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Abstract

Predicting genotype-to-phenotype correlations from genomic variants has been chal-

lenging, particularly for genes that have a complex balance of dominant and recessive

inheritance for phenotypes. Variants in NMDA receptor components GRIN1, GRIN2A,

and GRIN2B cause a myriad of dominant disease phenotypes, with the most common

being epilepsy and autism spectrum disorder. Starting from the analysis of a variant

of uncertain significance (VUS, GRIN2A G760S), we realized the need for tools to

map dominant variants for the components of the NMDA receptor. Some variants

within GRIN1, GRIN2A, and GRIN2B exert dominant epilepsy and developmental

delay, yet other amino acid variants are conserved and predicted to alter protein

function but do not have dominant phenotypes. Common variant annotation tools

are not powered to determine pathogenic dominant outcomes. To address this gap,

we integrated sequence and structural analyses for GRIN1, GRIN2A, and GRIN2B.

Using this approach, we determined that paralog homology mapping and topology

can segregate dominant variants, with an elevation of intermolecular contacts

between the subunits. Furthermore, demonstrating the general utility of our method-

ology, we show that 25 VUS within ClinVar also reach a dominant variant annotation,

including the GRIN2A G760S variant. Our work suggests paralog homology and pro-

tein topology as a powerful strategy within the receptor complex to resolve dominant

genetic variants relative to variants that would fit a recessive inheritance, requiring

two damaging variants. These strategies should be tested in additional dominant

genetic disorders to determine the broader utility.
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1 | INTRODUCTION

The N-methyl-D-aspartate (NMDA) receptors are a class of neuronal

ion channels regulated by glutamate (MacDermott et al., 1986). The

main core of the receptor consists of two molecules of the GluN1

subunit (GRIN1) and two of the GluN2 subunit (from either GRIN2A,

GRIN2B, GRIN2C, or GRIN2D). The complex structure has provided

remarkable insights into topology (Karakas & Furukawa, 2014), and
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evolutionary insights (Ryan et al., 2008) have yielded critical regions.

Yet, insights into the role of all amino acids within the complex have

lacked the high resolution needed to rapidly segregate functional

genetic variants needed for precision medicine.

Individuals with NMDA receptor dysfunction, primarily GRIN1

(RefSeq NM_007327.3, UniProt Q05586), GRIN2A (NM_000833.4,

Q12879), and GRIN2B (NM_000834.3, Q13224), can experience epi-

lepsy, learning disorders, brain atrophy, and hyperkinetic movement

disorders (Lemke et al., 2016) commonly beginning in infancy (Ohba

et al., 2015). Variants of GRIN1, GRIN2A, and GRIN2B are significantly

associated with autism spectrum disorder (ASD) according to the

2020 SFARI database (Category 1 or 2), with >100 individuals carrying

variants within these genes (Abrahams et al., 2013). In some cases,

there have been reports that NMDA variants can follow familial inher-

itance for ASD without signs of epilepsy (Yoo et al., 2012). The phe-

notypic spectrum of associated NMDA receptor variants is broad,

both between the gene on which variants occur and within different

regions of each gene (Yuan et al., 2015). The ClinGen tools annotate

GRIN1, GRIN2A, GRIN2B, and GRIN2D (NM_000836.2, O15399) as

autosomal dominant genes, yet there is some evidence of recessive

disorders within GRIN1 (Lemke et al., 2016). A survey of reported vari-

ants within the clinical ClinVar (Landrum et al., 2016) and the popula-

tion gnomAD (Karczewski et al., 2020) tools identifies hundreds of

variants within the NMDA receptors, yet many of these genetic vari-

ants remain classified as variants of uncertain significance (VUS) or

are not associated with clinical phenotypes. While assessing the

GRIN2A G760S variant, it became clear that tools are needed to sepa-

rate dominant variants from other variants that are predicted to be

functional yet are not associated with dominant conditions. In this

work, we have developed a sequence-to-structure data set for NMDA

receptor proteins that resolves an amino acid matrix for segregating

functional outcomes, which can be used to identify dominant disease

associated variants.

2 | RESULTS

2.1 | ClinVar variant extraction

Clinical neurogenetic evaluation of a child with epilepsy identified a

VUS in GRIN2A, denoted G760S, that required further characteriza-

tion for potential pathogenicity. This variant is not reported in any

common sequencing database (ClinVar, gnomAD, TOPMed, or

Geno2MP). Analysis of ClinVar indicates that a large portion of

protein-coding clinical variants are classified as VUS (55%), with 24%

of variants annotated in the pathogenic to likely pathogenic groups

(Figure 1a). These values are similar to the rest of the ClinVar data-

base, which annotates �45% of all variants to be VUS. As of January

2020, there were 1489 ClinVar deposits for GRIN1, GRIN2A, GRIN2B,

GRIN2C (NM_000835.4, Q14957), or GRIN2D with 611 protein-

coding changes (Figure 1b). GRIN2A ranks the highest in protein-

coding deposits with 291, while GRIN2B (223) and GRIN1 (81) are well

reported. GRIN2C (7) and GRIN2D (9) have few reported protein-

coding variants. GRIN1 has an even annotation of pathogenic relative

to VUS (37/34), while GRIN2A (53/180) and GRIN2B (53/120) are

much heavier in VUS annotation, suggesting need for variant ranking

and assessment. The majority of annotated ClinVar protein-coding

variants are those of epilepsy and seizure disorders with additional

variants associated with intellectual disability (Figure 1c) matching

expected phenotypes. It should be noted that ClinVar is not a power-

ful tool for phenotype extractions as many of the records lack

included information. In addition, we have extracted terms from Clin-

Var as they are listed and would encourage the community to change

the annotation of disease for GRIN2A away from “mental retardation”
and toward the more appropriate developmental delay/intellectual

disability terminology. With the large number of variants for the

NMDA receptor, we began a systematic assessment of protein amino

acids, integrating structural and evolutionary biology, to aid in the

classifications of protein variant interpretations, including the GRIN2A

G760S variant of interest.

2.2 | Structural amino acid mapping

Homology modeling was utilized to merge four known Protein Data

Bank (PDB) structures (4PE5, 4TLL, 5UOW, 4TLM) (Karakas &

Furukawa, 2014; Lee et al., 2014; Lü et al., 2017) into a single complex

containing two subunits of GluN1 and GluN2. To simplify our molecu-

lar dynamic simulations (MDS) into a single run we made one molecule

of GluN2 GRIN2A and one GRIN2B. The complex was then built into

a physiological environment containing protonation at pH 7.4, explicit

water, a lipid membrane, and NaCl (Figure 2a). A total of 30 ns of

MDS were performed on this complex, resolving the average amino

acid movement throughout (Figure 2b). The raw simulation data are

available at https://doi.org/10.6084/m9.figshare.14991558. The

lower the movement of an amino acid the more stabile the amino

acids, while high movement corresponds to dynamic loops and

regions (Figure 2b). The proteins all show relatively similar average

movement of amino acids with GRIN2B having the highest per amino

acid root mean squared fluctuation (RMSF) of 2.73 Å followed by

GRIN1 (2.49 Å) and then GRIN2A (2.36 Å). In addition, the trajectory

of each amino acid was correlated to all the other amino acids, calcu-

lating dynamic cross correlation matrix (DCCM) sites for intraprotein

and interprotein dynamics (Figure 2c). All three of the proteins have

similar per amino acid correlations with GRIN1 the highest (48.43

amino acids per residue), followed by GRIN2B (44.46) and GRIN2A

(38.81) with 99% of amino acids correlating in movement to another

amino acid. For protein–protein correlations, a surprisingly elevated

GRIN2B intermolecular correlations were observed, averaging 4.66

amino acid correlations per residue (GRIN1 = 1.79, GRIN2A = 1.77)

with GRIN2B having 27.28% of amino acids correlating to amino acids

within another protein (GRIN1 = 20.83%, GRIN2A = 17.72%). Over-

all, we suggest a remarkable overlap in molecular movement between

the three proteins of the NMDA receptor complex, bringing insights

into structure for all of the amino acids of GRIN1, GRIN2A, and

GRIN2B that can be used to screen genomic variants.
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2.3 | Evolutionary amino acid mapping

To map conservation and functionality we employed a high-density map

of conservation across open reading frame sequences for GRIN1 (133 spe-

cies sequences), GRIN2A (199), GRIN2B (181), GRIN2C (152), and GRIN2D

(54) for a total of 719 sequences used. All the raw data for fasta align-

ments can be found at https://doi.org/10.6084/m9.figshare.14991537.

The evolution of the GluN2 subunits suggests highest divergence of

GRIN2B from the three others, with GRIN2D likely arising from a split from

GRIN2C (Figure 3a). Using sequences for each of the genes we calculated

codon selection and amino acid conservation at each amino acid on a scale

of 0–2, based on our previous metrics (Prokop et al., 2017, 2018), where a

value of 2 means the amino acid is 100% conserved with >2 SDs of codon

selection based on dN-dS statistics. With a map of conservation for each

of the genes for every amino acid, we built a 21-codon sliding window of

conservation, a sum of 10 amino acids before and after each amino acid

added together (Figure 3b). This metric allows us to identify highly con-

served linear motifs within each gene, bringing conservation motif scores

for each amino acid, and thus variant, analyzed. Finally, we built conserva-

tion scores for all NMDA receptor proteins and from GluN2 subunits.

Aligning all 719 sequences we calculated conservation of GRIN1 amino

acids relative to all sequences on a scale of 0–2 (Figure 3c). Six total amino

acids have a score of 2 (499, 639, 683, 732, 734, 815) that is indicative of

100% conservation and >2 SDs of codon selection. And additional 17 and

109 amino acids have a score of between 1.5 and 1.25 suggestive of

100% conservation and codon selection between 0 and 2 SDs. For the

GluN2 subunits, we calculated the same conservation of each gene relative

to all 719 sequences while also calculating amino acids conserved in the

586 GluN2 sequences (removing the 133 GRIN1 sequences) and those

amino acids only conserved within the individual gene (Figure 3d). Map-

ping these conserved amino acids onto the structural complex reveals a

high level of paralog conservation at the contact sites of the subunits

(Figure 3e). For every amino acid, we thus have calculated amino acid

movement data from the structural simulation that is combined with con-

servation of each gene, a 21-codon linear motif score for each gene, con-

servation relative to all NMDA receptor sequences, a 21-codon linear

motif score for all NMDA receptor sequences, and for GluN2 subunits a

conservation score for these 586 sequences. All these metrics were com-

piled into the amino acid matrix that can be used to assess genomic vari-

ants (https://doi.org/10.6084/m9.figshare.14991582). This supplemental

F IGURE 1 ClinVar analysis of the NMDA receptor units. (a) Percent of variant groups (VUS-magenta, likely pathogenic-yellow, pathogenic-red) from
ClinVar annotations for GRIN1, GRIN2A, GRIN2B, GRIN2C, and GRIN2D. (b) Number of variants in each gene from ClinVar (gray) broken down into the
groups of (a). (c) Top phenotypes observed for variants of the receptor units. NMDA, N-methyl-D-aspartate; VUS, variant of uncertain significance
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file contains a readme file that describes every tab and details of each col-

umn within the document.

2.4 | Variant classifications

In addition to the extraction of ClinVar variants (Figure 1), we also

extracted GRIN1, GRIN2A, GRIN2B, GRIN2C, and GRIN2D protein-

coding variants from gnomADv2 (Karczewski et al., 2020), allowing

for the addition of population-level allele frequencies. All variants

were classified based on ClinVar into benign, conflicting-np (not pro-

vided), pathogenic (all pathogenic and likely pathogenic), VUS, and if

not found in ClinVar curated as gnomAD. Each variant was assessed

using our MDS insights (Figure 2), conservation (Figure 3), and any

annotations within the UniProt database. Notably, pathogenic variants

are enriched within the extracellular (1.23 times expected), the discon-

tinuously helical (4.56 times expected), and helical (3.86) UniProt

annotated topology (Figure 4a), while the cytoplasmic region is highly

deficient in pathogenic variants (0.19). Variant analysis using Poly-

Phen2, Provean, and SIFT resulted in classification of variants into

F IGURE 2 Structure and dynamics of NMDA receptor complex. (a) Model of two units of GRIN1 (gray), one GRIN2A (cyan), and one GRIN2B (red).
The model is shown as the side view or the top view with model alone, model embedded into a lipid membrane, and model filled with water.
(b) Movement of amino acids in the three proteins throughout 30 ns of molecular dynamics simulations. (c) The number of amino acids that correlate to
each amino acid within a protein (GRIN1= gray, GRIN2A= cyan, GRIN2B= red) and to the other proteins (magenta). NMDA, N-methyl-D-aspartate
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categories, with all three tools overwhelmingly classifying the known

pathogenic effects to be harmful to protein function and the benign

variants as being benign (Figure 4b). These tools, however, also rank

many of the gnomAD variants not reported in ClinVar as damaging to

protein function, suggesting that the tools do not have the power to

segregate the nondominant variants that would be within the

gnomAD population variants. It is likely that this level of functional

annotation is the difference between dominant linked genetics and

other forms of inheritance or more subtle phenotypes. Our calculated

conservation scores (Figure 3) with values ≥1 are highly predictive of

pathogenic variants as well.

The most powerful prediction of pathogenic variants was the use

of the conservation within all NMDA receptor genes or within the

GluN2 subunits (green box and star, Figure 4b). Particularly important

to note is the lack of gnomAD annotated variants conserved in all

NMDA receptors, a key separator of these variants from functional

annotation and conservation tools. This is indicative of genetics that

likely separate dominant functional outcomes from that of recessive

or subtle nonepilepsy associated variant impacts. A combined score

from Figure 4b was generated, with a scale of 0 (no predicted impact)

to 7 (conserved in all sequences with high selection and all functional

tools predicted damage). A value ≥3.5 was highly indicative of patho-

genic variant scores (p-value 2e-72 relative to all other variants), with

no benign ClinVar annotations and very few gnomAD, conflicting-np,

and VUS annotations (Figure 4c).

Next, we assessed our MDS data for each amino acid (Figure 4d).

Benign annotated variants had the highest RMSF of all variant groups,

with pathogenic variants slightly lower than the rest (p value 1e-4).

The intramolecular contacts were lowest in the pathogenic group

(p value 6e-8) while the intermolecular contacts are the highest in the

pathogenic group but not significant (p value 0.06). This further

defends our conservation data that pathogenic variant annotations

are likely conserved sites involved in the intermolecular contacts that

would be dominant negative variants, that is, heterozygous variants

that result in complex inactivation due to impairment of

multimerization.

UniProt annotations that overlap the variants have details defined

in the UniProt Functional Variants tab of the supplemental file

(https://doi.org/10.6084/m9.figshare.14991582). A total of nine vari-

ants in our database occur at UniProt annotated sites (Functional

F IGURE 3 Evolution of NMDA receptor proteins. (a) Phylogenetic tree generated by maximum likelihood for 719 sequences of GRIN1 (red,
133 species), GRIN2B (blue, 181 species), GRIN2A (green, 199 species), GRIN2D (cyan, 54 species), and GRIN2C (magenta, 152 species).
(b) Conservation analysis for each of the genes using a 21-codon sliding window of conservation. (c) Conservation of GRIN1 sequence using all
719 sequences aligned with number of amino acids labeled for 1–1.25 (yellow), 1.5 (orange), and 2 (red). (d) Conservation of GRIN2A sequence
compared to all 719 sequences. Amino acids with a value of 3 (blue) are conserved in all sequences, those with a value of 2 (light blue) are
conserved in all GRIN2 sequences (GRIN2A, GRIN2B, GRIN2C, and GRIN2D), and those with a value of 1 (cyan) are conserved in GRIN2A.
(e) Amino acids colored from (a) and (d) onto the protein model from Figure 2. NMDA, N-methyl-D-aspartate
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determinant, Glycine Binding, or Glutamate Binding) with one in

GRIN1 (S688P), four in GRIN2A (R518H, R518C, R518L, N614S), and

one in GRIN2B (N615I) identified as ClinVar pathogenic and three

within the gnomAD database for GRIN2C (R516C, R516H, D759Y),

all with combined impact score of function (Figure 4e). A total of

34 variants occur at amino acids with known posttranslational

F IGURE 4 Human genetic variants from NMDA receptor proteins. (a) Following extraction of variants from ClinVar and gnomAD for GRIN1,
GRIN2A, GRIN2B, GRIN2C, and GRIN2D, the UniProt topology was annotated for various groups of variants. Throughout all panels of Figure 4,
colors are based on sequences for all pooled (gray), gnomAD (yellow), benign (light gray), conflicting interpretation (cyan), pathogenic (red), or VUS
(magenta). The black bar represents the percent of amino acids in the proteins with each annotation. In red text is the enrichment of pathogenic
variants relative to the expected frequency. (b) All variants were assessed using PolyPhen2, Provean, SIFT, Conservation, conservation in all
species, conservation in GRIN2 sequences. (c) Scores from (a) were integrated for each of the groups of variants as shown in a box and whisker

plot. (d) Molecular dynamics data for each of the groups shown for RMSF, DCCM Intramolecular contacts, or DCCM intermolecular contacts.
(e) Functional annotation of variants from UniProt for active sites of proteins (sites, with nine annotations), sites with posttranslational
modifications (Mods, 34 annotations), or functional variants with laboratory insights for altered cellular biology (Fun Variant, 31 annotations). (f)
Variants within GRIN1, GRIN2A, or GRIN2B. The green box identifies regions with low gnomAD variants and high pathogenic variants.
(g) gnomAD allele count (x-axis) relative to combined scores for the five proteins. (h) gnomAD allele count (x-axis) for variants reaching 3.5
combined impact and found conserved in either all sequences or GRIN2 sequences. Green box identifies the clustering of pathogenic (red) and
VUS (magenta) at 0 counts in gnomAD. DCCM, dynamic cross correlation matrix; NMDA, N-methyl-D-aspartate; VUS, variant of uncertain
significance
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modification sites (phospho S/T, phospho Y, glycosylation, disulfide

bond, omega-N-methylarginine) with three having pathogenic annota-

tions and high functionality (GRIN1 C744Y, GRIN2A C436R, GRIN2B

C456Y), 6 as VUS with highly variable scores, and 25 from gnomAD

(Figure 4e). A total of 31 amino acid variants within our analysis have

been assessed in a lab through mutagenesis and shown to have func-

tional changes to GRIN1 (Lemke et al., 2016; Ogden et al., 2017;

Ohba et al., 2015; Zehavi et al., 2017), GRIN2A (Gao et al., 2017;

Lemke et al., 2013; Lesca et al., 2013; Swanger et al., 2016), and

GRIN2B (Adams et al., 2014; de Ligt et al., 2012; Ogden et al., 2017;

Swanger et al., 2016). A total of 25 of the pathogenic variants with

confirmed wetlab validation of protein function have an average com-

bined score of 4.8 ± 1.4, while 5 VUS have altered protein function

with an averaged combined impact of 3.7 ± 2.1. It should be noted

that a variant can be shown to impact protein function and not result

in dominant inheritance, such as the VUS GRIN2A V506A, which is

the only VUS with a combined score below 3.

Mapping the combined scores for all the variants within GRIN1,

GRIN2A, or GRIN2B relative to the amino acid position revealed a

clustering of pathogenic variants with depletion of high scoring

gnomAD variants (green box, Figure 4f). These sites correspond to

extracellular and helical regions. For GRIN1, positions 550–850

showed an increased number of variants with higher pathogenicity

scores and increased localization of pathogenic variants. For GRIN2A/

B, positions 500–900 showed an increased number of variants with

higher pathogenicity scores and increased localization of pathogenic

variants. This region is the same mapped for conservation across all

719 sequences (Figure 3c,d).

Integrating gnomAD population allele count annotations with

variant combined scores for each of the genes shows only GRIN2C

to have variants with allele counts >100 and combined scores >2

(Figure 4g). A total of 143 variants had a combined score >3.5 and

found conserved throughout all 719 sequences. All the 62 patho-

genic variants in this list have no observed gnomAD allele counts,

while 6/8 of the conflicting-np had 0 gnomAD occurrences and

2 of the variants have 1 count, and 28 VUS had 0 gnomAD variants

with 1 having 1 and 2 having 2 gnomAD counts (Figure 4h). A total

of 43 variants found in gnomAD but not within ClinVar fall into this

category, with the highest allele number of 4 in one gnomAD obser-

vation suggesting even these variants to be very rare (Figure 4h).

This suggests that the filtering of variants using combined impact

score, paralog conservation, topology, and gnomAD allele fre-

quency are of high utility when confidently mapping pathogenic

impact of NMDA receptor proteins.

2.5 | Geno2MP variants for dominant inheritance

To test this model of dominant genetics to phenotype insights, we

surveyed the Geno2MP database (Geno2MP) for GRIN1, GRIN2A,

and GRIN2B variants. A total of 278 variants were observed with

29 in GRIN1, 157 in GRIN2A, and 92 in GRIN2B. From these, 41 have

a combined score >3, 10 have the predicted dominant annotation

observed (topology, paralog conservation, conserved >3.5, heterozy-

gous in Geno2MP, Table 1), and 2 have a potential recessive inheri-

tance structure (conserved >3, not conserved in paralog, and

homozygous in Geno2MP, Table 1). Both individuals with predicted

recessive homozygous variants (GRIN2A D166E, GRIN1 G318R) had

abnormality of the nervous system. Of the 10 individuals with domi-

nant variants, 7 had abnormality of the nervous system including

agenesis of corpus callosum, seizures, intellectual disability, micro-

cephaly, abnormality of movement, and epileptic encephalopathy.

There were two individuals with dominant variants with abnormality

of the musculature (myopathy, distal arthrogryposis) and one with

abnormality of the skeletal system (skeletal dysplasia), where the mus-

culature and skeletal phenotypes were previously associated with epi-

leptic phenotypes. Thus, using the dominant variant mechanisms of

topology and paralog conservation has strong accuracy in identifying

phenotypes previously connected to the NMDA receptor proteins.

2.6 | VUS of high impact

The 28 ClinVar annotated VUS of the NMDA receptor proteins not

present within gnomAD and having >3.5 combined impact and con-

served in multiple NMDA receptor proteins potentially fit a dominant

mechanism. Three of these variants fall within the cytoplasmic topol-

ogy of the protein and therefore do not fit our dominant mechanism.

Of the 25 VUS identified to cluster similar to pathogenic variants,

11 were GRIN2A, and 14 were GRIN2B (Table 2). A total of 16/25 of

the VUS were conserved in all 719 sequences analyzed while 9/25 of

the sites are conserved within the GluN2 586 sequences. Of these

variants 11 have no clinical description and 10 are annotated with the

term epilepsy somewhere in the description. It should be noted that

upon further analysis of ClinVar, several of these VUS have been addi-

tionally noted in other individuals and annotated as pathogenic or

likely pathogenic (Yang et al., 2014). Helen DeVos Children's Hospital

Pediatric Neurology identified two missense VUS in NMDA receptors

(GRIN2B A1315V, GRIN2A G760S) in two separate individuals.

GRIN2B A1315V has since initial report been reclassified as likely

pathogenic by the clinical sequencing company. However, that variant

does not reach our pathogenic classification by our filtering tools.

While A1315V has not been observed within gnomAD, it is predicted

to have minimal changes to the protein function based on conserva-

tion, PolyPhen2, Provean, and SIFT with a combined impact score of

0.25. Contrary, the GRIN2A G760S VUS is within our top 25 identified

(Table 2) with no gnomAD occurrence, damaging calls from Poly-

Phen2, Provean, and SIFT, conserved as a G in all 719 sequences of

NMDA receptor proteins, has a low molecular movement, and a sum

score of 6.25. The G760S variant was inherited from the father who

has pervasive developmental disorder and a noted history of seizures

in childhood, and the variant has been reported in a separate study as

de novo and associated with epilepsy (Yang et al., 2018). Thus, our

combined score has the resolution to distinguish potentially protein-

damaging versus pathogenic NMDA receptor variants such as

GRIN2A G760S.
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3 | DISCUSSION

Accurate variant classification related to pathogenicity is critically

important for clinical care. An analysis of ClinVar variants showed that

over 55% of all variants for the NMDA receptor proteins are VUS.

This fact indicates there is much work to be done in categorizing VUS

in these proteins. From the ACMG standards, VUS cannot be clinically

actionable, requiring further assessments of variants before a genetic

diagnosis can be made. While computational tools used for variant

interpretation have been hampered by circularity (Grimm et al., 2015),

the role of training variants on other known variants rather than on

mechanistic studies, they often annotate variants seen in common

populations as damaging without the ability to segregate disorders.

Not all functional variants are the same within a protein. For example,

some amino acid variants exert dominant negative changes where the

variant protein copy also modifies the wild-type copy

(Herskowitz, 1987), often where one variant results in the loss of mul-

timer contacts in dimers such that �75% of the complex is altered.

These forms of dominant negative variants are the primary interest in

mapping dominance for this paper. Other variants in proteins can

exert different protein functional outcomes, with the most well-

studied example in the CFTR protein for cystic fibrosis, where variants

can change protein abundance, localization, receptor activation, or ion

transport based on the amino acid altered (Sanders et al., 2021). Gain-

of-function changes further complicate interpretation because they

can either alter functional motifs that control protein abundance or

TABLE 1 Phenotypes of the Geno2MP variants fitting models

Protein Coded

% 719

sequence
conservation Sum

UniProt
topology

Predicted
model

HPO
profiles

Homozygous
profiles

HPO term:
Broad

HPO term:

Narrow/
medium

GRIN1 E522D 100.00 5.25 Extracellular Dominant 1 0 Abnormality of

the nervous

system

Agenesis of

corpus

callosum

GRIN2A G510C 81.36 5.25 Extracellular Dominant 1 0 Abnormality of

the nervous

system

Seizures

GRIN2B D661A 81.48 5 Extracellular Dominant 1 0 Abnormality of

the nervous

system

Intellectual

disability

GRIN2B N616S 81.48 5 Discontinuously

helical

Dominant 1 0 Abnormality of

the

musculature

myopathy

GRIN2A I654T 81.36 5 Extracellular Dominant 1 0 Abnormality of

the

musculature

Distal

arthrogryposis

GRIN1 D461G 100.00 4.75 Extracellular Dominant 1 0 Abnormality of

the skeletal

system

Skeletal

dysplasia

GRIN1 S688Y 100.00 4.5 Extracellular Dominant 1 0 Abnormality of

the nervous

system

Microcephaly

GRIN2A H702Y 81.22 4.25 Extracellular Dominant 2 0 Abnormality of

nervous

system

Abnormality of

movement

GRIN2A V417F 99.72 4 Extracellular Dominant 1 0 Abnormality of

the nervous

system

Speech apraxia

GRIN2A G250R 99.44 3.5 Extracellular Dominant 1 0 Abnormality of

the nervous

system

Epileptic

encephalopathy
GRIN2A D166E 77.61 4 Extracellular Recessive 1 1 Abnormality of

the nervous

system

Abnormality of

the

cerebellum

GRIN1 G318R 17.79 3.25 Extracellular Recessive 1 2 Abnormality of

the nervous

system

Intellectual

disability

Note: All variants are predicted to be damaging in PolyPhen2, Provean, and SIFT.
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can add entirely new functional sites that are not predicable based on

functional tools. Machine/deep learning tools have been applied to

these problems (Quang et al., 2015; Zou et al., 2019), but these tools

still struggle to achieve disease association filtering of variants based

on the mechanisms of dominant negative changes within a protein

complex.

Here, we utilized pathogenic variants in combination with a

sequence-to-structure data analysis to build a functional matrix of the

amino acids involved in forming the NMDA receptor complex. This

elucidated that amino acids conserved throughout the entire protein

family (paralogs) are often conserved for packing of the receptors

through extracellular and helical contacts. With two units of each pro-

tein required for forming a functional receptor, a dominant negative

variant yields only �25% of functional complexes to form. Other vari-

ants within the proteins that still allow for the complex to form, but

decreases the glutamate/glycine binding, ion transport, intracellular

activation, or protein interactions not within the core of the complex

can result in more subtle changes to the receptor activity, such that

50% or more of the complexes can still function at a critical level.

These more subtle changes can be less likely to result in more severe

phenotypes or can require both copies of the alleles (recessive) to

have functional changes to drive disease. The gnomAD data suggest

that many variants within the NMDA receptor have predicted impact

but are not currently associated with disease state, likely because

these are not dominant negative changes and subtlety impact the

receptor complex.

A summary of variant classes for the NMDA receptor can be

found in Figure 5. Amino acids conserved throughout the GluN1 and

GluN2 subunits are those amino acids critical to the proper packing of

the macromolecular complex. Heterozygous variants at these sites

result in a dominant negative impact, such that amino acid changes

inhibit the binding of proteins to each other. With two of each sub-

unit, a heterozygous variant results in removal of �75% of the func-

tional complexes, 25% that would have both proteins with the

variants, and 50% that would have a single copy with the variants.

Thus, only the remaining 25% of the protein complex would have two

functional copies of the protein. These variants that alter amino acid

contacts at fully conserved amino acids result in dominant negative

outcomes and are not present in the gnomAD database. Contrary, we

identify multiple gnomAD variants with computational prediction

from tools like PolyPhen2, Provean, and SIFT for damaging outcomes,

but these amino acids are unique to each protein of the NMDA recep-

tor complex. This suggests a potential recessive role of genetic vari-

ants, where they can occur within gnomAD and would likely result in

decreased receptor function (�25%–50%). These variants would likely

only give rise to disease if an individual carried two damaging copies,

that is, recessive genetics. This observation is supported by evidence

of recessive disorders within the genes based on sequencing (Lemke

et al., 2016).

These strategies should be tested in additional dominant genetic

disorders to determine the applicability to larger genomic data sets.

For all proteins with available structures, we need cohesive efforts in

converting the structure files that are qualitative into quantitative

amino acid insights using tools such as MDS. With the advancements

of cryo-EM determining larger and more complex multiunit structures

that are commonly associated with dominant negative outcomes, the

quantitative approach we take here could have many future applica-

tions. The tools of NCBI for ortholog sequence extractions means that

paralog mapping and sequence alignments could be readily applied to

any gene family. Therefore, these tools could be broadly applied in

the future for dominant negative genetic mechanisms.

4 | METHODS

Genomic variants from ClinVar (Landrum et al., 2016) and gnomAD

(v2.1.1_non-TOPMed) (Karczewski et al., 2020) were extracted on

March 1, 2020. The Geno2MP (Geno2MP, 2021) variants and all

F IGURE 5 NMDA receptor model of
dominant negative versus recessive
variants. On the top of the figure is the
chromosome model with wild-type allele
in green and mutant allele in red. The
wild-type protein complex is shown below
with two units of GluN1 (gray) and two
units of GluN2 (cyan) in a membrane
(magenta). The complex is shown as both
the side view and the top view. To the left
is the dominant variant model (red
proteins) and to the left is the recessive
model as either heterozygous or
compound heterozygous/homozygous.
The figure was generated using Biorender
software in combination with YASARA
generated images. NMDA, N-methyl-D-
aspartate
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UniProt annotations for each protein were extracted on October

7, 2021. All analysis of genomic variants can be found at https://

doi.org/10.6084/m9.figshare.14991582. Homology modeling of

the NMDA receptor proteins were done first by modeling GRIN2A

(Q12879) using YASARA modeling (Krieger et al., 2009), where four

known PDB structures (4PE5, 4TLL, 5UOW, 4TLM) were merged

into a single structure of four units. From this base structure homol-

ogy modeling for GRIN1 (Q05586) and GRIN2B (Q13224)

sequences was performed using YASARA (version 17). Structural

alignment of two GRIN1 and one GRIN2B molecules was per-

formed onto the GRIN2A model followed by energy minimization

using the YASARA2 force field. The complex was modeled into a

lipid membrane using the YASARA md_runmembrane macro using

the AMBER14 force field (Duan et al., 2003) using a phosphatidyl-

ethanolamine membrane with 0.997 g/ml explicit water, 0.9% NaCl,

and protein protonation based on pH 7.4. Following energy minimi-

zation with water and the membrane the complex was run for 30 ns

of simulation captured in 300 atomic snapshots, one every 100 ps.

The simulation consisted of 52,451 protein atoms, 423 Cl, 433 Na,

149,057 water molecules for a total of 593,366 atoms. Analysis of

the trajectory was performed using the md_analyze and

md_analyzeres macros. Correlations for DCCM were determined

for values >0.8. All structure and dynamics data can be found at

https://doi.org/10.6084/m9.figshare.14991558.

Sequences for the open reading frame of each gene were

extracted from NCBI paralogs for vertebrate species. Open reading

frames were extracted using TransDecoder (Haas et al., 2013).

Sequences were aligned using ClustalW codon (Larkin et al., 2007),

removing any sequences with ambiguity or missing exons found in

>90% of the other sequences. Following alignment codons were

assessed for selection using dN-dS with a maximum likelihood Muse–

Gaut model (Muse & Gaut, 1994) for Tamura–Nei nucleotide substitu-

tions (Tamura & Nei, 1993) using HyPhy (Pond et al., 2005) and

MEGA (version 6) (Tamura et al., 2011). A 21-codon sliding window

for conservation was used (Prokop et al., 2017). Genomic sequences

were aligned using all 719 extracted, placing each human protein in

the first slot followed by removal of all gaps within that protein,

followed by calculation of conservation as done above. An additional

alignment for GRIN2A, GRIN2B, GRIN2C, and GRIN2D was done,

placing each human protein sequence at the reference statistical anal-

ysis. Sequence alignments and the top tree are available at https://

doi.org/10.6084/m9.figshare.14991537.

All extracted variants were assessed with PolyPhen2 (Adzhubei

et al., 2010), Provean (Choi & Chan, 2015), and SIFT (Ng &

Henikoff, 2003). These predictions were converted to binary such

that 0 was not bad prediction and 1 bad prediction. These scores were

added to the conservation score generated above (0–2 scale), and a

binary calculation (0 or 1 with 1 being conserved) of conservation in

all sequences or GRIN2 sequences, yielding a maximum score of

7. Any category where statistics were calculated they were based on

a t test of the pathogenic annotation relative to all others. Allele

counts were extracted from the gnomAD data. Top variants were

identified using the cutoff of combined score of >3.5, extracellular/

helical topology, and conservation selection ≥1 in all paralog

sequences.
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