,
416  the Ca®* transferred by GIUN2A™® varied with glutamate concentration such that, at concentra-

417  tionsabove 10 uM, it approached levels seen with wild-type receptors.
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418  Extrasynaptic receptors likely experience chronic neurotransmitter exposure, initiate apoptotic

419  pathways, and contribute to neurological disorders .

Like with synaptic smulations,
420  GIuN2A™?V consistently transferred 100-fold less charge than wild-type. In contrast,
421 GluN2A™ transferred more charge at lower glutamate concentrations whereas at concentra-

422  tionsgreater than 0.1 uM these receptors transferred less charge than wild-type. (Figure 4e).

423  We next evaluated the degree of potentiation in response to repetitive brief stimulation to mimic
424  periods of high-frequency transmission. In wild-type receptors, the degree of potentiation dissi-
425  pates as the duration between pulses lengthens **. In the simulations performed here, relative to

426  wild-type receptors, GIuUN2A™2?Y

receptors exhibited greater potentiation at shorter interpulse
427  intervals. In contrast, GIUN2A™® exhibited larger potentiation a longer interpulse intervals
428  (Figure 4f). To assess channel sensitivity to a broad range of a physiologic range of stimuli fre-
429  quency (0.2 — 200 Hz), we quantified the cumulative charge transfer per channel over 60 sec of

430  stimulation. While both variants passed less total charge per minute compared to wild-type, the

431 GIUN2A™**R variant exhibited less sensitivity over this range of stimuli frequencies.

432 Similarly, in response to a theta-like burst, within a given train of stimuli, the maximal
433  GIuN2AF652V current appeared within the first epoch whereas the maximal GIUN2APS52R cur-
434  rent appeared within later epochs of the protocol (Figure 4g). Thus, in addition to their primary
435  deficit of reduced total charge transfer, different variants may exhibit delayed, time-dependent

436  phenotypes depending on the physiological stimulation protocol.

437
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438 Discussion

439  Results reported here provide a systematic single-molecule characterization of the impact of two
440  Grin2A disease variants on di-heteromeric receptor kinetics. We show that these two variants
441  occur at sites critical to receptor gating whose interaction is necessary for normal function. To-

442 gether with previous studies ** %

, these results provide additional evidence for a role of direct
443  interactions between residues on the GIUN2A pre-M1 heix with those on the M3 helices of
444  GIuN2A and GluN1, as an intrinsic part of the gating machinery. Thus, the probability of chan-
445  ne opening and the stability of the open state are highly sensitive to atomic-level variations at
446  these positions such that missense mutations will likely result in altered receptor responses. In

447  addition, we found that structural variations at this interface also impact channel permeation

448  properties.

449  Presently the full spectrum of biological functions of NMDA receptors is unknown. A major and
450  critical role for NMDA receptors in the pathophysiology of the central nervous system is to pro-
451 duce a Ca’*-rich depolarizing current (excitatory) in the postsynaptic neuron. However, biologi-
452  cal function depends critically on many other receptor capabilities, such as voltage-dependent
453  Mg® block, glycine binding, etc. In addition, NMDA receptors are expressed at non-synaptic
454  dites and in non-neuronal cells such as glia and are also present in tissues outside of the CNS,

455  wheretheir roles remain obscure.
456

457  The multiple roles of the pre-M1 linker during gating

458 In al ionotropic glutamate receptors, the LBD is connected to the pore domain by three linkers

459 D1-M1, D2-M3, and D2-M4. Identifying the precise motions of linkers during gating has been
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460 complicated by their high degree of freedom resulting in an inability to reliably resolve them
461  structurally **®!, Nevertheless, accumulating functional, genetic, and structural evidence in re-
462  cent years hasimplicated linkers in mediating receptor function beyond serving as inert elements
463  that tether domains. In NMDA receptors, loosening the D2-M3 linker with inserted glycine resi-
464  dues increases the opening latency after glutamate exposure demonstrating a role of mechanical
465  tension in coupling agonist binding to the efficiency of pore opening ®. Linkers are also sites of
466  drug binding ®*®. The GIuN1 D2-M3 linker also provides a C&®* binding site necessary for en-
467  riching the NMDA receptor Ca®* current ®. Both mutagenesis and swapping of linkers between
468  receptor families have drastic effects on gating ®” %. In congruence, our previous study revealed
469  the coupling of the GIuUN2A D1-M1 linker with the GIuN1 M3 helix can be perturbed by a single
470  isomerization of a residue sidechain *. Thus, the specific chemical properties of the linkers are

471  asimportant for proper function as their length/mechanical properties.

472 In this study, we add to this pioneering literature by providing evidence for a direct coupling of
473  the GIuN2A D1-M1 linker with the GIuUN2A M3 helix which occurs late in the activation path-
474  way, specifically at the C,-C; and O;-O; transitions (Figure 1). This interaction likely serves
475  multiple roles including mediating efficient pore opening and stabilizing the open state and (Fig-
476  ure 5). We aso note, that the GIUN2A D1-M1 linker makes contacts with other structural ele-
477  mentsincluding the GIuN1 D2-M4 linker (Figure 1b), which may play arolein channel desensi-
478 tization and provide insight into the profound effects the GIUN2A™?® variant exhibited on de-
479  sensitization (Figure 2b). In tandem with previous findings, ** *, the D1-M1 linker makes sev-
480  era interactions and its rearrangement is a necessary and rate limiting step in the gating pathway.
481  Decoupling the D1-M1 linker by inserting additional glycine residuesis sufficient to perturb gat-

482  ing suggesting that agonist-induced tension in this linker is a rate limiting step in channel func-
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483  tion. Furthermore, glycine insertion proximal to GIUN2A P552 is sufficient to abolish receptor
484  function *®. This supports both mechanical and chemical fidelity of the linker as necessary for
485  function. This is because, in addition to loosening the mechanical tension of the linker, glycine
486  insertion would also displace P552 relative to its native interacting partners, such as F652, there-

487 by altering the efficiency of the chemical coupling of D1-M1 with M3

488  Our results show strong coupling between D1-M1 linker and M3 at multiple steps in the activa-
489  tion pathway and thus suggest that the GIUN2A D1-M1 linker is multifunctional. Consistent with

490 this, its coupling with peripheral M4 helices * ®°

occurs during gating and may underlie the fast
491  component of gating. We have shown previoudy that the GIuN2A D1-M1 linker can interact
492 with the GIuN1 M3 gate-forming helix to specifically stabilizeits open position **. Thus, specific
493  motions of the D1-M1 linker may underlie different functionally distinct states in the gating reac-

494  tion.
495

496  Classification and treatment of NMDA receptor missense variants

497  In 2015, about 3.4 million peoplein the US were diagnosed with active epilepsy. Despite numer-
498  ous pharmacologic treatment options available, only 44 % of those with active epilepsy report

| ™ consistent with reported rates of drug-resistant epilepsy "*. These numbers

499  seizure contro
500 highlight the need for more defined pathophysiology and mechanism-targeted therapy. Epilepsy
501 isabroad family of neurological disorders characterize by neuronal hyperexcitability. Numerous
502  molecular mechanisms have been implicated in the pathogenesis of this heterogeneous family of

503 disorders. Genetic studies have begun to shed light on this complexity by identifying GRIN2A

504 mutationsin severe forms of epilepsy %, and GRIN2A variants associated with epileptic aphasias
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505  accounted for as much as 9 % of cases °. Consistent with the causal association with disease
506 pathogenesis, variant distribution across GIUN2A domains was correlated with clini-
507  cal/electrophysiological phenotype 2. Within this study, however, phenotypic variations existed
508 among individuals with the same variant and it was recognized that the complex functional alter-
509 ations caused by a GRIN2A variant cannot be reduced to a binary description such as loss- or

510  gain-of-function "

511  The functional impact of a single missense variant may have unique manifestations in different
512  physiological conditions. For a multifunctional protein with numerous physiological outputs
513  such asthe NMDA receptor, a single mutation may exhibit both gain- and loss-of-function prop-
514  erties under different stimuli for different physiological outputs (Figure 4). This may explain
515  recent observations showing that disease variants on GIuUN2A and GIUN2B classified as either
516  gain- or loss-of-function based on microscopic parameters behavior largely indistinguishably in
517 vivo ***. Thiswill impact how variants should be classified and, thus, how to tailor treatment to
518  individuals harboring a specific mutation. A previous report have classified GIUN2A™2Y variant
519  asgain-of-function based on a single gating parameter °. However, we observe that a single vari-
520 ant can exhibit either gain- or loss-of-function depending on the parameter measured (Table S3).
521  Here, we note a correlation between the extent of contacts between P552 and F652 and channel
522  open duration, which supports a key role for this interaction in defining the stability of the open
523  channel conformations. The GIUN2A™®? variant has a reduced contact surface area and exhibits
524  ashorter mean open duration, whereas GIuUN2A™°% increases the extent of contacts and exhibits
525  longer mean open durations (Figure 2). Further N2A™** which only moderately reduces the

526  number of contacts, has a less substantial impact on gating (Figure 1)”. Therefore, when inter-
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527  preting the functional effect of a variant, it is important to consider the physicochemical proper-

528 tiesof the variant not only the site of the missense substitution.

529  This has important implications when designing treatment regimens for patients with specific
530 mutations. Furthermore, different disease-variants, even at distant sites of action, can have pro-
531 found influence on affinity and mechanism of drug action. GIUN2A™>% receptors are among the
532  variants reported to have substantially reduced affinity and distinct mechanism of action of an
533  Alzheimer’'s drug derivative “*. Therefore, not only is a comprehensive functional and kinetic
534 analysis of a disease variant is necessary prior to designing and testing therapeutics, but also an

535 investigation of the effect of a specific variant on the pharmacodynamics of existing drugs.
536

537  Thecasefor design of state-specific pharmacological modulation

538  Given the causal association of NMDA receptor variants with epilepsy pathogenesis, pharmaco-
539 logical targeting of NMDA receptors holds promising therapeutic potential. However, because
540 NMDA receptors are indispensable to synaptic physiology, global modulation of receptor func-
541  tion can result in neurotoxicity. Therefore, there is interest in designing modulators that target
542 specific receptor functions °. This may in part underlie the success of memantine in the clinical
543  treatment of neurological disorders. For example, recent evidence suggests that memantine can
544  specifically modulate Ca®*-dependent inhibition of channels ™. This strategy requires knowledge
545  of the precise structural elements and their dynamics which underlie specific receptor functions.
546  Thisremains alarge knowledge gap in the field. Our approach of using structural model-guided

547  mutagenesis with single-molecule derived kinetic characterization beginsto bridge this gap.
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548  Several recent studies suggest that modulators targeted to linker regions can independently con-
549  trol gating and permeation ®. This s consistent with our observation that mutationsin this region
550  exhibited lower unitary amplitudes and altered Ca?* permeation * (Figure 3). In addition, subtle
551  changesin the chemical structure of modulators acting in this region can change a negative allo-
552 steric modulator to a positive allosteric modulator . This is consistent with our observation that
553  asingleisomerization mutation that alters the interaction between the GIUN2A D1-M1 linker and
554  the GIuN1 M3 helix is sufficient to decrease function *. The use of empirical kinetic models to
555  map precise structural elements to specific receptor functions provides a workflow for the design
556  of function-specific pharmacological modulators. The use of kinetic mechanism-based pharma

557  cological targeting represents a new avenue for precision medicine ”’.

558  Although the number of identified variants continues to rise, only few have been characterized
559  functionaly and remains unknown which reported functional changes cause pathology. Given
560 that several functional attributes of NMDA receptors are critical for the normal physiologic re-
561  sponse and thus for their biological role, it remains unknown how any variant affects the patho-
562  physiology of the cellsin which it is expressed and further the behavior of the individual patient.
563  Most neuropsychiatric conditions that are currently associated with NM DA receptor dysfunction
564 are complex and of unresolved etiology such as. epilepsy, language disorders, motor disorders,
565 learning disorders, autism, attention deficit hyperactivity disorder, developmental delay, and
566  schizophrenia. Therefore, the field will require more in depth understanding of receptor opera-

567  tion before rendering rational therapeutic strategies.
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865  FigurelLegends
866 Figurel
867  Two residues important for normal neurological function interact during NM DA receptor

868  gating. (a) Structural model of a core GIUNL/GIUN2A receptor lacking NTD and CTD (N1

ANAC?

869 tan; N2A cyan). (b) Within the GIUN2A subunit, the interaction between P552 and F652

ANAC?
870  (top) is activity-dependent as indicated by smaller center of mass distance (COM) (bottom left),
871  and stronger Van der Waals contact energy (VdW) (bottom right), in open versus closed confor-
872  mations. *p < 0.05 Kolmogorov-Smirnoff test. (¢) Substitutions at both P552 and F652 change
873  theVdW contact energy between these residues in structural models of open receptors, consistent
874  with the disruption of a gating-favorable interaction. *p < 0.05 Kolmogorov-Smirnoff test. (d)
875  Side chains of both P552 and F652 contribute to the gating kinetics of full-length NMDA recep-
876  tors; substitutions at these sites (P/A and F/V) changed the pattern of current recorded from indi-
877  vidua receptors, the distribution of closed (black) and open (red) intervals, and the gating rate
878  constants calculated with the indicted state models. Macroscopic current responses to pulses (5 s)
879  of glutamate (1 mM) predicted by each model (red) are shown superimposed with experimental-
880 |y recorded whole-cell currents (green and yellow). *p < 0.05 two-tailed t-test. (e, left) Diagram
881  of the thermodynamic cycle used to calculate the coupling energy between P552 and F652 using
882  the ratesillustrated in panel d. (right) Energy landscapes calculated for the gating reactions of
883 individual receptors illustrate increased barriers to activation in receptors with mutations at dis-
884  ease-associated residues.

885
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886 Figure2

887 NMDA receptor variants associated with neurological dysfunction display a broad range of
888  gating perturbations. (a) Structural models of open NMDA receptors variants illustrate the rela-
889  tive positions of two disease-associated residues. (b) Relative to receptors with wild-type resi-
890  dues, the modeled open states of receptors with disease-associated mutations have distinct Van

891  der Waals contact energies (VdW) between residues 552 and 652 of GIUN2A (*p < 0.05; Kolmo-

892  gorov-Smirnov test). (c, top) Currents recorded from individual full-length GIuNl/GIuNZAP552R

893  receptors (n = 16); (middle) Dwell-time histograms of closed (left) and open (right) interval dura-
894  tions with superimposed distributions (lines) predicted by the modd illustrated below; (bottom)
895  Energy landscapes calculated from the kinetic models derived for the indicated receptors. (d)
896 Distributions of gating parameters estimated for the indicated full length receptor types: open

897  probabilities (P,), mean open (MOT) and mean closed (MCT) durations estimated for entire rec-

898  ordsor for bursts of activity. (*p < 0.05; Student’st test).

899

900 Figure3

901 NMDA receptor variants associated with neurological dysfunction display changes in con-
902 ductance and permeability. (a) Top, Whole-cell current trace recorded in response to Glu appli-
903 cation (1 mM) illustrates change in steady-state current amplitude during a ramp in the mem-

904  brane potential. Bottom, Macroscopic current-voltage relationships measured from recordings as
905 inpand a. (b) Ca2+ permeability properties inferred from macroscopic current recordings asin a.
906  (c) Top, Unitary current traces recorded from cell-attached patches with +100 mV applied poten-
907 tial and external Ca2+ asindicated. Bottom, Unitary current-voltage relationships for the indicated

908  receptors and summary of results. (*p < 0.05; Student’s t test relative to WT).
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909

910 Figure4
911 Disease-associated variants display complex functional changes. (a, left) Whole-cell currents
912 evoked with several concentrations of glutamate in saturating glycine (0.1 mM); (right) Gluta-

913  mate dose-dependence of the macroscopic steady-state current amplitude. (b, left) The rise and

914  decay phases of the macroscopic current (black) recorded from the GIuNl/GIuNZAP552R variant
915  superimposed with fits to exponential functions (red). (Right) Glutamate dose-dependence of the
916 risetime (circles) and fit to linear function (line) used to estimate the apparent glutamate binding
917 rate. (c, left) Reaction mechanisms derived from fitting each model simultaneously to all single-
918 channel recordings in each data set. (Right) Macroscopic current responses simulated with the
919  respective kinetic models (left) and corresponding experimentally recorded whole-cell currents
920  (right). (d) Simulated responses to a synaptic-like glutamate exposure (1 ms, 1 mM) predict
921  drastic changesin peak current levels (left), time course (middle), and charge transfer. (€) Simu-
922 lated responses to extrasynaptic-like glutamate exposure (5 s, 2 uM) predict complex changesin
923  steady-state current levels (left), kinetics (middle), and charge transfer (right). (f) Top, Simulated
924  responses to repetitive exposure to synaptic-like pulses predict complex changes in frequency-
925  dependent facilitation. Bottom, Cumulative charge transfer over 60 sec of repetitive stimulation
926  over varying physiologic frequencies. (g) Top, Simulation response to standard theta-burst stimu-
927 lation. Middle, Expanded view of the normalized response to a single train of stimuli. Bottom,
928  Expanded view of the normalized response to the first and last epoch of the first train of stimuli.

929
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930 Figure5

931 Proposed role of P552/F652 interaction in the gating reaction of NM DA receptors. (1) Resi-
932  dues on the D2-M1 linker of GIUN2A subunits (blue), such as L550 and P552, interact directly
933  with residues located on the gate-forming M3 helix of the same subunit (P552/F652) or of the
934  adjacent GIuN1 subunit (yellow) (L550/1642). (2) Agonist-triggered contraction of the LBD do-
935 main induces outward movement of the D2-M1 linker and causes (3) stabilization of the open
936 M3 position.

937

938  Supplementary Figures
939  FigureSl

940 Empiric cumulative distribution functions (ECDF) of residue sidechain center-of-mass (COM)
941 digtance and van der Waals (VdW) contact energy during MD simulation of the active/open
942  structure for each congtruct. Data points and dashed lines indicate Kolmogorov-Smirnov test sta-
943  tigtic for each construct.

944
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952  Supplementary Tables

Table SI: Summary of single-channel gating parameters

Record

n i (PA) P, MCT (ms) MOT (ms) time (min) Total events
GIuN2A 11 89+04 0.46 + 0.05 6+1 39+04 360 2,608,269
GIUN2APS®R 16 4.4 +0.1* 0.02 + 0.01* 479 + 98* 55+0.8 293 56,838
GIuN2A™?Y 14  56+0.2¢ 0.01 + 0.00* 92 + 18* 0.7+ 0.1* 355 307,378
* p<0.05relativeto WT (Student'st test)
953
Table S2: Summary of MIL exponential fits
Closed Components Open Components
T3 (Aa) T2 (Az) T1 (Al) T4 (A4) T5 (AS) T (Al) T2 (Az)
4.4+0.4 24+5 2047 +429  0.12+0.01
GIUN2A (8'%2 * 8’8}1) (é'ggf 8'81) (0.34 + (0.015 + (0.002 + (011 + (ijg * 8‘8 "
0= eI =S 0.04) 0.003) 0.000) 0.02) SEES
GluNgaFR 0263002 35:07* %851-“683 9514 + 1881* ~ 1'(5022'14* gk‘(‘)zgf
(0.79£005%)  (013+0.06) 003") (0.10 + 0.01%) 0.04) 0.04)
* & 0.37 + "
v 015+001 84+12 39+5 384 + 107+ 2393 + 590 0.03" 1.20 + 0.09
GIuN2A 014+ 001%) (0.26 + (0.49 + (0.08+0.02°) (0.029 + 063+ (0.35+
EES 0.03%) 0.03%) PO 0.004*) o.'oe*i 0.05%)

954  * p<0.05relativeto WT (Student'st test)

955

Table S3: Summary of phenotype classification
by parameter*

GIuN2A™R GIuN2A™?
P LOF LOF
Pourst GOF LOF
MOT - LOF
MCT LOF LOF
TNe LOF LOF
Yoca - -
YacalYNe GOF GOF
Yscel YNa GOF GOF
Psco/Pna LOF -
Pioce/Pna LOF -
Glu ECsy GOF -
T GOF LOF

956  * classification based on predicted relative effect on Ca?* flux

957
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