View from cytoplasmic perspective
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Supplementary Figure 1. Exposure of the ND2 groove within mitochondrial Complex I.

The membrane domain of complex | (green) with the ND2 subunit (cyan) laterally exposing its groove
for a potential interaction with M4 of GIuN1, shown in two orientations, from the cytoplasmic
perspective (top) and 90° rotated (bottom).
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Supplementary Figure 2. Evolution of the ND2-NMDAR interaction. Evolution of the ND2 groove and the
NMDAR subsequently enables ND2-mediated Src upregulation of the NMDAR. Cladogram describes the
evolution of ND2 from ‘long’ (no groove) in early metazoans to ‘short’ (with groove) in bilaterians as well as the
corresponding appearance and evolution of the NMDAR complex. Representative organisms from key phyla
are depicted.
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Supplementary Figure 3. ND2 interacts with NMDA receptors. (a) Representative images of HEK293 cells
expressing GFP-ND2 with GIuN1 + GIuN2A, GluAl + GluA2 (b), and PSD95 (c). (d) Cumulative frequency
distribution of thresholded PCC values for GFP-ND2 with GIuN1 + GIuN2A, (mean PCC=0.61+0.03; n =
49), GluAl, (0.19 £ 0.05; n = 14), P2X4R, (0.30 + 0.04; n = 31), PSD95, (0.28 + 0.03; n = 36), and RFP-Actin,
(0.10 £ 0.02; n = 23). Scale bars 3um. Statistically significant differences between populations are indicated
by the symbol ****’ (p<0.0001), and were evaluated by Kruskal-Wallis non-parametric analysis of variance
with Dunn's multiple post hoc comparison tests. n refers to number of HEK cells analysed. Results are

presented as mean * s.e.m.
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Supplementary Figure 4. GIuN2A is not required for ND2-GIuN1AC/AATDAC interaction.
Cumulative frequency distribution of thresholded PCC values for GFP-ND2 with GIuN1AC alone,
(mean PCC =0.65 + 0.03; n =42), or + GIuN2A (mean PCC =0.70 + 0.02; n = 34), and GIuUN1AATDAC
alone, (mean PCC=0.61 + 0.03; n=21) or + GIuN2A (mean PCC = 0.55 + 0.03; n = 16). Cumulative
probability distributions were evaluated by the Kruskal-Wallis test with Dunn's multiple post hoc
comparison test. n refers to number of HEK cells analysed. Results are presented as mean + s.e.m.
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Supplementary Figure 5. ND2 interacts with GluN1 but not GIuN2A M4 mutant
constructs. (a) Representative images of HEK293 cells expressing GFP-ND2 with
GIuN2ANIM4 GluN1N2AM4 () and GIuN1AChR-M4 (¢), Scale bars 3um.
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Supplementary Figure 6. ND2 interacts with GluN1'"sertY818 bt not with GIuN2A2Y822

(a) Representative images of HEK293 cells expressing GFP-ND2 with GIluN1 M4. (b) Cumulative
frequency distribution of thresholded PCC values for GFP-ND2 with GIuN1, (mean PCC =0.78 + 0.02;
n =29) GluN1nsert818 (0 75 + 0.02; n = 26), and GIUN2A~Y822 (PCC = 0.28 + 0.05; n = 17). Scale bar
3um. Statistically significant differences between populations are indicated by the symbol “****’
(p<0.0001), and were evaluated by Kruskal-Wallis non-parametric analysis of variance with Dunn's

multiple post hoc comparison tests. n refers to number of HEK cells analysed. Results are presented
as mean £ s.e.m.
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Supplementary Figure 7. NMDA evoked current in transfected HEK293 cells. Typical traces showing NMDAR
currents evoked by NMDA (250 uM) in HEK293 cells transfected with GIuUN2A, PSD95 and GluN1. GFP was added
to monitor the successfully transfected cells and only GFP positive cells were chosen for recordings. The mean
evoked current amplitudes were -4478.5 + 1591.0 pA for WT GIuN1 (n = 5), -147.6 £ 103.3 pA for GIUN1ANM4 (0 = 5),
-68.7 + 21.8 pA for GIuUN1AcM4 (n = 5) -59.4 + 31.4 pA for GIUNTAATDAM4ACTD (n = 4), and -3026.4 + 1007.0 pA
for GIuN12"M4 (n = 5). In each case currents were blocked by D-APV (250 uM). 10 uM glycine was present throughout
the recordings. Results are presented as mean = s.e.m.

1000 pA



Supplementary Figure 8. Evolutionary conservation analysis of ND2 and NMDAR. Analysis of the the
evolutionary conservation of amino acids in (a) ND2 and (b) NMDAR was performed to determine how conserved
the NMDAR:ND2 binding interface is relative to the rest of the protein. We found no evidence that the binding
interface is more highly conserved than the periphery. (a) For ND2, TMs 1 and 11, which line the outer rim of the
ND2 groove, are among the least conserved helices while TM helices 2, 3 and 10, which are not part of the
groove, are the most highly conserved. (b) For NMDAR, M2 and M3 helices, which form the channel, are the most
conserved. These results agree well with our observations that the structural complementarity, rather than
amino acid specificity, is critical. (Cyan = variable, Red = high conservation).
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Supplementary Figure 9. GFP-ND2-TM-6-8 colocalizes with GluN1. Representative images of
HEK293 cells expressing GIuN1 + GFP-ND2-TM-6-11, GIuN1 + GFP-ND2-TM-6-8 + cytoplasmic
loop, GIuN1 + GFP-ND2-TM-10-11 and GluN1 + GFP-ND2-TM-6-8. Scale bars 3um.
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Supplementary Figure 10. GIuN2A is not required for GluN1-ND2 fragment interaction. Cumulative
frequency distribution of thresholded PCC values for GIuN1 with GFP-ND2-TM-6-8 alone, (mean PCC
=0.71 £0.02; n = 24), or + GIuN2A (0.74 + 0.03; n = 14); GluN1 with GFP-ND2-TM-6-8 + loop alone,
(0.75 £ 0.02; n = 30), or + GIuN2A (0.66 + 0.03; n = 34); GIuN1 with GFP-ND2-TM-6-7 alone, (0.05 +
0.03; n=28), or + GIuN2A (0.04 + 0.05; n =9); GluN1 with GFP-ND2-TM-7-8 alone, (0.26 + 0.03; n =
29), or + GIuN2A (0.16 *+ 0.09; n = 5). Statistically significant differences between populations are
indicated by the symbol “****’ (p<0.0001), and were evaluated by Kruskal-Wallis non-parametric
analysis of variance with Dunn's multiple post hoc comparison tests. n refers to number of HEK cells
analysed. Results are presented as mean + s.e.m.
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Supplementary Figure 11. GFP-ND2-TM fusion protein expression. Western blot analysis of
HEK293 lysates transfected with 1 — GFP, 2 — GFP-ND2-TM-6-8, 3 - GFP-ND2-TM-6-7, 4 - GFP-
ND2-TM-7-8, 5 — pcDNA3. 10 - 30ng protein was loaded to each well. GFP-ND2 fragments of
the predicted molecular mass were detected. Uncropped blot included for reference.
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Supplementary Figure 12. GFP-ND2-TM-6-8 co-immunoprecipitates with GIuN1. Lysates
from HEK293 cells transfected with GFP-ND2-TM-6-8 + GIuN1 were immunoprecipitated with
anti-GluN1 antibody or non-specific IgG. Anti-GFP detected GFP-ND2-TM-6-8 by western blot
in both the lysate and GIuN1 immunoprecipitate but not in the non-specific IgG
immunoprecipitate. Uncropped blot included for reference.



Supplementary Figure 13. Hippocampal neurons transfected with GFP/GFP-ND2-TM-6-
7. (a) Immunocytochemically stained primary hippocampal neurons transfected with GFP
alone or GFP-ND2-TM-6-7 (b,c). Anti GFP, GluN1 and MAP2 antibodies were used for
visualization. Scale bars 10um.
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Supplementary Figure 14. Multiple sequence alignment of human ND2 with its homologs. Alignment of
human ND2 to protein sequences from X-ray crystal structures used as templates to generate homology
model of human ND2 by Phyre2. Each template is labeled with its PDB code (chain). Residues are shaded
when sequence is in agreement for identity (black) or similarity (light grey). The groups of similar amino
acids are defined as GAVLI, FYW, CM, ST, KRH, DENQ, P. Note the absence of ND2 residues that align to the
N-terminal portion of the templates due to the ‘short’ nature of human ND2 (see text for more detail). The
secondary structure prediction for human ND2 is shown schematically above the sequence.



GluN1 NMAGVF-MLVAGGIVAGIFLIFI

GIuN2A NMAGVEYMLAAAMALSLITFIW
GluN 1insertY818 NMAGVFYMLVAGGIVAGIFLIFI
GIuN2AAY822 NMAGVF-MLAAAMALSLITFIW
AChR a M3 YMLFTMVFVIASIIITVIVINT
GIluN1AN M4 YMLFTMVEFVIAGIVAGIFLIFI
GIuN1NAM4 NMAGVFMLVAGSIIITVIVINT

Supplementary Table 1. Transmembrane domain sequence homology
comparison. Sequence homology comparison between GluN1 M4, GIluN2A M4,
GluN1insertY818  GJuN2AAY822 AChR a M3 and GIuN1/AChR chimaeras. Underlined
residues in GluN1 and GIuN2A sequences denote identical residues. Critical methionine
is in blue. Key tyrosine residue is in red. Bold denotes AChR a M3 amino acid
sequence.



Template Chain % ldentity %Similarity
PDB code

3RKO 12.9 34.3
4HEA T 15.8 35.9
4HES8 I 22.9 45.2
3RKO N 21.5 42.4
3RKO M 15.2 33.6
4HES8 M 16.4 33.6

Supplementary Table 2. Sequence identities and similarities for ND2 and
templates. Sequence identities and similarities between human ND2 and the X-ray
crystal structures used as templates to generate the homology model of human ND2 by
Phyre2.



GIluN1ACTD
GluN1AATDACTD
GIuN1AATDACTD

GluN1AATDAM4ACTD
GluN2AN1M4
GluN1N2AM4
GluN1AChr-M4
GluN1NAMa
GluN1ANM4

GluN1insertys18

GluN2AAYs22
GFP-ND2-TM-6-8
GFP-ND2-TM-6-7
GFP-ND2-TM-7-8
GFP-ND2-TM-7-8

GFP-ND2-TM-8 + loop

NF-GFP-ND2-TM-6-8

GIluN1ACTD
GIuN1ACTD

GluN2A
GIuN1
GluN1
GluN1
GluN1
GIuN1

GIluN2A

GFP-ND2-TM-6-11
GFP-ND2-TM-6-8
GFP-ND2
GFP-ND2
GFP-ND2-200-300
GFP-ND2-TM-6-8

GIuN1Y837_STOP
GluN1NdelPvutinsert1
GluN1NdelPvutinsert2
GIuN1 812STOP M4del
GluN2AswapinGluN1M4
GluN1swapinGIluN2AM4

AChr M3
GIluN1 M4/AChr M3
AChr M3/GIuN1 M4
GluN1 Tyr818Add
GIuN2A Tyr822remove
GFPND2 223 BBS STOP
GFPND2 200 BBS STOP
GFPND2 BamH1Met insert 175

GFPND2 223 BBS STOP

GFPND2 E240 BBS

eGFP KO Del1-7

CTCATTTTCATTGAGATCGCCTAAAAGCGACACAAGG

CCTGGAGCCCTACCCCGATCGATCCCTGCTTTTTT

ATTCAATGAGGATGGCGATCGGAAGTTTGCCAAC

CTCACTTTTGAGAACTAGGCAGGGGTCTTCATG

GTGATGAGTAGCCAGCTGGACATCGATAACATGGCGGGCGTGTTCATGCTGGTGGCTGGAGGCATCGTAGCTGGGAT
TTTCCTCATTTTCATTGAGCACCTCTTCTACTGGAAGCTGCGCTTCTGCTTCACAGGCGTG
CAATGCTCCTGCAACCCTCACTTTTGAGAACATGGCAGGGGTCTTCTACATGCTGGCTGCAGCCATGGCCCTCAGCC
TCATCACCTTCATCTGGGAGATCGCCTACAAGCGACACAAGGATGCCCGTAGGAAGCAGATG
GAATGCGACTCCCGCAGCAATGCTCCTGCAACCCTCACTTTTGAGTACATGCTATTCACCATGGTGTTCGTGATTGC
AAGCATCATAATTACGGTTATCGTCATTAACACTGAGATCGCC
CTCACTTTTGAGAACATGGCAGGGGTCTTCATGCTGGTGGCTGGAAGCATCATAATTACGGTTATCGTCATTAACAC
TGAGATCGCCTACAAGCGACACAAGGATGCCCGTAGGAAGCAGATG
GAATGCGACTCCCGCAGCAATGCTCCTGCAACCCTCACTTTTGAGTACATGCTATTCACCATGGTGTTCGTGATTGC
AGGCATCGTAGCTGGGATTTTCCTCATTTTCATTGAGATCGCCTAC

GAGAACATGGCAGGGGTCTTCTACATGCTGGTGGCTGGAGGCATC

ATGGCGGGCGTGTTCATGCTGGCTGCAGCCATGGCC
TTTCTGCTGCTGAATCTGAACAGCTGGAGATACTACGAGAGCTCCCTGGAGCCCTACCCTGACTAGAGCACCACCAC
CCTGCTGCTGTCT

TGCTGCCATACAACCCAAACATGTGGAGATACTACGAGAGCTCCCTGGAGCCCTACCCTGACTAGACCATCCTGAAC
CTGACCATCTAC

TGGGGCGGCCTGAATGGATCCATGCTGCGCARAATCCTG

TTTCTGCTGCTGAATCTGAACAGCTGGAGATACTACGAGAGCTCCCTGGAGCCCTACCCTGACTAGAGCACCACCAC
CCTGCTGCTGTCT

ACCTGGAACAAACTGACCTGGCTGTGGAGATACTACGAGAGCTCCCTGGAGCCCTACCCTGACTAGACCCCACTGAT
CCCAAGCACCCTG

CCGCTAGCGCTACCGGTCGCCACCATGCTGTTCACCGGGGTGGTGCCCATC

Supplementary Table 3. Primers and templates used to create constructs.



Supplementary Note 1 — Observable currents in M4-lacking GIuN1 receptors

Note that we observed currents with M4-lacking GIuN1 receptors. The currents are
considered bona fide NMDA currents as they were blocked by the competitive NMDAR antagonist D-
APV. Thus, we conclude that NMDARs comprised of M4-lacking GIuN1 subunits can form functional
receptors. The currents were about 1-2% of the amplitude of currents generated by receptors
containing full-length GluN1 subunits. As described in the Methods, our recordings of these currents
were made with co-expression of PSD95. By contrast, Meddows et al* did not observe NMDAR
currents with M4-lacking GIuN1 subunits, however, they also did not co-express PSD95. PSD95 co-
expression is reported to increase NMDAR currents by approximately 2-3 fold? by increasing cell
surface levels of NMDARs and by increasing channel opening probability. Thus, the lack of PSD95 co-
expression with NMDARs is the likely explanation of why Meddows et al did not detect NMDAR
currents. That NMDARs comprised of M4-lacking GIuN1 subunits can generate functional receptors
is consistent with observations that such receptors bind glycine3; they can be co-
immunoprecipitated with GIuN2A?; they exist as high molecular weight complexes similar to those

with full-length GluN1?; and they are trafficked to the cell surface at low levels® 4,
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