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ABSTRACT

Tight coordination of the spatial relationships between protein complexes is required for
cellular function. In neuronal synapses, many proteins responsible for neurotransmission
organize into subsynaptic nanoclusters whose trans-cellular alignment modulates synaptic
signal propagation. However, the spatial relationships between these proteins and NMDA
receptors (NMDARSs), which are required for learning and memory, remain undefined. Here, we
mapped the relationship of key NMDAR subunits to reference proteins in the active zone and
postsynaptic density using multiplexed super-resolution DNA-PAINT microscopy. GluN2A and
GIuN2B subunits formed nanoclusters with diverse configurations that, surprisingly, were not
localized near presynaptic vesicle release sites marked by Munc13-1. However, a subset of
presynaptic sites was configured to maintain NMDAR activation: these were internally denser,
aligned with abundant PSD-95, and associated closely with specific NMDAR nanodomains. This
work reveals a new principle regulating NMDAR signaling and suggests that synaptic functional
architecture depends on assembly of multiprotein nanodomains whose interior construction is
conditional on trans-cellular relationships.
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INTRODUCTION

Many cellular functions are performed by macromolecular protein ensembles that require
nanoscale spatial relationships with neighboring ensembles to facilitate complex signaling.
These critical relationships are required in healthy signaling and disrupted in disease across
biological systems. An important case where this is clear is the neuronal synapse'=. Synapses
mediate highly complex intercellular signaling to respond extremely rapidly and with high fidelity
to diverse stimuli, propagating information in the brain. Despite their small size (<500 nm), the
spatial position of signaling events within the synapse can critically influence their effect on
neuronal signaling*~’. Indeed, converging lines of evidence suggest the nanoscale positioning,
relative to one another, of the protein ensembles that mediate synaptic signaling is a key
determinant of local synapse function®.

A clear case of how nanoscale coordination of protein ensembles influences synaptic
transmission is the regulation of ionotropic glutamate receptor activation. Presynaptic vesicle
release machinery, postsynaptic receptors, and the scaffolds that position them each
concentrate in <100 nm diameter subsynaptic regions of high protein density (nanoclusters,
NCs)®. Alignment of NCs across the synapse from one another into the trans-synaptic
“nanocolumn” plays a critical role in regulating synaptic strength by enriching AMPA receptors
(AMPARs) directly across the synaptic cleft from release sites®'°. Indeed, perturbing this
complex nanoscale relationship between AMPARSs and release sites disrupts synaptic
transmission’"'"*, most remarkably even if synaptic receptor content is not altered',
demonstrating the fundamental role of nanoscale protein contextual relationships in neuronal
function.

Despite the clear importance of nanoscale context for AMPAR function, how synaptic NMDA
receptors (NMDARS) are organized relative to release sites remains unanswered. NMDARs are
required for learning and memory and disrupted in many neurological disorders'?, highlighting
the need to understand their regulation. Importantly, though, the molecular context of NMDARs
is critical for determining synaptic function even beyond controlling their activation, as the
receptors form large signaling super-complexes that are intimately involved in both driving
plasticity and establishing molecular organization within synapses'>"". Indeed, NMDARs signal
via both Ca?* flux-dependent and independent mechanisms'®'8, and are attached via their large
extracellular domains and long C-terminal tails to myriad extra and intracellular signaling
proteins by which they are presumed to organize subsynaptic signaling domains'®2'. These
roles for NMDARSs also depend on receptor subunit composition: receptor kinetics and
biophysics are subunit specific'®, super-resolution microscopy has shown differences in subunit
distribution within single synapses??2*, and GIuN2 subunit interactions with scaffolds and
signaling molecules are differentially mediated by subunit C-tails'*?%%*, It is therefore critical to
understand NMDAR subunit positioning and molecular context, as these key attributes will
control receptor activation and may also indicate regions where NMDARs create their own
unique environments to facilitate subsynaptic signaling. However, we have until recently lacked
the tools to investigate multiple protein complex relationships simultaneously, and therefore lack
basic maps of receptor context to aid these determinations.

To map the spatial relationships of endogenous NMDAR GIuN2 subunits to key pre and
postsynaptic nanodomains in synapses, we utilized the multiplexing capabilities of DNA
Exchange-PAINT (Points Accumulation for Imaging in Nanoscale Topography). We targeted the
relationships in cultured rat hippocampal neurons between the critical GIuN2 subunits GIUN2A
and GIuN2B™", the major NMDAR postsynaptic scaffold protein PSD-95%, and presynaptic
release sites, as marked by the vesicle priming protein Munc13-126. This multiplexed mapping
approach revealed nanodomain assembly principles in single synapses. Most surprisingly, we
find that NMDARSs are typically lacking from the immediate nanoscale region of the PSD directly
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across from presynaptic release sites. However, the protein content and context of individual
presynaptic release sites in single synapses differed markedly from one another. Only a subset
of Munc13-1 NCs were enriched across the synapse with high-density PSD-95, and these
aligned NCs had significantly higher Munc13-1 protein density. Critically, these nanocolumnar
release sites were dramatically more enriched with GIuN2 subunits than non-nanocolumnar
release sites in the same synapses, likely ensuring a higher probability of activation of specific
subtypes and subsets of receptors following release from appropriate presynaptic fusion sites.
These results demonstrate that NMDAR positioning and organization are governed by a trans-
cellular assembly of multiprotein ensembles and suggest that overall synapse architecture may
arise from local formation of subsynaptic domains with unique functional roles.

RESULTS

Mapping endogenous NMDAR organization with DNA-PAINT

We took advantage of the high resolution and multiplexing flexibility of the single molecule
localization microscopy (SMLM) technique DNA Exchange-PAINT?” to map the nanoscale
relationships of multiple proteins at a single synapse. To facilitate multiplexing, we
preincubated?®?° primary antibodies separately with secondary nanobodies conjugated to
orthogonal DNA-PAINT docking strands, then combined them on the sample (Fig 1A, and see
Materials and Methods). This method allows simple, antibody species-independent multiplexing
and saturates the primary antibody with a defined number of DNA strands close to ideal for
SMLM (1 per nanobody; 2 nanobodies per antibody). The use of small secondary nanobodies
also significantly reduces linkage error compared to a secondary antibody?®? and avoids the
technical hurdles of direct primary antibody conjugation. NC-sized (40-100 nm) regions of high
protein density can be observed within single synapses (~300-500 nm) in dendritic spines (~1
um) in DNA Exchange-PAINT renderings of GIuN2A, the pre- and post-synaptic scaffolds
Bassoon and PSD-95, and a myristoylated-EGFP cell fill (Fig 1B), revealing the power of this
technique to resolve the nanoscale organization and context of multiple proteins at a single
synapse.

We aimed to measure the distribution of endogenous, surface expressed NMDAR subunits
with both pre- and postsynaptic molecular context. To do this, we performed 2D DNA
Exchange-PAINT of GIuN2A, GIuN2B, PSD-95 and Munc13-1 together at synapses in DIV21 rat
primary hippocampal cultures. We labeled surface-expressed GIuN2A (Fig S1A-C) and total
PSD-95 and Munc13-1 with antibodies to avoid overexpression artifacts. As we were unsatisfied
with commercially available antibodies targeting surface expressed GIuN2B, we used ORANGE
CRISPR* to knock in EGFP to the extracellular domain of endogenous GIuN2B, then labeled
surface expressed EGFP-GIuN2B with an anti-EGFP antibody (Fig 1C-D and S1D). We were
routinely able to identify synapses containing all four proteins (Fig 1E), and only analyzed
synapses containing EGFP-GIUN2B localizations, as those without EGFP-GIUN2B may either
genuinely lack the subunit or could have accumulated an indel during genome editing and be
GIuN2B knock-outs. We further only selected synapses perpendicular (en face) to the optical
axis for further analysis to best measure positional relationships between proteins with high
fidelity (Fig S2). Together, these data demonstrate a workflow to map the distribution of surface-
expressed, endogenous NMDAR subunit nanoclustering and position in the spatial context of
other key pre and postsynaptic nanodomains.
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Endogenous GIuN2 subunits form diverse nanodomain types

In pyramidal neurons in hippocampus and neocortex, the dominantly expressed GIuN2A
and GIuN2B subunits'® are each found in subsynaptic NCs that are postulated to control
receptor subtype-specific activation and activity-regulated positioning?*?**' relevant for signaling
and plasticity. The characteristics and mutual relationships of these receptor-containing areas
may shape their relationships with other synaptic constituents. Therefore, before investigating
the spatial organization of NMDARSs relative to other nanodomains, we first examined the
nanoscale organization of GIuN2A and GIuN2B.

As expected?, both GIuN2A and GIuN2B formed small, tight NCs within the synapse that
were readily discernible in local density heat maps (Fig 2A). To characterize these NCs, we first
measured the normalized autocorrelation'™ of each subunit (Fig 2B), which indicates the length
scales over which the density of a protein correlates to itself, normalized to a uniform distribution
at the average density. The autocorrelation thus assesses nanoclustering without needing to
define NC boundaries. Both GIuN2A and GIuN2B showed autocorrelation magnitudes greater
than one at short length scales that quickly decayed and plateaued after 35-45 nm, consistent
with each protein forming NCs near that diameter. Both autocorrelations also plateaued below
one, consistent with most of the protein being concentrated within NCs and sparse between, as
was visually apparent (Fig 2A). This can be contrasted with the broader autocorrelation for PSD-
95, reflecting the known larger size of its NCs and stronger presence of PSD-95 nearly
continuously between NCs'%32-34,

We measured the properties of individual NCs by identifying them directly using DBSCAN.
We identified on average 2.3 + 0.3 GIuN2A and 3.8 + 0.4 GIuN2B NCs per synapse, with
average areas of 748 + 44 nm? and 997 + 44 nm?, respectively, consistent with the size of
clustering suggested by the autocorrelation (~30-40 nm diameters if approximating a circular
NC) (Figs 2C-D). These NCs were clearly different in size and number from the larger, less
frequent PSD-95 NCs identified at the same synapses. GIuN2 NCs were distributed throughout
the radial extent of the synapse, compared to PSD-95 NCs that skewed slightly more central
(Fig 2E). As has been reported also in tissue slices®®, some synapses had centrally located
NMDAR NCs, whereas others had prominent NCs positioned near the PSD edge. We also
observed GIuN2 NC-sized objects in extrasynaptic regions. These were largely concentrated
within ~200 nm of the edge of the synapse (Fig 2F), consistent with recent single particle
tracking data of expressed receptor subunits®, and on average were slightly smaller than their
respective synaptic NCs (GIuN2A: 569 + 71 nm?, p=0.0679 vs synaptic; GIuUN2B: 763 + 57 nm?,
p=0.0026 vs synaptic; Fig 2G).

NMDARs of different GIuN2 subunit compositions may form synaptic nanodomains in which
separate diheteromeric receptor types (diheteromers) intermix, or they could represent
triheteromeric GIuN1/2A/2B receptors (triheteromers), or be a combination of both. Given the
unique kinetics and interactors of each subunit, these mixed subunit nanodomains could have
unique activation properties or downstream signaling pathways depending on their constituents
and proximity to other complexes. We therefore assessed the nanoscale relationship of
endogenous GIuN2 subunits to one another. We first measured the relationship of receptor
subunits using a normalized cross-correlation'®, which, like the autocorrelation, indicates the
spatial scales over which two protein distributions correlate. The magnitude of the cross-
correlation of GIuUN2A and GIuN2B was greater than one at length scales less than 30 nm (Fig
2H), similar to the predicted size of GIuN2 NCs (Fig 2B,D), indicating that on average, GIuN2A
and GIuN2B NCs are strongly spatially associated. Indeed, a cross-enrichment analysis'®, which
measures the density of one protein surrounding the peak density position of each NC of
another protein (normalized to a randomized distribution), showed that each subunit was on
average significantly enriched near the opposite subunit's NC peak (Fig 21-J). When the cross-
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enrichment curves were separated into those that statistically can be determined as enriched or
de-enriched within the first 60 nm from the peak'®, we found that 52.6% of GIuN2A NCs were
enriched with GIuN2B and 42.0% of GIuN2B NCs were enriched with GIuN2A. By contrast, only
15.6% of GIuN2A and 12.4% of GIuN2B NCs were statistically de-enriched with the other
subunit (Fig 2K). Consistent with this finding, 36.7% of GIuUN2A NC peaks could be found within
30 nm of the nearest GIuUN2B NC peak, and 22.6% of GIuN2B NC peaks were within 30 nm of
the nearest GIUN2A peak (Fig 2L). Further, 39.0% and 23.4% of GIuN2A and GIuN2B NC
areas, respectively, spatially overlapped (Fig 2M). These data together indicate that 30-50% of
GIuN2A and GIuN2B NCs are closely spatially associated with one another at these synapses,
a number strikingly similar to the predicted percentage of triheteromeric NMDARs at mature
synapses®’3. These results suggest subtype-specific NMDAR trafficking mechanisms establish
a diverse array of nanodomain types within single synapses, where the co-enriched population
likely represents either triheteromers or mixed nanodomains of GIuN2A and GIuN2B
diheteromers, while the remaining NCs likely represent nanodomains that accumulate a single
diheteromer type.

Only a subpopulation of release sites is enriched with GIuN2 subunits

NMDARs with different subunit compositions have different sensitivity to distance from the
release site®, and their position within the synapse may affect what intracellular signaling
cascades are activated after Ca®* influx. To examine the relationship of GIUN2 subunits to
release sites, we detected Munc13-1 NCs, which are the best available immunostaining-based
indicators of synaptic vesicle docking and fusion sites?®. The Munc13-1 autocorrelation sharply
decayed and plateaued below one around 45 nm, indicating small NCs with few localizations
between (Fig 3A-B). This was supported by direct NC detection, which showed a wide range of
NC numbers per synapse (up to 17, mean 6.9 + 0.5 with area 850 + 27 nm?, Fig 3C), consistent
with previous reports?®“°. In contrast to our expectations, GIuN2A and GIuN2B were each quite
strongly de-enriched from Munc13-1 NC peaks (Fig 3D). Nearest the peak, GIuN2A enrichment
was only 0.76 + 0.04, and GIuN2B enrichment 0.58 £ 0.04, of randomly distributed receptor
density, and their enrichments did not reach random until 95 and 155 nm from the Munc13-1 NC
peak, respectively. Further, the GIuN2 enrichment indices, or the average enrichment within 60
nm of the Munc13-1 NC peak'®, was 0.88 + 0.03 and 0.76 + 0.03 for GIuN2A and GIuN2B,
respectively, indicating a significant lack of both subunits immediately across the synapse from
Munc13-1 NC peaks. This surprising observation provides direct evidence that NMDAR
distribution within synapses is sensitive to presynaptic organization.

The offset from release sites was intriguing given that it would appear to decrease the
likelihood of NMDAR activation, particularly of receptors containing GIuN2B, which was on
average more strongly de-enriched from Munc13-1 NCs and also has a stronger predicted
distance-dependence for activation due to its slower glutamate binding®. However, having
observed diversity in the spatial relationship between GIuN2 subunits, we asked whether the
relationship of GIuN2 subunits to Munc13-1 NCs was a result of a systematic de-enrichment of
receptors around all Munc13-1 NCs, or if there existed a subset of release sites enriched with
GIuN2 subunits (Fig 3E). Such diversity would suggest a tight interplay of NMDAR position and
active zone structure.

As a first step, we paired mutually nearest Munc13-1 and GIuN2 NCs and measured their
cross-enrichment (Fig 3F). If GIuN2 density were systematically de-enriched from Munc13-1
NCs, then it would remain de-enriched even after selecting for nearest pairs. However, we
observed that paired Munc13-1 NCs were significantly cross-enriched with both subunits,
consistent with there being a subpopulation of release sites enriched with NMDARs (Fig 3G).
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Indeed, even without pairing NCs, 21.8% and 24.0% of Munc13-1 NCs were statistically
enriched with GIuUN2A and GIuN2B, respectively, despite a slightly larger population being
statistically de-enriched (25.0% for GIuN2A and 31.6% for GIuN2B, Fig 3H). Further, 26.0% and
32.7% of Munc13-1 NC peaks had a GIuN2A or GIuN2B NC peak, respectively, within 60 nm
(Fig 31), and 10.6% and 11.3% of Munc13-1 NCs showed spatial overlap with GIuN2A and
GIuN2B, respectively (Fig 3J). Intriguingly, while 33.1% of the release sites enriched with GIuN2
subunits were specifically enriched with both GIuN2A and GIuN2B, just 6.9% were enriched with
only one subunit and de-enriched with the other, suggesting triheteromer or mixed diheteromer
nanodomains may be specifically enriched closer to release sites.

We expect the diversity of this organization to impact receptor activation, particularly for
GIuN2B-containing receptors. We estimated the likelihood of NMDAR opening in response to
release at a given Munc13-1 NC based on distance-dependent open probabilities from Santucci
et al.*®, comparing release from Munc13-1 NCs either near (median distance in first quartile;
GIuN2A = 37 nm, GIuN2B = 35 nm) or far (median distance in third quartile; GIuUN2A = 246 nm;
GIuN2B = 227 nm) from their nearest receptor NC. With these parameters, the probability of a
GIuN2B diheteromer opening is reduced by nearly 70% for receptors far from release sites vs
those nearby, and by about 10% for GIuN2A diheteromers (Popen: GIUN2B near = 0.49 vs
GIuN2B far = 0.15; GIuN2A near = 0.76 vs GIuN2A far = 0.69). Note that triheteromer distance-
dependence to release is unknown as the glutamate-dependence of their opening rates has not
been tested similarly, but as NMDAR opening requires glutamate binding at both GIluN2
subunits*!, they are likely dominated by the slow GIuUN2B glutamate binding rate and may
therefore be affected similarly to GIuN2B diheteromers. These results are all consistent with the
presence of a subpopulation of Munc13-1 NCs that are enriched with both GIuN2A and GIuN2B,
amongst a larger population of putative release sites that lack NMDARSs.

A subset of structurally unique Munc13-1 NCs is enriched with PSD-95 and in the
nanocolumn

Our results suggest there may be unique, trans-cellular molecular contexts for some release
sites that may influence receptor positioning. To resolve this, we examined the relative trans-
synaptic enrichment of PSD-95 near Munc13-1 NCs (Fig 4A). PSD-95 anchors receptors within
the synapse® and is a central component of the trans-synaptic nanocolumn®'®'_ However,
there are approximately 3.5 times as many Munc13-1 NCs (Fig 3C) as PSD-95 NCs (Fig 2C),
suggesting an architectural diversity that may be important for the control of receptor
subsynaptic positioning. When all NCs were analyzed, Munc13-1 was weakly enriched on
average across from PSD-95 NC centers and PSD-95 was essentially randomly distributed
across from Munc13-1 NCs, consistent with the large numerical mismatch (Fig 4B). However,
this average did not reflect a systematic or consistent offset between Munc13-1 and PSD-95, as
identifying mutually paired NCs to even the numerical imbalance revealed strong, bidirectional
enrichment (Fig 4C).

This subpopulation of Munc13-1 NC sites closely associated with PSD-95 was also evident
in other measures. When we tested each NC for whether it was enriched with the other protein
(within 60 nm), we found 24.4% of Munc13-1 NCs (~1.5-2 per synapse, on average) were
enriched with PSD-95 and 41.0% of PSD-95 NCs (~1 per synapse, on average) were enriched
with Munc13-1 (Fig 4D). Additionally, 20.6% of Munc13-1 NCs and 52.0% of PSD-95 NCs had a
nearest NC peak of the opposite protein within 60 nm (Fig 4E), indicating a subpopulation of
closely associated NCs. This fraction was similar to the proportion of each NC that spatially
overlaid one another (14.5% for Munc13 NCs and 40.9% for PSD-95 NCs, Fig 4F). These
results together suggest that some Munc13-1 NCs have a privileged location closely associated
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with PSD-95 across the synapse. Indeed, this can be clearly seen in their cross-enrichment
profiles (Fig 4G-H) when subset by the data in Fig 4D. We designate these mutually co-enriched
PSD-95 and Munc13-1 densities as nanocolumnar, which allowed us to make further conditional
comparisons based on subsetting the data by nanocolumn status. Intriguingly, Munc13-1 NCs in
the nanocolumn had a higher Munc13-1 density within 60 nm of their peak than those outside
the nanocolumn (27.6% higher; 1.34 + 0.06 inside vs 1.05 + 0.06 outside, p=0.0009; Fig 4l),
which may reflect a difference in priming characteristics of vesicles at these nanocolumnar
release sites. PSD-95 peak NC density was also significantly higher in the nanocolumn, though
not to the same magnitude as Munc13-1 (9.0% higher; 1.45 £ 0.03 inside vs 1.33 £ 0.03
outside, p=0.0152; Fig 4J). Together, these results suggest the nanocolumn represents a
complex, macromolecular context that endows a privileged subset of release sites with high
Munc13-1 NC density to spatially associate their neurotransmitter release most closely with
PSD-95 NCs.

Subunit-specific NMDAR nanodomains are organized with distinct trans-synaptic
molecular contexts

With this approach in hand to molecularly identify subsets of Munc13-1 NCs, we
hypothesized that nanocolumn organization may determine NMDAR positioning with respect to
release sites. To test this, we made further conditional comparisons, assigning each Munc13-1
NC as being within the nanocolumn (enriched with PSD-95) or outside it (de-enriched with PSD-
95), then measured GIuN2 enrichment to these subsets. GIuUN2A was strongly de-enriched from
Munc13-1 NCs outside the nanocolumn, considerably more so than to Munc13-1 NCs overall
(enrichment index (El): 0.60 + 0.07 to Munc13-1 NC outside the nanocolumn vs 0.88 + 0.03 to
all Munc13-1 NCs (Fig 3D); p=0.0004). However, GIuN2A enrichment near Munc13-1 NCs
within the nanocolumn was entirely rescued from de-enrichment, reaching a maximum
enrichment of 1.23 at 55 nm (El: 1.13 £ 0.69 to Munc13-1 NCs inside the nanocolumn vs 0.60 +
0.07 to Munc13-1 NCs outside the nanocolumn, p<0.0001) (Fig 5A, S3A). Similar to GIuN2A,
GIuN2B was strongly de-enriched from Munc13-1 NCs outside the nanocolumn (El: GIuN2B:
0.55 £ 0.06 vs GIuN2A: 0.60 £ 0.07 to Munc13-1 NCs outside the nanocolumn, p=0.56), but like
GIuN2A was significantly more enriched to Munc13-1 NCs in the nanocolumn (El: 0.89 + 0.07 to
Munc13-1 NCs inside the nanocolumn vs 0.55 + 0.06 to Munc13-1 NCs outside the
nanocolumn, p=0.0327) (Fig 5B, S3B). These data indicate that NMDA receptors are generally
positioned away from release sites but are significantly more associated with release sites in the
nanocolumn.

We pursued the molecular identity of these locations more fully by analyzing the
characteristics of receptor NCs depending on their molecular context. Interestingly, both
GIuN2A and GIuN2B NCs within the nanocolumn were denser compared to those outside the
nanocolumn (Fig 5C-D, S3C-D), suggesting these receptor nanodomains may contain more
receptors, or that the receptors are more tightly clustered near the nanocolumn. Because the
enhanced accumulation was apparent for both subunits, we considered the possibility that the
nanocolumn comprises a subdomain of specific receptor nanodomain types. We examined the
cross-enrichments of each subunit to the other and found that GIuN2A enrichment around
GIuN2B NCs was nearly 29% higher in the nanocolumn than out (Fig 5E, S3E; El: 1.58 + 0.17
inside nanocolumn vs 1.13 + 0.17 outside of nanocolumn, p=0.0741). Even more strikingly,
GIuN2B enrichment around GIuN2A NCs was enhanced almost 38% (Fig 5F, S3F; El: 1.79
0.22 inside nanocolumn vs 1.11 + 0.15 outside of nanocolumn, p=0.0257). These observations
suggest more abundant closely positioned subunits of each type within the nanocolumn. In
further support of this, none of the nanocolumnar Munc13-1 NCs that were statistically enriched
with any subunit were also de-enriched with the other. Instead, 34.6% of the nanocolumnar
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Munc13-1 NCs enriched with any subunit were significantly enriched with both subunits, with the
remainder significantly enriched with one subunit and at least neutral with the other. This
reveals a preferential positioning of enlarged, heterogeneous NMDAR nanodomains near
release sites aligned with PSD-95, and more generally indicates that receptor subsynaptic
organizational characteristics are dependent on trans-synaptic context.

Finally, we found the parallelized nanoimaging approach with DNA-PAINT further revealed
that measuring the multiprotein context allows deeper and more accurate prediction of the
organizational determinants of critical molecules. Notably, the presence of GIuN2 density near a
Munc13-1 NC was predictive of the postsynaptic environment around the release site: Munc13-
1 NCs that were enriched with either GIuN2A or GIuN2B were on average also enriched with
PSD-95, while those de-enriched with GIuUN2A or GIuN2B were also de-enriched with PSD-95
(Fig 5G-H, S3G-H; El of Munc13-1 NCs with PSD-95: 1.15 + 0.04 with GIuN2A vs 0.91 + 0.03
without GIuN2A, p<0.0001; 1.15 + 0.03 with GIuN2B vs 0.95 + 0.03 without GIuN2B, p<0.0001).
Together, these observations reveal that synaptic molecular architecture depends on the
assembly of multiprotein nanodomains whose interior construction is conditional on their trans-
cellular relationships.

DISCUSSION

We leveraged the high resolution and multiplexing capabilities of DNA Exchange-PAINT to
map the nano-organization of GIuN2A and GIuN2B with respect to the key release site and
scaffold proteins Munc13-1 and PSD-95. Based on four-target super-resolution imaging and
new analysis of the mutually conditional distributions of these proteins, we propose a model (Fig
51) showing the unique distribution of NMDARSs within the synapse, particularly with respect to
release sites. GIUN2 NCs were only well aligned to release sites enriched with PSD-95 i.e.
located at the nanocolumn, and otherwise were de-enriched from release sites. This multi-
protein relationship was strong enough that Munc13-1 NC enrichment with PSD-95 could be
predicted by Munc13-1 enrichment with NMDAR subunits. Further, Munc13-1 NCs
outnumbered PSD-95 and receptor NCs, varied substantially in their interior density of Munc13-
1, and some Munc13-1 NCs were quite far (100s of nm) from the nearest NMDAR NC,
suggesting variability in NMDAR responses within a single synapse will depend on which
release site is activated. This spatial segregation raises the possibility that independent fusion of
vesicles at different release sites are likely to activate unique ratios of GIuN2A or GIuN2B-
containing receptors, expanding the computational potential of the synapse.

A major question therefore is whether the structurally definable subsets of Munc13-1 NCs
we have observed are functionally distinct. One possibility is they have different preferred
release modes (synchronous vs asynchronous and spontaneous vs evoked), which are
suggested to be spatially segregated at the presynapse*’™¢. Release mode diversity is critically
associated with NMDAR function, as functionally distinct pools of NMDARs respond more to
spontaneous vs evoked release*’*® and activate unique downstream signaling cascades***°.
NMDARSs may also be preferentially activated by asynchronous release®', though the biological
sequelae specific to this remain to be determined. Molecular determinants establishing release
site preference for one or more different release modes have not been defined, but our data
raise the possibility that specific trans-cellular molecular contexts may be involved.

Structurally distinct Munc13-1 NCs may also quantitatively tune action potential-evoked
release. The number of Munc13-1 NCs correlates strongly with the number of evoked release
sites?®%2, and our data along with recent results indicate that release sites within a single
synapse have diverse molecular properties®®2->*, We found that Munc13-1 density was higher at
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nanocolumnar NCs than at those outside the nanocolumn, and increased Munc13-1 density is
positively correlated with vesicle priming and release probability®**°. This suggests Munc13-1
NCs at the nanocolumn may support higher P, there than at other synaptic sites, which in turn
would further regulate its frequency-dependent engagement during paired action potentials or
sustained activity. It is tempting to speculate that the trans-synaptic molecular context of a
release site coordinately confers unique properties to evoked release and the associated
receptor pool.

While some modeling based on the high affinity of NMDARSs suggests a minimal effect of
nanodomain organization on NMDAR activation®, taking the subunit-specific kinetic behavior
into consideration suggests NMDAR activation is sensitive to release site position, especially for
receptors containing GIuN2B*°. Because so few NMDARSs are activated during typical
responses®’, this organization could help promote the relatively dependable activation of
NMDARs during basal release by allowing nanocolumnar release sites to efficiently activate at
least the small population of NMDARs nearby. Furthermore, it will be important to explore
whether the remaining population of NMDAR subunits that do not align with Munc13-1 NCs
instead are anchored at other specific synaptic subdomains to maintain distinct functions or
organize proteins there, or perhaps represent a mobile pool of diffusing receptors. Further
analysis of how NMDAR positioning is conditional on additional proteins should prove helpful in
establishing the mechanisms that determine their distribution.

Even when in the nanocolumn, the position of GIuN2 peak enrichment was still offset
relative to the presynaptic NC center (55 and 45 nm for GIuN2A and GIuN2B respectively, Fig
5), well beyond the expected linkage error in our primary antibody/secondary nanobody
system?2°_ This offset is small enough that those nearest receptors will be activated at close to
their maximum probability (which is still predicted to be fairly low, especially for GIuN2B), but
this distinctive organization may carry several other functions. Indeed, NMDARs act as synaptic
signaling hubs'®?® that scaffold diverse downstream signaling molecules through their long C-
terminal tails?. It's possible that NMDAR maximal activation is balanced to allow for many or
large binding partners to fit near scaffold nanodomains that concentrate further downstream
signaling proteins. For example, the holoenzyme of the major GIuN2 intracellular binding partner
CaMKiIl is ~20 nm in diameter®, a size that could be disruptive to fit into the dense PSD-95 NC
environment. Another potential reason for this shift could be to allow space for AMPARS to
access maximal activation, as suggested by Hruska et al.??, which is important not only because
of their biophysical properties®, but also because their C-tails and auxiliary proteins, such as
the PSD-95-anchoring stargazin/TARPy2, are targets for CaMKII phosphorylation®'. This model
appears consistent with biochemical experiments showing that while TARPy2, PSD-95, GluN2B
C-tail, and CaMKII form phase condensates together, the highest concentrations of TARPy2
and PSD-95 are spatially separated from those of GIuN2B C-tail and CaMKII®2. In either case,
this offset organization seems likely to be facilitated by the large size of GIuN2 C-tails (~660
amino acids), which could result in the receptor channel and the extracellular domains mapped
here being localized laterally quite far from their PSD-95-anchoring C-terminus?®. While the
structures of GIuN2 C-tails remain unsolved and are presumably flexible in neurons®?, high-
resolution, multiplexed mapping of receptor intracellular and extracellular domains with their
interacting proteins will provide additional insight to this organization.

We observed significant co-enrichment of GIuN2A and GIuN2B subunit nanodomains, and
their selective enrichment with a subset of release sites in the nanocolumn. Previous work has
observed minimal overlap between subunit nanodomains?2®. This may arise from differences in
culture age, expression levels, surface vs total staining, or the imaging modality, though we note
that we accomplished our mapping without subunit overexpression. Nevertheless, the key
insight we add is that we have mapped the overlapping GIluN2 nanodomains simultaneously
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and in the molecular context of two key synaptic proteins, which revealed their enrichment to the
nanocolumn and suggests their relative importance in the synapse, regardless of whether they
are the majority receptor population. This subunit co-enrichment specifically across from
nanocolumnar release sites suggests particular synaptic subregions (nanodomains) may
facilitate activation of specific NMDAR subtypes. This in turn may facilitate transduction of
sparse signals. Ca®" is quickly buffered by calmodulin after entry into the dendritic spine®*®, and
as only a few of the estimated 10-20 NMDARs per synapse are activated per stimulus®’, there
may also be postsynaptic hotspots of Ca®* influx. Beyond Ca®*-dependent signaling, NMDARs
also pass non-ionotropic signals via effector proteins such as PP1 that interact directly with the
receptor C-tail'®. Therefore, positioning NMDAR signaling partners within the proposed NMDAR
functional nanodomains could facilitate their downstream activation.

Co-enriched GIuN2 subunit nanodomains could be constructed from either mixed
populations of diheteromers or of triheteromers, which could confer unique signaling properties
to these nanodomains. Triheteromers make up ~50% of synaptic NMDARSs in mature
synapses®’* and have unique kinetic properties compared to diheteromers®*®’. Although
delineating the trafficking of triheteromers has not yet been feasible, it is notable that a
triheteromer carrying dual GIuN2 C-tails likely engages in a broader range of interactions than
either diheteromer carrying only one type. We observed a slightly higher enrichment of
nanocolumnar release sites with GIuUN2A vs GIuN2B, which could come about due to
preferential binding of GIUN2A over GIUN2B to PSD-95"9%, However, there is still a significant
portion of GIuN2A outside the nanocolumn, suggesting other mechanisms are at play. For
example, a receptor carrying GIuN2A and GIuN2B C-tails together could create an avidity effect
that increases the range of conformational possibilities with PSD-95, or perhaps the
combination of GIuN2A and GIuN2B binding with other MAGUKSs, such as PSD-93 or SAP102,
could create a binding environment that gathers both subunits. This could have implications for
LTP, as triheteromers have fast, GIuN2A-like kinetics and could bring the receptor to PSD-95
nanodomains, while the GIuN2B C-tail recruits interactors required for LTP like CaMKII?. In
fact, when GIuN2B diheteromers, but not triheteromers, are blocked, LTP remains intact, but a
complete GIuUN2B subunit deletion ablates LTP®®"°, suggesting a specific role of triheteromers
that might be facilitated by their position relative to release sites. This suggests a nanoscale
signaling complex where the very precise spatial combination of the NMDAR coincidence
detection mechanism that gates Ca®" influx is combined with the ability to interact with
downstream LTP effectors and concentrated near high P: release sites. In the future, direct
visualization of NMDARs of specific molecular compositions in the context of release sites and
other proteins will help clarify the specific roles each receptor subtype plays at the synapse in
neurotransmission and plasticity.

Our observations of NMDAR molecular context we believe help illuminate general rules by
which synapses are assembled. We suggest that a critical level at which synaptic function is
established is through assembly of specific nanodomain configurations from available cell type-
specific components, rather than from following an overall synapse-wide scheme such as a
center-surround architecture. Several observations support this idea. Here, we document
variability in molecular characteristics of presynaptic release sites within a single active zone
and show that NMDAR subsynaptic distribution is dependent on highly local transcellular
context. Other recent work has shown that postsynapses contain diverse scaffold molecules
beyond PSD-95 that are organized in unique and developmentally regulated NCs'%7":72,
Synaptic nanoclustering and trans-synaptic alignment are conserved in evolution and observed
across several synapse types**’>" the detailed characteristics of which depend on cleft-
resident synaptic organizing complexes'®'"'* Further, the specific complement of these
proteins differs across cell types and may individualize the nano-organization even of the same
proteins at different excitatory synapse types*’, or related ones at inhibitory synapses’. The
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ability to assemble a range of nanoscale protein relationships substantially broadens the
functional range of a synapse. Given that assembly and regulation of multi-protein ensembles at
the nanoscale level is a ubiquitous requirement for diverse cell functions, the power of DNA-
PAINT super-resolution microscopy to provide high-resolution multiplexed protein localization
will be critical for analysis of how conditional distribution features sculpt these complex
relationships.

Methods

DNA constructs: pPORANGE GFP-Grin2b Kl (Addgene plasmid #131487), pFUGW spCas9
(Addgene plasmid #131506) and pFUGW mCherry-KASH (Addgene plasmid #131505) were
gifts from Harold MacGillavry. psPAX2 (Addgene plasmid #12260) and pMD2.G (Addgene
plasmid #12259) were gifts from Didier Trono. LentiCRISPRv2GFP (LCV2) was a gift from
David Feldser (Addgene plasmid #82416). GFP-LRRTM2 knockdown/rescue was previously
described'. SEP-GIUN2A and SEP-GIuN2B were gifts of Andres Barria. Rat GluN1-1a
pcDNA3.1+ was a gift of Gabriela Popescu. pFUGW ORANGE GFP-Grin2b Kl was made by
subcloning the U6 promoter-sgRNA-GFP-Grin2b donor cassette from pORANGE into the Pacl
restriction site of pPFUGW mCherry-KASH with NEBuilder HiFi assembly, then subsequently
removing mCherry-KASH with NEB Q5 site-directed mutagenesis. pFSW myr(Fyn)-EGFP-
LDLRct"® was made by subcloning a synthetic double-stranded DNA fragment of the promoter
and ORF (Twist Bioscience) into the Pacl and Xbal sites of pFW (pFUGW with the ubiquitin
promoter-EGFP removed by NEB Q5 mutagenesis) with restriction/ligation. LCV2 Grin1 KO was
created by ligating annealed oligos for the previously described gRNA targeting GRIN17¢ into
the BsmBI sites of LCV2. DNA constructs are detailed Supplementary Table 1.

Lentivirus: HEK293T cells (ATCC CRL-3216) were maintained in DMEM + 10% FBS and
penicillin/streptomycin at 37°C and 5% CO.. For lentiviral production, cells were plated at 5x10°
cells/10 cm plate and transfected 12-24h later with 6 ug of either pFUGW ORANGE GFP-
Grin2B Kl, pFUGW spCas9 or LCV2 Grin1 KO + 4 ug psPAX2 + 2 ug pMD2.G using PEI for 4-6
hours. After 48h, the media was harvested, debris removed by centrifugation at 1000 RPM for 5
min and 0.45 ym PES filtering, and single use aliquots were frozen at -80°C for long term
storage without further concentration. Titers were ~10° IFU/mL and routinely infected 90% or
more of the cells on the coverslip at the volumes used.

Neuron and HEK culture: All animal procedures were approved by the University of Maryland
Animal Use and Care committee. Dissociated hippocampal cultures were prepared from E18
Sprague-Dawley rats of both sexes as described previously*® and plated on poly-L-lysine-
coated coverslips (#1.5, 18 mm, Warner) at a density of 30,000 cells/coverslip. For most
experiments, neurons were infected with 100-150 ul each of pFUGW ORANGE GFP-Grin2b Ki
and pFUGW spCas9 lentivirus at DIV4-6 and fixed at DIV20-21. For DNA-PAINT of dendritic
spines, neurons were transfected with 1 ug of pFSW myr(Fyn)-EGFP-LDLRct at DIV14-16 with
Lipofectamine 2000 per manufacturer’s instructions, and fixed at DIV20-21. For testing anti-
GIuN2A specificity, neurons were infected with 100 yl LCV2 Grin1 KO lentivirus at DIV5 and
fixed at DIV21. For SEP-GIUN2 overexpression tests, HEK cells were plated on poly-L-lysine
and fibronectin-coated 18 mm coverslips at a density of 100,000 cells/coverslips, transfected
24h later with 250 ng SEP-GIuN2A or GIuN2B + 125 ng GluN1-1a + 125 ng mCherry-C1 with
Lipofectamine 2000, then maintained for 24h in fresh media with 150 uM APV + 11.25 yM MK-
801 before fixation.

Antibody conjugation and preincubation: Primary antibodies are detailed in Supplementary
Table 2, and secondary reagents in Supplementary Table 3. Donkey anti-rabbit IgG was
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conjugated with Cy3B as previously described*’. Secondary single domain antibodies (sdAbs)
for DNA-PAINT were custom-made by Massive Photonics and each carried one of four
oligonucleotide docking strands optimized for DNA-PAINT’”. To stain multiple targets in the
same sample with antibodies form the same species, we preincubated?®2%40537" primary
antibodies with 2.5-fold molar excess of the appropriate species secondary sdAb labeled with
DNA-PAINT docking strands for 20 minutes at room temperature (RT) in either PBS + 100 mM
glycine (PBS/Gly) for fixed staining or ACSF (10 mM HEPES pH7.4, 139 mM NaCl, 2.5 mM KCl,
10 mM glucose, 2 mM MgCl,, 2 mM CacCl,) for live staining, then bound excess sdAb by adding
2-fold molar excess of Fc fragment (Jackson Immunoresearch) of the same species as the
secondary sdAb for a further 20 minutes at RT. Preincubated antibodies for a given incubation
were then pooled together and diluted to their final concentrations in PBS/Gly or ACSF for use
in immunostaining.

Immunostaining: For DNA-PAINT experiments, DIV20-21 neurons were removed from culture
media and placed in ACSF containing primary antibodies preincubated with sdAbs conjugated
to DNA-PAINT docking strands. Neurons were incubated in the antibody mixture at 16°C for 60
min and then transferred to fixative (2% PFA in 10mM MES (pH6.8), 138mM KCI, 3mM MgCly,
2mM EGTA, 320mM sucrose) for 15 min at room temperature. Following fixation, neurons were
washed in PBS/Gly 3 x 5 min at RT, permeabilized with 0.3% Triton X-100 for 20 min at RT, and
blocked with 10% donkey serum in PBS/Gly + 0.2% Triton X-100 for 45 min at RT. Neurons
were then incubated overnight at 4°C with sdAb-preincubated primary antibodies diluted in 50%
blocking buffer. Neurons were washed 3 x 5 min in PBS/Gly, postfixed in PBS containing 4%
PFA and 4% sucrose for 15 min at RT, and finally washed 3 x 5 min with PBS/Gly. For confocal
experiments, cells were stained using the protocol above, but without preincubating primaries.
Secondary antibodies diluted in PBS/Gly were applied for 1h at RT after washing off overnight
primaries. Cells were washed 3 x 5 min in PBS/Gly before postfixing as above. For detailed use
of antibodies in each experiment, see Supplementary Table 3.

Confocal microscopy and analysis: Confocal images were acquired on a Nikon TI2 inverted
microscope equipped with an Andor Dragonfly spinning disk confocal, a Plan Apo AD 60x/1.42
NA oil immersion objective, and a Plan Apo 20x/0.75 NA air objective. Excitation light
(405/488/561/640) was supplied by an Andor ILE and reflected to the sample through a
405/488/561/638 quadband polychroic (Chroma), and emission light was passed through the
confocal unit and appropriate emission filters (ET525/50, ET600/50 (Chroma) or EmO01-
R442/647 (Semrock)) to a Zyla 4.2+ sCMOS camera (Andor). Neurons were imaged at 50%
laser power and 200 ms exposure, and Z-stacks were acquired using a piezo fitted in a Nikon
stage. Z-stacks were converted to maximum intensity projections using FIJI”®. The mouse anti-
EGFP dilution series was analyzed with a custom FIJI macro that first background subtracted
the 1% percentile pixel intensity from each channel, then thresholded the GFP-LRRTM2 signal to
create a mask and measured the mean EGFP and anti-EGFP intensities inside the ROI.

Single-molecule microscopy: DNA-PAINT images were acquired on an Olympus 1X81
inverted microscope with an Olympus 100x/1.49 NA TIRF oil immersion objective. Excitation
light (405/488/561) from an Andor ALC and a Toptica iBeam Smart (640) was reflected to the
sample through a 405/488/561/638 quadband polychroic (Chroma) at an incident angle greater
than the critical angle to achieve Highly Inclined and Laminated Optical (HILO) illumination.
Emission light was passed through an adaptive optics device (MicAO, Imagine Optic), which
corrected aberrations present in the point-spread function, followed by a DV2 image splitter
(Photometrics) equipped with a T640Ipxr dichroic and ET655Ip single band (far-red) and
59004m dual band (red and green) emission filters to allow identification of GFP-Grin2b KI cells
with the 488 nm laser followed by simultaneous collection of red and far-red emissions during
DNA-PAINT imaging. Emission was finally collected on an iXon+ 897 EM-CCD camera (Andor).
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Z stability was maintained by the Olympus ZDC2 feedback positioning system. The microscope,
ALC, and camera were controlled by iQ3 (Andor), the Toptica laser by TOPAS iBeam Smart
GUI, and the Micao by separate Imagine Optic software. An additional arc lamp provided
epifluorescence illumination for identifying GFP-Grin2b KI cells. The microscope was contained
inside an insulated box with temperature control to minimize sample drift.

90 nm gold nanoparticles (Cytodiagnostics) were added at a 1:3 dilution for 10 minutes
before imaging to act as fiducials for drift and chromatic correction. EGFP-Grin2b Kl cells were
identified based on GFP-Booster AF488 staining and selected to have similar AF488 intensity
and cell morphology across experiments. Four targets were imaged in two exchange rounds.
Cy3B and Atto643 DNA-PAINT imager strands (Massive Photonics) (one each) were diluted
into imaging buffer (1x PBS pH7.4 + 500 mM NaCl + oxygen scavengers (PCA/PCD/Trolox))*
to the indicated concentrations and added to the sample. Drift was allowed to settle for 10
minutes, then 50,000 frames were acquired with 50 ms exposure. Output laser power at the
objective on the Olympus setup was ~27 mW for the 640 nm laser and ~18 mW for the 561 nm
laser, yielding power densities of ~3.3 and ~2.2 and kW/cm?, respectively. After acquisition, the
imagers were removed by gently exchanging the imaging buffer with 20 mL exchange buffer (1x
PBS pH7.4), then replacing the exchange buffer with fresh imaging buffer containing the next
set of imager strands. After letting drift settle 10 minutes, the second round of imaging was
acquired as before. TetraSpeck beads (100 nm; Invitrogen) were immobilized on separate
coverslips prepared with poly-L-lysine as for the cultured neurons, and 8-10 fields of beads were
imaged for 100 frames at 50 ms exposure each and used to generate transforms to correct
chromatic aberrations between the two channels.

Single molecule processing: Images were processed in batch with a combination of FIJI,
Picasso v0.4.11 (https://github.com/jungmannlab/picasso), and custom MATLAB scripts similar
to our previous work*®?*! The analysis pipeline is described in detail in Supplemental Note 1
and Supplementary Figure 2. In brief, images were localized and drift corrected in Picasso, and
chromatic aberrations between channels corrected with a custom MATLAB script. Localizations
were subsequently filtered to remove spurious detections and linked to combine localizations
persisting for more than one frame. Clusters of synaptic proteins were identified with DBSCAN
and removed if they displayed kinetic properties of non-specific imager binding’. Finally, high-
confidence synapses were picked by manually inspecting for the presence of the other imaged
proteins in sufficient density for analysis and to confirm that the kept cluster was a synapse.
Synapses were kept based on disc like shapes, overlap of pre- and post-synaptic proteins, a
size range of ~100 — 800 nm diameter, and their position near a dendrite, then scored as “en
face”, “side view” or “intermediate”, ie, somewhere between en face and side. Synapses were
then further filtered for en face by removing those with a long/short axis ratio >2, then validated
independently by three expert raters. In some cases, super-resolution images were rendered
using the FIJI ThunderSTORM plugin’s®® average shifted histogram method with 10 nm pixels
(magnification 16) for ease of visualization. Otherwise, localizations are plotted as heat maps of
local density, calculated for each localization as the number of localizations within 2x epsilon
(see below) for that protein and normalizing to the maximum value per synapse.

Single-molecule analyses:

Synapse analyses: Protein autocorrelations (AC) and cross-correlations (CC) were determined
using custom MATLAB functions as previously described’"®" with 5 nm render pixels and a max
shift radius of 500 nm for AC and 5 nm render pixels and max shift radius of 250 nm for the CC.
NCs were detected using DBSCAN with the following parameters: GIuUN2B epsilon = 16 nm,
minpts = 11; GIuN2A epsilon = 16 nm, minpts = 8; Munc13-1 epsilon = 17.6 nm, minpts = 9.
DBSCAN parameters for PSD-95 were set per synapse to normalize for density variations
between synapses, where epsilon was 5x standard deviations greater than the mean minimal
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distance of 50 randomizations of PSD-95 localization positions within the same space, and
minpts was 5x standard deviations greater than the mean number of points within that epsilon.
NC areas were determined using the MATLAB alphaShape function with ‘HoleThreshold’ set to
suppress all interior holes and an alpha radius of 150 nm, followed by the area function. NCs
with fewer than five localizations or with large outlier areas due to erroneous grouping by
DBSCAN were removed from analysis (area maximums identified by GraphPad Prism's ROUT
method at Q = 0.1%: GIUN2A = 2430.7 ym?, GIuN2B = 3376.6 ym?, PSD-95 = 6202.9 um?,
Munc13-1 = 2818.6 um?). To calculate NC position relative to PSD center and edge, PSD-95
localizations at each synapse were fit to an ellipse (modifying an approach by Nima Moshtagh
(2007); Minimum Volume Enclosing Ellipsoid v1.2.0.0,
https://www.mathworks.com/matlabcentral/fileexchange/9542-minimum-volume-enclosing-
ellipsoid, MATLAB Central File Exchange, retrieved May 4, 2023) that was used to derive a
concentric ellipse that included the center of a NC of interest on its perimeter. The ratio of the
area of these two ellipses yields a two-dimensional measure of how close to the center or to the
edge a given NC is located, the square root of which results in a linear representation, where 0
is a NC at the center of the synapse, 1 is a NC on the edge of the synapse, and 0.5 is a NC that
is positioned halfway between center and edge. The distance of extransynaptic NCs to the PSD
border was calculated from a vector connecting the extrasynaptic NC and PSD centroids by
subtracting the distance between the PSD centroid and border (determined using MATLAB’s
intersect function) from the distance between the PSD and NC centroids.

Nanocluster analyses: NC peak-to-peak distances were determined as the linear distance
(MATLAB pdist2) from the peak of a NC to the nearest peak of another protein NC. NC pairing
was performed by, for each NC, identifying based on peak-to-peak distances whether there
existed a NC of a second protein that was mutually nearest to it. Receptor activation was
calculated from Munc13-1 NC peak-to-GIluN2 NC-peak median 1% and 4" quartile distances
using curves fit to the distance-dependent open probabilities (P,) of GIuUN2A and GIuN2B>°, with
a linear equation for GIuN2A (P, = (distance from release site X m) + b; m =-0.000314; b =
0.7681; R? = 0.88) or a one-phase exponential decay for GIuUN2B (P, = (P, — plateau) x

e(~Kxdistance fromrelease site) 4 plgtequ; Poo)= 0.6231; plateau = 0.05748; K = 0.008038; R? =
0.99). NC overlap was determined using the separation index as described previously®®, which
normalizes the distance between NCs to the sum of their radii, resulting in a measure ranging
from O (perfect overlap) to 1 (perfectly adjacent) and greater (no overlap).

Cross-enrichments: Cross-enrichments (CE) were determined as described®*”"8' In brief, the
peak density of one protein NC was used as the reference point, and the distance of all
localizations of a second protein, or of a modified randomized synapse of that protein with 300x
more localizations to avoid bins with zero localizations*®®, were determined to this point. CE is
calculated as the number of localizations with distances to the reference position in 10 nm bins
normalized to the same for the randomized synapse, with the 300x density factor divided out.
CEs can be noisy due to the randomization resulting in a value that disproportionately
represents the true density within a distance bin. To retain the information in that bin but
minimize this noisiness, CEs were smoothed by using the MATLAB isoutlier function and its
‘quartiles’ method to detect outliers per distance bin and replacing the outlier values with the
largest, non-outlier value in that bin. Auto-enrichments were calculated the same way except the
distance of localizations of one protein was measured in reference to the peak density of its own
NC. NC density was calculated as the mean of the first 60 nm of the auto-enrichment.

Conditional comparisons: Nanoclusters were determined to be “enriched” or “not enriched” if the
enrichment index (average of the first 60 nm of the CE) to the real data was greater than or less
than 1.96x standard deviations from the mean of the enrichment index to a mean randomized
synapse, respectively. Nanoclusters were then subset into these groups and their CE with
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another protein plotted. For example, a Munc13-1 NC can be conditioned on its nanocolumn
status, ie, within the nanocolumn (Munc13-1 NC enriched with PSD-95) or outside the
nanocolumn (Munc13-1 NC de-enriched with PSD-95), then the CE of those Munc13-1 NC
groups with GIuN2 subunits compared.

Statistics: A total of 74 high-confidence, en face synapses from 8 neurons over 6 independent
cultures were measured in this study. All statistical comparisons were performed in GraphPad
Prism 10. Data were tested for normality using a Kolmogorov-Smirnov test. All normally
distributed datasets in this work met the assumptions of homoscedasticity (F test), and
differences between groups were tested using two-tailed unpaired t-tests. For non-parametric
data, differences between groups were tested using two-tailed Mann-Whitney tests for two
groups or a Kruskal-Wallis test, followed by post-hoc Dunn’s multiple comparisons tests, for
greater than two groups.
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Figure 1. Mapping endogenous NMDA receptor organization with DNA-PAINT
a) Schematic of a primary antibody labeled with a DNA-PAINT docking strand-conjugated
secondary nanobody and imaged with fluorescent imager strands. Red star indicates
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fluorophore. b) (top) DNA-PAINT rendering (10 nm pixels) of myristoylated-EGFP cell fill,
surface expressed GIuN2A, PSD-95, and Bassoon demonstrating four-target, synaptic DNA-
PAINT. Scale bar 2 ym. (bottom) Boxed region from top, including widefield image of myr-
EGFP. Scale bar 500 nm. c) (left) Confocal image of EGFP-GIuN2B CRISPR knock-in cell.
Scale bar 20 um. (right) Boxed region from left, showing surface expressed GIUN2A, surface
expressed GIuN2B (EGFP knock-in), and PSD-95 labeling colocalized at synapses. Scale bar 4
pum. d) Schematic of four-target DNA-PAINT labeling of endogenous, surface expressed
NMDAR subunits GIuN2A and GluN2B with pre (Munc13-1) and postsynaptic (PSD-95)
molecular context using primary antibodies preincubated with secondary nanobodies. This
labeling scheme is used throughout the figures. e) (top) DNA-PAINT rendering (10 nm pixels) of
endogenous, surface expressed GIuN2A and GIuN2B (EGFP knock-in), PSD-95, and Munc13-
1. Scale bar 1 um. (bottom) Zoom-in on two representative synapses showing nanoclusters of
each protein and their co-organization. Scale bar 200 nm.

18


https://doi.org/10.1101/2023.12.22.573055
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.22.573055; this version posted December 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A' GIuN2A Local density GIluN2B Local density Merge
High High
Low Low “
y ‘\‘”: ,Pv
 Center of
B. ¢ C GuNZA C.a, D. 8000 s
= 2.0 Z @ e
= — GIuN2B zg £ 6000 :
t e c (U Fekk
5 5 > 3 4000
e E® T 2000
=) S5 Q (@]
< z Z 0
0 60 120 180
Dict F PP
istance (nm) o ® )
E. center «——» edge F. « G.
8 100 — E © 3000 © 6000
Z = bt bt ok
b 7= 8 600 GIuN2A © ° ©
o
S s GuN2A  Z 400 GluN2B £ 2000 3 9 4000
© o]
c 25 GUN2B 5 200 S 1000 @ 2000
8 PSD-95 2 z £ z
5 0 E o 2 4 E - F—3
00 05 1.0 Z 0 200 400 < _ © .
Normalized distance Distance from Synapie Syrapte
from PSD center PSD border (nm) Extrasynaptic Extrasynaptic
H. _ . £ J.z
S 1.2 2 2.0 £ 2.0
— “('U' c <
27 1.1 2 1.5+ £ 1.5+
o5 o &
S 310 @ 1.0 S < 1.0
X 3 N &
© 09 Z05+—1—7—1 S 05+———T7—
o [ T T T 0] 0 60 120 180 o 0 60 120 180
0 60 120 180 Distance from Distance from
Distance (nm) GIuN2A NC center (nm) GIuN2B NC center (nm)
K. : L. GIUN2A to GIUN2B M. \
GIuN2A 1 GIuN2B GIUN2B to GIuN2A GIuN2A : GIluN2B
1 7)) 1
1 '
| Q 40+ - P . !
Y— | [ i \
i 5 309 | - B ) :
1 [} I \\ \\\ // ,
i g2/ :
1 [ o 10 \ >30nm >30nm
| g 1 |
Em Eniched 3 Enriched o 0 . =3 Overlappin, 1 Overlappin
e | e B S 8 & o g @ S Nowers 1 S Koo

e & P

Peak to peak distance (nm)

Figure 2. Endogenous GIuN2 subunits form diverse nanodomain types
a) Example synapse of DNA-PAINT localizations of GIuN2A and GluN2B showing GIuUN2 NCs
have diverse co-organization. Each point is a localization and its heat map codes normalized
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local density. NCs are indicated by gray-shaded, dash-bordered areas. Centers of the NCs of
the opposing protein are indicated by colored x’s. Gray line indicates PSD border, defined by
PSD-95 localizations (not shown). b-e) Characterization of GIuN2 subunit subsynaptic
organization. GIuN2 subunit autocorrelations decayed faster than PSD-95 and plateaued below
one, indicating small NCs with few localizations between them (b). Detected GIuN2B NCs were
more numerous than GIuN2A or PSD-95 NCs (c), and both GIuUN2A and GIuN2B NCs were
smaller (d) and distributed slightly less centrally (e) than PSD-95 NCs. f-g) Characterization of
extrasynaptic GIuN2 subunit distribution. Extrasynaptic GIuN2 tended to be within ~200 nm of
the PSD edge (f) and formed clusters on average smaller than synaptic GIuN2 NCs (g). h-m)
Characterization of GIuN2 subunit nanodomains. Cross-correlation (h) and cross-enrichment (i-
j) indicated strong overlap of GIuN2A and GIuN2B densities at short distances. 52.6% of
GIuN2A and 42.0% of GIuN2B NCs were significantly enriched with the opposite subunit (k),
36.7% of GIuN2A and 22.6% of GIuN2B NC peaks were located within 30 nm of an opposite
GIuN2 NC peak (I), and 39.0% of GIuUN2A and 23.4% of GIuN2B NC areas spatially overlapped
with the opposite subunit (m), indicating that a subset of GIuN2 NCs are co-enriched at the
synapse. Data in b and h-j are means + SEM shading. Points in ¢ are individual synapses and
points in d and g individual NCs. Lines in ¢, d and g are means + SEM. Data in | are shown as
frequency histograms (20 nm bins), with dashed line indicating the division summarized in inset
pie charts. *p<0.05, **p<0.01, ****p<0.0001
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Figure 3. Only a subpopulation of release sites is enriched with GIuN2 subunits

a) Example synapse of DNA-PAINT localizations of PSD-95, GIuN2A, GIuN2B, and Munc13-1
showing arrangement of receptor subunits relative to release sites. Markers as described in Fig
2a. b-c) Characterization of Munc13-1 NCs. Munc13-1 autocorrelation decayed rapidly and
plateaued below one (b), consistent with its many small NCs (c). d) Munc13-1 NCs were, on
average, de-enriched with GIuN2A (left), and GIuN2B (right) at distances <55 nm (shading). e-j)
A subset of Munc13-1 NCs were enriched with GIuN2 subunits. Schematic indicates possible
configurations of GIuN2 and Munc13-1 NCs (e). Schematic of NC pairing to reveal stereotyped
distances of closely-associated NCs (f). Paired Munc13-1 NCs were enriched with GIuN2A and
GIuN2B within 55 nm of their center (g). 21.8% and 24.0% of Munc13-1 NCs were statistically
enriched with GIuN2A or GIuN2B (h), 26.0% and 32.7% of Munc13-1 NCs had a GIuN2A or
GIuN2B NC peak within 60 nm (i), and 10.6% and 11.3% of Munc13-1 NCs spatially overlapped
with GIuN2A or GIuN2B NCs (j), respectively. Data in b, d and g are means + SEM shading.
Points in ¢ (left) are synapses and (right) NCs, with lines at mean + SEM. Data in i are shown
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as frequency histograms (20 nm bins), with dashed line indicating the division summarized in
inset pie charts.

22


https://doi.org/10.1101/2023.12.22.573055
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.12.22.573055; this version posted December 23, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Munc13-1 Local density s Local density
High =¥ High
Low Low

o\ B «: Center of = FL RN ¢
“opposing NC Nl 200nm

[ De-enriched

3 De-enriched Q Q Q Q o S K Sl
3 Not significant ; Lo ,\Q) q,b& ’b‘]/ D‘Q 3 Not overlapping

3 Not overlappin:
3 Not significant pping

B. C.

E 154 — Munc13 E 15

£ — PSD-95 g

e e

S 1.0+ 2 1.0+

[ [

L L

0 60 120 180 0 60 120 180
Distance from opposing Distance from opposing
NC center (nm) NC center (nm)
D. ) E. Munc13 to PSD-95 F. )
Munc13-1 1 PSD-95 PSD-95 to Munci13 Munc13-1 1 PSD-95
1 %) 1
' O 25 P '
1 / A 1
. % 20 ‘ ) ( A .
1 /\ | 1
1 o 15 A AR 1
: & 10 B 1 soomm :
1 % 5 1
1 o 1
[ Enriched : 3 Enriched & 0 I T ! I T T I Overlappi : i

i pping i =3 Overlapping
1 1

Peak to peak distance (nm)

G- —— In nanocol H. — In the nanocol l. J.
&€  — Notin nanocol <  — Notin nanocol 2 2 3
] o)
S 5 S 3
& 5 = z
™
3 3 2 3
é O————7—T E Or—T7—T— 5 8
0 60 120 180 0 60 120 180 = In Out o In Out
Distance from PSD-95 Distance from Munc13 _— —_—
NC center (nm) NC center (nm) Nanocolumn Nanocolumn

Figure 4. A subset of structurally unique Munc13-1 NCs is enriched with PSD-95 and in the
nanocolumn

a) Example synapse of DNA-PAINT localizations of Munc13-1 and PSD-95, showing variable
position of Munc13-1 NCs relative to PSD-95 density. Markers as in Fig 2a. b-f) A subset of
Munc13-1 NCs is enriched with PSD-95. On average Munc13-1 and PSD-95 were weakly
enriched with one another (b), but after pairing (as in 3g) both were significantly enriched (c).
When subsetting the data, 24.4% of Munc13-1 and 41.0% of PSD-95 NCs were statistically
enriched with the other protein (d), 20.6% of Munc13-1 and 52.0% of PSD-95 NCs had a NC
peak of the other protein within 60 nm (e), and 14.5% of Munc13-1 and 40.9% of PSD-95 NCs
were spatially overlapped (f). g-h) Cross-enrichments of PSD-95 NCs with Munc13-1 (g) or vice
versa (h) demonstrate strong cross-enrichment of these proteins when subset by the data in 4d.
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i-j) Munc13-1 (i) and PSD-95 (j) NCs were denser when in the nanocolumn than when outside
it. Data in b-c and g-h are means + SEM shading. Points in i and j are NCs with lines at mean *
SEM. ****p<0.0001, *p<0.05.
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Figure 5. Subunit-specific NMDAR nanodomains are organized with distinct trans-synaptic
molecular contexts

a-h) In each row, the schematic indicates the conditional comparison being made, and each
column shows the measurements made with respect to GIuN2A (a,c,e,g) and GIuN2B (b,d,f,h).
Each panel shows the cross-enrichment plot, where data are means + SEM shading. a-b)
Munc13-1 NCs in the nanocolumn were significantly more enriched with both GIuN2A and
GIuN2B than Munc13-1 NCs outside the nanocolumn. c-d) GIuN2A and GIuN2B NCs in the
nanocolumn were denser than those outside the nanocolumn. e-f) GIuN2A and GIuN2B NCs
were more cross-enriched with one another when in the nanocolumn. g-h) Munc13-1 NC
enrichment with GIuUN2A and GIuN2B can predict Munc13-1 NC enrichment with PSD-95. i)
Proposed model: NMDAR distribution in synapses is governed by nanodomains with distinct
trans-synaptic molecular contexts. Active zones contain molecularly diverse release sites likely
with differing vesicle priming and release properties and whose functional impact depends in
part on differential transsynaptic alignment. Receptor nanodomains near nanocolumn release
sites contain GIuN2A and GIuN2B subunits; NMDARs accumulated near release sites will be
activated more efficiently and potentially transduce unique signaling due to the presence of a
mixed population of intracellular C-termini.
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