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CELLULAR NEUROSCIENCE

Trans-synaptic assemblies link synaptic vesicles

and neuroreceptors

Antonio Martinez-Sanchez'?3, Ulrike Laugks'*, Zdravko Kochovski'?, Christos Papantoniou’,

Luca Zinzula', Wolfgang Baumeister', Vladan Lu¢i¢'*

Synaptic transmission is characterized by fast, tightly coupled processes and complex signaling pathways that
require a precise protein organization, such as the previously reported nanodomain colocalization of pre- and
postsynaptic proteins. Here, we used cryo-electron tomography to visualize synaptic complexes together with
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their native environment comprising interacting proteins and lipids on a 2- to 4-nm scale. Using template-free
detection and classification, we showed that tripartite trans-synaptic assemblies (subcolumns) link synaptic vesi-
cles to postsynaptic receptors and established that a particular displacement between directly interacting com-
plexes characterizes subcolumns. Furthermore, we obtained de novo average structures of ionotropic glutamate
receptors in their physiological composition, embedded in plasma membrane. These data support the hypothesis
that synaptic function is carried by precisely organized trans-synaptic units. It provides a framework for further
exploration of synaptic and other large molecular assemblies that link different cells or cellular regions and may

require weak or transient interactions to exert their function.

INTRODUCTION
Most cellular processes are carried out by molecular assemblies that
form functional modules and require a distinctly nonrandom spa-
tial organization of their components (I, 2). Several postsynaptic,
presynaptic, and cell-adhesion proteins, as well as neurotransmitter
release sites are organized in nanoscale domains (3-10). The impor-
tance of these nanodomains is exemplified by the findings that dif-
fusion of a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
receptors (AMPARs) along the postsynaptic membrane of gluta-
matergic synapses can be arrested within specific nanodomains (5, 6)
and is required for mechanisms underlying higher cognitive processes
(11). Furthermore, evidence is accumulating that the response at
glutamatergic synapses depends on the exact positioning of post-
synaptic receptors in respect to presynaptic release complexes and
that colocalization of nanodomains forms functional assemblies that
may control synaptic strength (12). The finding that nanodomains
containing some of the pre- and postsynaptic proteins directly in-
volved in synaptic transmission colocalize across the synaptic cleft
to form trans-synaptic nanoassemblies (termed synaptic nanocol-
umns) was a crucial step in that direction (4). While these observa-
tions, obtained by superresolution fluorescence microscopy, reach a
precision of few tens of nanometers, direct observation of these na-
noassemblies is currently lacking. Furthermore, many fundamental
aspects of trans-synaptic nanoassemblies are still unresolved, such
as the mechanism responsible for the trans-synaptic alignment and
the existence of basic discrete units within nanocolumns.
Ionotropic glutamate receptors (iGluRs) mediate synaptic trans-
mission at excitatory synapses (13). Among them, AMPAR and
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N-methyl-p-aspartate receptors (NMDARs) are prominent compo-
nents of synaptic nanodomains and are essential for long-term po-
tentiation (14). They are composed of four pore-forming subunits
but may contain several auxiliary subunits and form larger complexes
(2, 15). While a recent series of high-resolution structures of AMPARSs
and NMDARs provided important information about their func-
tion, these structures were obtained from reconstituted receptors that
were altered in different ways to improve their expression and sta-
bility (16-19) and/or removed from their native lipids by detergent
extraction (20). Therefore, there is a need to obtain structures of
AMPAR and NMDAR in their native physiological conformations,
subunit composition, and lipid environment.

Cryo-electron tomography (cryo-ET) is uniquely suited for the
comprehensive, three-dimensional (3D) imaging of molecular com-
plexes in their native context at the molecular resolution (21). Cellular
samples are rapidly frozen and imaged in the same vitrified, fully
hydrated state (22, 23). This is in contrast to procedures that use chem-
ical fixation, dehydration, and heavy-metal staining, which, although
essential for our current understanding of cellular ultrastructure,
are known to induce membrane deformation, rearrangements, and
aggregation of cytosolic material, thus obscuring fine biological struc-
tures and precluding molecular interpretation (24-27).

To overcome problems arising from the presence of many mo-
lecular species and molecular crowding, here we extended the pro-
cedure we recently developed for automated, template-free detection
and unsupervised classification of heterogeneous membrane-bound
complexes (fig. S1) (28). This allowed us to localize different synap-
tic complexes at a single-nanometer precision, obtain their native
average structures, explore their relation to synaptic vesicles (SVs)
and synaptic plasma membranes, and resolve the trans-synaptic as-
semblies that they form.

RESULTS

Validation of the synaptosomal preparation

Synaptosomes are a well-established model for neurotransmitter release
and are susceptible to pharmacological manipulations (29, 30). Previously,
other laboratories showed and we confirmed that synaptosomes are
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capable of multiple rounds of Ca®'- dependent neurotransmitter
release (31-33). The Percoll-based synaptosomal preparation that
we used is considered to be superior to other preparations because
it maintains osmolarity and requires a shorter centrifugation time
(30). Synaptosomes prepared in this way were found to respond to
arange of pharmacological treatments in biochemical assays and by
structural observations and structural analysis (32-34).

To activate postsynaptic NMDAR-type glutamate receptors and
cause Ca’" influx, we stimulated synaptosomes with the NMDAR
agonist glutamate and the co-agonist glycine, with and without KCl,
and isolated the postsynaptic density (PSD) fraction from the stim-
ulated and nonstimulated (control) synaptosomes. We observed a
significant stimulation-dependent increase of total (¢ test, P = 0.057
without KCland P = 0.00012 with KCI, N = 8) and T286-phosphorylated
calcium/calmodulin-dependent protein kinase Ilo (CaMKIlIa) in
the PSD fraction (fig. S2A) (¢ test, P = 0.0085 without KCl and P =
0.0056 with KCl). Considering the postsynaptic localization of
NMDARSs and a large postsynaptic presence of CaMKII, our results
show that upon stimulation, likely due to Ca®" influx, postsynaptic
CaMKII was activated, autophosphorylated, and inserted into the
core of the PSD that comprises the PSD fraction. This is similar to
the previously shown NMDAR stimulation-dependent CaMKII trans-
location to the PSD in neuronal cultures (35). Therefore, our data
strongly argue that postsynaptic parts of synaptosomes respond to
stimulation by neurotransmitters.

As another method to access the integrity of our synaptosomal
fractions, we used tandem mass spectrometry (MS) to determine the
relative molar amounts of proteins present in the starting material
(neocortical homogenate), an intermediate fraction (crude synap-
tosomal fraction or P2), and the final (Percoll-based) synaptosomes.
Ranking of prominent pre- and postsynaptic proteins showed that
their relative importance increased during the preparation, indicating
that synapses were purified by the fractionation (fig. S2B). Next, we
selected more than 100 synaptic proteins and determined the molar
amount ratios between the selected and the reference protein (Bassoon
for presynaptic and PSD-95 for postsynaptic). Most of the ratios
obtained for the synaptosomes were similar to those from the homog-
enate (fig. S2C), indicating that the relative abundance of synaptic
proteins was, to a large extent, maintained during the preparation.
Last, we showed that our data are consistent with previous quantifica-
tions, by comparing the selected presynaptic proteins with the absolute
values (36) and the selected postsynaptic proteins with the existing
absolute quantifications obtained by fluorescence and immuno-
labeling (37, 38) and with relative (MS) data (fig. S2D) (36, 39). In
addition, our data provide stoichiometry of several proteins not
covered in the studies mentioned above. Together, our data show
that, to a large extent, our synaptosomal preparation preserves the
protein composition of the synapse.

Detection of synaptic complexes in cryo-tomograms
Cryo-electron tomograms of rodent neocortical synaptosomes an-
alyzed in this study showed smooth, continuous membranes, non-
aggregated cytosolic material, and well-resolved intra- and extracellular
complexes, in agreement with previous cryo-ET investigations of
synaptosomes and neuronal cultures (26, 33, 40-43).

Cryo-ET density was traced in 3D using the discrete Morse the-
ory segmentation and the topological persistence simplification (see
Materials and Methods) (28, 44). The resulting network of grayscale
minima, saddle points, and arcs provided an accurate representation
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of the proteins and lipids present at the synapse (Fig. 1, A and B, and
movie S1). By imposing geometrical constraints on the detected
density, we detected membrane-bound complexes located at differ-
ent synaptic layers: SV tethers (presynaptic cytosolic layer) and ex-
tracellular presynaptic, extracellular postsynaptic, and intracellular
postsynaptic complexes (Fig. 1C). We also determined centroids of
spatial clusters of tethers. In this way, density tracing and detection
of complexes (together comprising particle picking) yield particle
sets where template-based picking bias is avoided.

Classification of synaptic complexes

The particle sets obtained comprise different types of synaptic
membrane-attached complexes, which reflect the inherent variability
of molecular compositions and conformational states. The number
and abundance of structurally similar types of complexes present at
the synapse are not known a priori. We used the affinity propaga-
tion (AP) clustering to classify the particle sets according to their
morphological features and remove false-positive complexes, be-
cause AP is better suited for this task than the other commonly used
methods (28, 45). As rotational averages around vectors normal to
the plasma membrane were subjected to AP clustering, the results
were sensitive to the particle orientation with respect to the mem-
brane, but not to the rotation around the membrane normal.
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Fig. 1. Detecting synaptic complexes. (A) Tomographic slice, 0.68 nm in thickness.
(B) Tracing density using the procedure based on the discrete Morse theory. Red
circles represent grayscale minima (graph vertices), the blue ones are the saddle
points, and the white lines are arcs. Only for this panel that the tracing was done on
a single tomographic slice in 2D; all other processing was performed on tomograms,
in 3D. (C) Detected particles: tethers (green), extracellular presynaptic (blue), extra-
cellular postsynaptic (red), and intracellular postsynaptic (pink). SVs are shown in
turquoise, and plasma membranes are shown in yellow. Scale bar, 20 nm.
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The first AP classification served to select extracellular particles
that showed clear membrane-bound densities, yielding pre AP1 and
post AP1 particle sets (fig. S3, A and C). The discarded classes likely
contained complexes that had weak or flexible membrane attach-
ment domains, as well as classes composed of a mixture of hetero-
geneous complexes. In the second AP classification round, classes
lacking a well-resolved extracellular density were discarded, yield-
ing pre and post AP2 sets (fig. S3, B and D). The remaining classes
were merged on the basis of visual similarity into four presynaptic
(pre AP2p-s) and four postsynaptic classes (post AP2a, AP2b, AP2c,
and AP2n), and their de novo (external reference-free) 3D averages
were determined (Fig. 2, A and B).

On the basis of the abundance of synaptic adhesion proteins (fig.
S2D), we can speculate that SynCAMs and neurexins are prominent
in some of the presynaptic classes. Complexes present in low-copy
numbers were likely discarded during the AP classification because
their number was insufficient to produce well-resolved averages or
attributed to the more heterogeneous classes. For example, in an
unlikely case that despite our selection procedure an inhibitory syn-
apse was analyzed, these receptors would most likely be classified in
one of the most heterogeneous classes (post AP2b or AP2c) or re-
moved during the AP classification because of the size difference be-
tween iGluRs and GABA, (y-aminobutyric acid type A) receptors
(fig. S4C) and the small number of GABA 4 receptors that would be
included in our particle set. Therefore, we conclude that the average
structures we obtained most likely represent distinct groups of pre-
and postsynaptic complexes.
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Fig. 2. De novo average densities of extracellular presynaptic complexes.
(A) Presynaptic AP2 class averages, from left to right AP2p-s. (B) Postsynaptic AP2
class averages, from left to right AP2a, AP2b, AP2¢, and AP2n. There is no color coding
in (A) and (B); different colors are used only to distinguish the densities. (C) Post-
synaptic AP2a class average. (D) Postsynaptic AP2n class average. (E) 3D class average
with C2 symmetry derived from AP2a. (F) 3D class average with C2 symmetry de-
rived from AP2n. (C to F) In each case, the same density (gray) is shown twice: on
the left atomic model of AMPAR (blue, PDB-6QK?Z) is fitted in the density and on the
right NMDAR model (red, PDB-6MMP). Scale bars, 10 nm.
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Our de novo class averages showed complexes of various size and
distinct morphology (Fig. 2, A and B). Postsynaptic AP class averag-
es were larger in size and had different shapes than the presynaptic
ones, although the identical procedure was applied to pre- and post-
synaptic sides, confirming the resolving power of our detection and
classification procedure. Furthermore, we applied the same density
tracing, particle picking, and AP classification procedure on the ex-
tracellular side of perisynaptic membrane of the postsynaptic termi-
nals. The AP1 classification did not yield any class that would be
accepted for further processing according to criteria we used for
synaptic complexes (fig. S3E). Nevertheless, we subjected all parti-
cles to the next step in our procedure, the second round of AP clas-
sification. As expected, this did not result in averages comparable to
the synaptic post AP2 classes (fig. S3, D and F). Together, these re-
sults show that perisynaptic complexes are much smaller or present
at a much lower density than the synaptic complexes and thus con-
firm the specific postsynaptic localization of the post AP2a and
AP2n particles.

Structure determination of iGluRs

Among the four postsynaptic classes, the average AP2a and AP2n
densities were well resolved (Fig. 2B). Subsequent de novo 3D clas-
sification of AP2a and AP2n sets obtained (fig. S1) without and with
C2 symmetry (fig. S7, A and B) yielded better resolved averages (fig.
$4D and Fig. 2, E and F).

Several lines of evidence argue that iGluRs are the major constituents
of AP2a and AP2n sets. (i) The overall size of the extracellular re-
gion of all AP2a and AP2n averages (maximal height and width > 10 nm)
matched that of the available iGluR structures. (ii) This size was
much larger than the extracellular region of all currently available
structures of membrane-bound postsynaptic and synaptic adhesion
proteins/complexes, except for other iGluRs (Fig. 2, C to F, and fig.
$4, A to C) (46, 47). (iii) Other large complexes, such as the voltage-
gated Na, Ca, and K channels, do not have extracellular amino acid
sequences that are long enough to match that of iGluRs (approxi-
mately 340 kDa). (iv) Applications of the same procedure on the
presynaptic membrane and on the perisynaptic part of the postsyn-
aptic membrane did not yield averages of size similar to post AP2a
and AP2n averages. (v) Our averages showed the main morphological
features of iGluRs, the membrane-proximal ligand-binding domains
(LBDs) and membrane-distal amino-terminal domains (ATDs)
(Fig. 2, Cand F). The averages had an approximate twofold symme-
try around the axis perpendicular to the membrane, consistent with
the architecture of iGluRs composed of four pore-forming subunits
with their ATDs and LBDs organized as dimer-of-dimers. Together,
our data argue that iGluRs are the major constituents of AP2a and
AP2n sets.

It was previously determined that pore-forming subunits of AMPAR
and NMDAR-type iGluRs (GluA1l, GluA2, GluN1, and GluN2) are
among the most highly expressed postsynaptic membrane-bound
proteins (48). Other iGluR types, kainate and delta receptors, are
not expected to be prominent on the postsynaptic side of neocortical
synapses (49, 50). Our MS data confirmed these results (fig. S2D):
The protein copy numbers per synapse were 333 + 57 (mean + SD)
for AMPAR subunits (GluAl and GluA2), 121 + 32 for NMDAR
subunits (GluN1, GluN2A, and GluN2B), 17 + 4.9 for kinate sub-
units (GluK2, GluK3, and GluK5), and 4.6 + 1.2 for delta receptor
subunits (GluD1). These strongly argue that AMPARs and NMDARs
are the major components of AP2a and AP2n sets.
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The mean number of AP2a and AP2n particles per synapse was
40 and 38, respectively. The number of AMPARs and NMDARs in
the postsynaptic fraction was estimated to be 15 and 20, which is
most likely an underestimate for the number of these receptors at
the synapse because of the detergent-based extraction procedure (48).
The summation of all AMPAR and NMDAR subunits in our MS
data (fig. S2D) results in 83 (tetrameric) AMPARs and 30 NMDARs.

Despite their overall similarity, post AP2a and AP2n class aver-
ages had a sufficient level of detail to allow us to detect important
differences between them. The AP2a class average was taller than the
AP2n, consistent with the difference between AMPAR and NMDAR-
type iGluRs (Fig. 2, C and D, and figs. S4, A and B, S5A, and S6A).
Furthermore, the AP2a average adopted a “Y shape,” with open
membrane-distal regions, characteristic of AMPARs and showed
further separated LBD and ATD domains (16). The AP2n average
had a more compact form, where the lower, membrane-proximal
region was more prominent, making it similar to NMDARs (51).
Therefore, AP2a and AP2n classes likely represent AMPARs and
NMDARSs, respectively.

Next, we fit the following three iGluR atomic models in all our
de novo averages: a very recent atomic model of AMPAR that has
the closest to physiological subunit composition obtained so far and
two recent NMDAR models that represent the array of conforma-
tional states of NMDAR (figs. S5, A to C, and S6, A to C) (16, 18).
The height and the shape of de novo averages derived from the AP2a
matched better AMPAR, while those derived from AP2n particle
matched better NMDAR models.

Proceeding with the atomic initial model-based 3D classification
and refinement of putative AMPAR (AP2a) and NMDAR (AP2n)
particles (figs. S1 and S7, C and D), we obtained averages that were
consistent with known structures (figs. S5D and S6, D and E). The
observation that two high-resolution structures of NMDAR repre-
senting different conformations match different parts of the average
densities obtained from post AP2n particle sets (fig. S6) indicates
that this set likely contains receptors in different conformations that
reflect different physiological states. When the initial models were
exchanged, 3D classification of each set converged to averages sim-
ilar to those obtained from the same particle set and not to the ex-
changed initial models (fig. S8), thus further supporting the molecular
assignment of AP2a and AP2n sets. Together, the data presented
strongly argue that our average densities show iGluRs and that the
AP2a class is dominated by AMPARs and the AP2n by NMDAR:s.

We also obtained average densities from an additional, com-
pletely independent particle set. Synaptosomes were isolated using
the same protocol, and the processing followed the same procedure
used above. Although this set was poorer in quality than the post
AP2a and AP2n sets (larger pixel size and overall lower contrast),
the averages obtained had the same size and overall shape as those
derived from post AP2a and AP2n sets (fig. S8, C and D). This pro-
vides an independent confirmation of the results obtained from the
post AP2a and AP2n sets.

There were also differences between the de novo averages and
the corresponding models. Extra density protruding away from the
ATD of AP2a-derived averages may be caused by binding of other
proteins, because other secreted and transmembrane proteins are
known to bind AMPAR (15, 52) and N-terminal interactions were
shown to be critical for AMPAR anchoring at the synapse (53, 54).
Depending on the NMDAR atomic model used, extra ATD density
was found toward the periphery or close to the central region (fig.
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S6). This argues that multiple conformations of NMDAR are pres-
ent, consistent with previous structural studies showing a substan-
tial conformational varijability of NMDARs depending on subunit
composition, physiological state, and buffer conditions. In addition,
LBD domains were positioned further away from the membrane in
our averages. This may mean that imaging using Volta phase plate
negatively affected fitting or that detergents used to stabilize the trans-
membrane domain in single-particle electron microscopy (EM)
studies did not fully substitute for native lipids.

Except for early work on negatively stained samples (55), all pre-
viously reported AMPAR and NMDAR structures were obtained from
reconstituted or detergent-extracted receptors that, in most cases,
had a nonnative pore-forming and auxiliary subunit composition
(16-19). Receptors were detergent-extracted, genetically modified,
and artificially stabilized, leading to high-resolution structures and
the determination of atomic models, but leaving the question open
to which extent they correspond to native iGluRs. This is in contrast
with our samples, where iGluRs have physiological subunit composi-
tions and are kept in their native lipid membranes together with more
than 30 known auxiliary subunits and binding partners (52). There-
fore, interactions between auxiliary and pore-forming subunits, as
well as between ATD domain and other synaptic proteins (53, 56),
whether they are stable, transient, or dependent on the receptor state,
could likely explain extra densities observed in our averages.

Trans-synaptic colocalization and subcolumns

To investigate the trans-synaptic organization of complexes, we deter-
mined the number of colocalization events between two types of com-
plexes residing on different synaptic layers (termed 2-colocalizations,
see Materials and Methods). Specifically, 2-colocalizations between
pre and post AP1 and between pre and post AP2 sets showed the
highest significance among all possible 2-colocalizations involving
pre and post AP1 and AP2 complexes, tether centroids, and SVs (fig.
S9A); relevant particle sets are indicated on the processing scheme
(fig. S1). These were significant at colocalization distances (in cis-
cleft directions) at 5, 10, and 15 nm, while all other 2-colocalizations
showed significance in a few cases. In addition, 2-colocalizations
involving tethers were generally better than the corresponding ones
involving SVs.

To explore the hypothesis that larger complexes link pre- and post-
synaptic terminals, we proceeded to detect 3-colocalizations, which
are simultaneous trans-synaptic colocalization between complexes
present on all three synaptic layers. Significant 3-colocalizations
were obtained between tether centroids, pre AP1 and post AP1
complexes at 5, 10, and 15 nm and between tether centroids and the
pre and post AP2 complexes at 5 and 15 nm (Fig. 3A). In contrast,
although the number of tether centroids and SVs was similar and
their locations were correlated, SV 3-colocalizations with AP1 com-
plexes were significant at 10 and 25 nm, while those with AP2 com-
plexes failed to reach significance.

The following observations argue that 15-nm colocalization dis-
tance is the most representative of the trans-synaptic organization.
The number of the tether-based 3-colocalization events normalized
to the colocalization area had a maximum at 15 nm (fig. S9B). The
colocalization area at 5-nm distance (78.5 nm?) is similar to the area
of one AMPAR or NMDAR projected on the membrane and is thus
too small to accommodate multiple complexes similar in size to iGluR’s
within a single 3-colocalization event. In addition, the number of
3-colocalization events at 5 nm was too small to support trans-synaptic
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Fig. 3. Trans-synaptic colocalization. (A) Significance of 3-colocalizations between the indicated pre- and postsynaptic complexes and tether centroids or SVs. (B) View of
a synapse from the postsynaptic side, where all (left) and subcolumn particles (right) are mapped at their precise locations: tether centroids (green circles), pre AP2 (yellow
shapes, left, and yellow circles, right), post AP2a (blue, left), post AP2n (red, left), and all post AP2 (violet, right). (C) Tomographic slices corresponding to the inset shown in
(B, left), viewed from the side of the synapse, with (left) and without (right) superimposed particles [green lines represent tethers, and other symbols are the same as in (B)].
Dashed rectangles show subcolums. Y axes show the trans-synaptic direction. (D) Number of tether centroids (left) and post AP2 complexes (right) in trans-synaptic rings
for 3-colocalizations between tether centroids, pre AP2 and post AP2 particles (blue), and exclusive 2-colocalizations between tether centroids and pre AP2 (orange, left),
and between pre and post AP2 (orange right). The data are normalized to the ring area. (A and D) Schemes in the middle illustrate single colocalization events correspond-
ing to the most prominent data points (indicated by arrows). The shaded areas represent trans-synaptic colocalization neighborhoods (A) and rings (D). Scale bars, 20 nm.

organization. Given the significance of these events, they may form
transient interactions. In addition, because the AP2 particle sets pro-
vide the most refined representation of the full complement of pre- and
postsynaptic extracellular complexes, we will refer to the 3-colocalization
events between tether centroids, pre AP2 and post AP2 complexes
at 15 nm as subcolumns.

Therefore, our data strongly suggest that the tripartite trans-syn-
aptic assemblies comprising tethers, pre- and postsynaptic complex-
es, and subcolumns, in particular, provide structural links between
SVsand postsynaptic complexes and constitute a robust support for
the trans-synaptic organization.

Internal subcolumn organization
To investigate the composition of subcolumns, we focused on sub-
sets of subcolumns formed by different pre and post AP2 classes
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(fig. S1). Significant results were found for 3-colocalizations at 15 nm
in the following combinations: pre AP2q-post AP2a, pre AP2q-
post AP2n, pre AP2s-post AP2b, and pre AP2s—post AP2c (Fig. 3A
and fig. S9C). This means that among presynaptic classes, AP2q and
AP2s show colocalization significance, as opposed to AP2p and AP2r.
The same pattern, where AP2q and AP2s show significance, as op-
posed to AP2p and AP2r, was observed at 2-colocalizations between
tether centroids and the pre AP2 classes (fig. S9D). Furthermore,
there were clear differences between pre AP2q and -AP2s complexes.
2-colocalizations tether—pre AP2s was significant for a wide range
of distances, unlike tether-pre AP2q, while pre AP2q was more
prominent in 3-colocalizations with iGluRs (post AP2a and AP2n)
than pre AP2s. Regarding the postsynaptic classes, 34% of all AP2a
particles and 29% of all AP2n particles were present in the above
3-colocalizations formed by different pre and post AP2 classes.

50f 14



SCIENCE ADVANCES | RESEARCH ARTICLE

Together, these results show that subcolumns differ in their composi-
tion, pre AP2 classes play different roles in the trans-synaptic orga-
nization, and iGluRs are prominent in subcolumns.

Next, we proceeded to decipher the relative particle localization
within subcolumns. We approached this question by determining
the number of particles present within concentric cylindrical trans-
synaptic rings (see the methods and the schemes in Fig. 3D and fig.
S10C). The particle number (normalized to the ring area) within ring
3-colocalizations was the highest in the ring at 10 to 15 nm for both
postsynaptic complexes and tether centroids (Fig. 3D). On the con-
trary, most of the tether centroids and postsynaptic complexes present
exclusively in ring 2-colocalizations (that is, in ring 2-colocalizations,
but not ring 3-colocalizations) were located in the 0- to 5-nm ring,
which is strongly aligned with the presynaptic complexes. Tether cen-
troids were essentially absent from the exclusive ring 2-colocalization
at 10 to 15 nm, while the number of postsynaptic complexes present
in exclusive ring 2-colocalization was slightly smaller than that of
postsynaptic complexes within ring 3-colocalization (Fig. 3D). The
data for tether—pre AP2q-post AP2a and tether—pre AP2q-post AP2n
ring 3-colocalizations were very similar, except for slight shifts to-
ward larger displacements (fig. S10C).

Therefore, our data show that multiple forms of binary interactions
exist between tethers and presynaptic and between presynaptic and
postsynaptic complexes. Furthermore, binary interactions within
subcolumns are characterized by a lateral displacement between
complexes (10 to 15 nm), as opposed to the well-aligned (0- to 5-nm)
subcolumn-independent interactions. In addition, our data argue
that the lateral positioning of tethers in the binary interaction with
presynaptic complexes is strongly limiting the formation of sub-
columns. This is consistent with a model where lateral and well-aligned
interactions involve different proteins, but it leaves the possibility
that formation of well-aligned tripartite trans-synaptic binding induc-
es lateral shifts between its components (fig. S10E).

Structural trans-synaptic columns

Last, we proceeded to investigate whether trans-synaptic columns
form larger assemblies. On average, there were 0.74 tether centroid,
1.36 presynaptic complexes, and 1.50 postsynaptic complexes per
subcolumn. This shows that subcolumns may share components
and contain multiple pre- and postsynaptic complexes, raising the
possibility that subcolumns form extended structures.

Using univariate Ripley’s L function to analyze lateral spatial
organization of individual particle sets (28, 57), we found that pre
AP2 and post AP2 particles did not cluster significantly (Fig. 4A).
Unexpectedly, post AP2a and AP2n particles also did not cluster.
As expected, tethers showed significant clustering at length scales
of 5 to 15 nm, while tether centroids did not show significant
clustering.

However, taking into account only the particles located within
subcolumns, both pre and post AP2 particles significantly clustered
at length scales of 30 to 50 nm and 15 to 50 nm, respectively (Fig. 4B).
Because clustering was detected at length scales larger than the
15-nm scale used to define subcolumns, we conclude that sub-
columns are organized in clusters at length scales up to at least
50 nm. Judged by the high variability and the additional maximum
of the post AP2 trace at around 100 nm, it is likely that the clustering
range was much wider at some synapses. Therefore, we defined
structural trans-synaptic columns as clusters of partially overlap-
ping subcolumns (Fig. 4C).
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The mean number of structural columns per synapse was 3.6 £ 3.4
(mean * SD, N = 14 synapses). On average, 2.5 + 3.0 (mean * SD)
subcolumns formed one column, with a subcolumn area overlap of
19 + 18% (mean * SD). Both the number of subcolumns and the
number of columns correlated with the number of SVs (Kendall ©
test, P = 0.006 and 0.0013, respectively) (Fig. 4D). The values for the
stimulated and the phorbol-12,13-dibutyrate (PDBu)-treated syn-
apses were overall consistent with those for the unstimulated, thus
justifying pooling all of them together. The area covered by columns
per synapse was 6191 + 5632 nm?” (mean + SD, three synapses con-
taining no subcolumns excluded) or 17 + 12% (mean * SD) of the
total active zone area. This compares with the nanocolumn size of
80 nm (corresponds to a circle of area 5027 nm?) and fits within the
size range of other reported nanodomains (2000 to 50,000 nm?)
(5, 6, 9). Overall, this variability shows that structural columns are
not uniform and may point to a dynamic nature of their formation.

DISCUSSION

Synaptic transmission requires a precise coordination of pre- and
postsynaptic complexes. Here, we detected, visualized, and analyzed
at a single-nanometer scale tripartite trans-synaptic assemblies com-
prising tethers, presynaptic and postsynaptic complexes that link SV,
and postsynaptic receptors.

Several findings argue that these subcolumns constitute a structural
framework underlying synaptic nanocolumns previously observed
by superresolution fluorescence microscopy (4). (i) Subcolumns pro-
vide a structural link between SVs and iGluRs, thus providing a
mechanism for nanocolumn formation (12). (ii) Subcolumns con-
tain tethers and iGluRs, which is consistent with nanocolumns be-
cause RIM (Rab3-interacting molecule) and AMPAR subunits co-
localize in nanocolumns and RIM1a is involved in tether formation
(34). (iii) Subcolumns are smaller in size than nanocolumns (diam-
eter, 30 versus 80 nm). (iv) Subcolumns cluster and share their com-
ponents to form larger structures similar in size with nanocolumns.

The detection of assemblies comprising tethers and proteins pres-
ent in the synaptic cleft supports the model whereby colocalization
between neurotransmitter release and reception is mediated by in-
termediate complexes rather than by neurotransmitter diffusion. On
the basis of the radii of SVs and subcolumns, we estimate that sub-
columns limit the maximal distance between release sites and recep-
tors to 40 to 50 nm. Because that is still within the estimated area of
maximally activated AMPARs (0.01 um? or a circle of 54 nm diam-
eter) (12), we conclude that the formation of subcolumns enables a
strong synaptic response.

The characteristic lateral displacements of components constituting
subcolumns argue that subcolumn formation requires a synergistic
binding of tethers and pre- and postsynaptic complexes, and sug-
gest that indirect or bindings mediated by a diffusible protein (58)
may be involved. In addition, considering that more than the mini-
mally required three complexes are often present within a single
subcolumn and that in some cases nearby subcolumns share their
constituents, multiple weak or transient interactions may contrib-
ute to the formation of structural columns.

To address the difficulties in studying synaptic complexes, which
arise from their complexity and low abundance (2), we followed an
approach that strikes a balance between deciphering larger molecu-
lar assemblies and maximizing the resolution of individual complexes.
The methods chosen allowed us to simultaneously visualize a multitude
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Fig. 4. Structural trans-synaptic columns. (A) Univariate clustering of particles, as indicated above the graphs. (B) Univariate clustering of particles within subcolumns,
as indicated above the graphs. (A and B) Dashed black lines indicate the clustering length range. Ripley’s L function is shown for real complexes (in color) and randomly
positioned particles (gray). Solid lines show means, color shaded areas are the variation for individual synapses, and gray shaded areas are the 95% confidence limits.
(€) Examples of columns (transparent blue) superimposed on mapped particles: tether centroids (green), pre AP2 (yellow), and post AP2 complexes (violet). Scale bar,
20 nm. (D) Dependence of the number of subcolumns (left) and columns (right) on the number of (tethered) SVs, shown separately for the stimulated (Glu/Gly/KCl), PDBu-

treated, and untreated (plain) synapses.

of synaptic complexes, SVs, and plasma membranes at molecular
resolution in their native environment. We observed iGluRs in their
physiological composition within an environment containing their
native membranes and interacting proteins, which control their func-
tional properties (15). Because a substantial conformational vari-
ability of iGluRs was reported depending on physiological state,
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pore-forming, and auxiliary subunit composition (51, 59, 60), AMPARs
and NMDARs in our tomograms are expected to be present in a
variety of conformations and with different interacting partners. There-
fore, our iGluR averages emphasize physiological relevance, providing
complementary information to the previously determined high-
resolution structures of reconstituted iGluRs.

7of 14



SCIENCE ADVANCES | RESEARCH ARTICLE

Structural diversity of native iGluRs, together with a low number
of particles, is certainly a factor that limits the resolution we obtained.
Further development of automated acquisition methods that addresses
the difficulties in finding structures of interest should increase the
number of particles and refine the identification of complexes. Pre-
vious visualizations of neurotransmitter receptors by conventional
and cryo-ET of dissociated neuronal cultures (43, 61, 62) and recent
advances in thinning vitrified samples (63, 64) raise expectations that
imaging synapses of intact neurons by cryo-ET will become routine.
A previous structural work also showed the qualitative agreement
between synaptosomes and synapses in neuronal cultures and the
importance of cryo-preparation for molecular imaging of synapses
(26, 27, 42, 43), which, in combination with the template-free detec-
tion and classification (28), is uniquely suited for precise molecular
localization and identification in complex systems.

An important reason why we could not detect a difference in the
trans-synaptic organization between the pharmacologically treated
and untreated synapses is the small number of treated synapses.
While we expect that the trans-synaptic assemblies could be affected
by the pharmacological manipulations, they were found in both
treated and untreated synaptosomes, arguing that the trans-synaptic
assemblies represent a major synaptic feature that was neither created
nor abolished by the treatments. Similarly, while the stimulation
we applied likely affects the receptor conformation, the number of
stimulated synapses was too small to process them separately and
to affect the average densities at our resolution level, given the high
conformational variability expected in unstimulated synapses. There-
fore, while pursuing synaptic manipulations constitutes a valid future
research direction, the level and type of the manipulations used here
are unlikely to have affected our conclusions.

Therefore, the data we present support the hypothesis that syn-
aptic function is carried by precisely organized trans-synaptic units.
It complements superresolution findings and provides a framework
for further single-nanometer scale explorations of synaptic and other
large molecular assemblies that require stable or transient structural
interactions between multiple complexes present in different cells
or cellular regions to exert their function.

MATERIALS AND METHODS

Synaptosomal preparation

Cerebrocortical synaptosomes were extracted from 6- to 8-week-old
male Wistar rats as described previously (32, 34, 65) in accordance
with the procedures accepted by the Max Planck Institute for
Biochemistry. Briefly, anesthetized animals were sacrificed, and the
cortex was extracted and homogenized in homogenization buffer
(HB) [0.32 M sucrose, 20 mM dithiothreitol (DTT), and one tablet of
cOmplete mini EDTA-free protease inhibitor cocktail (Roche; 10 ml,
pH 7.4)] with up to seven strokes at 700 rpm in a Teflon glass
homogenizer. Two of four synaptosomal preparations included
50 mM EDTA in the HB. The homogenate was centrifuged for 2 min
at 2000g, and the pellet was resuspended in HB and centrifuged for
another 2 min at 2000g. Supernatants from both centrifugations were
combined and centrifuged for 12 min at 9500g. The pellet was re-
suspended in HB and loaded onto a three-step Percoll gradient
(3, 10, and 23%, Sigma-Aldrich) in HB without protease inhibitor
cocktail. The gradients were spun for 6 min at 25,000¢, and the
material accumulated at the 10/23% interface was recovered and
diluted to a final volume of 100 ml in Hepes-buffered medium
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(HBM) [140 mM NaCl, 5 mM KCl, 5 mM NaHCO3, 1.2 mM Na,HPOy,
1 mM MgCl,, 10 mM glucose, and 10 mM Hepes (pH 7.4)]. Percoll
was removed by an additional washing step with HBM by centrifu-
gation for 10 min at 22,000g, and the pellet was resuspended in HBM
and immediately used in the experiments. All steps were performed
at 4°C. At no point during this procedure are synaptosomes sub-
jected to hypertonic conditions.

Synaptosomes were diluted to 0.7 mg/ml and incubated for 1 hour
at 37°C. During incubation, some synaptosomes (2 of 17) were treat-
ed with 300 pM Glu, 300 uM Gly, and 30 uM KCl for 1 min, and
some (3 of 17) with 1 uM PDBu for 5 min just before vitrification.

An additional hippocampal synaptosomal preparation was ob-
tained following the same protocol, except that synaptosomes were
incubated for 20 min before vitrification, at 37°C with monoclonal
anti-GluA2 antibodies (clone 6C4, Invitrogen, catalog no. 32-0300)
at 1:30 and 1:100 dilutions, and no pharmacological treatments
were used.

Stimulation of synaptosomes and Western blots
Synaptosomes were prepared as stated above. After the last re-
suspension, protein concentration was determined by Protein-UV
(Implen NanoPhotometer) and diluted to 1 or 2 mg/ml. Synaptosomes
were incubated in HBM (control) and HBM—Mg2+(stimulated) at
37°C for 1 hour. Synaptosomes were stimulated pharmacologically
by incubating them for 1 min with (i) 300 uM glutamate and 300 uM
glycine (Glu/Gly) and (ii) 300 uM glutamate, 300 uM glycine, and
30 uM KCl (Glu/ Gly/KCl). For Western blots of synaptosomes, stop
solution [5 x 250 mM tris-HCI (pH 6.8), 10% (w/v), SDS 50% (w/v),
glycerol 0.02% (w/v), and 50 mM DTT] was added to stimulated and
control synaptosomes to stop the reaction and denature proteins.
Together, three synaptosomal preparations were used.

For the PSD fraction preparation, both stimulated and control
synaptosomes were first treated with EDTA (2 mM final) and ice-
cold Triton X-100 solution (0.5% final, details are given below) to
stop the reactions. The PSD fraction was prepared, as described pre-
viously (66). Briefly, synaptosomes were incubated for 15 min in
ice-cold 0.5% Triton X-100 solution [0.5% Triton X-100, 0.16 M
sucrose, 6 mM tris-HCI (pH 8.1)] and then centrifuged at 32,000g
for 20 min at 4°C in a 75-Ti rotor (Beckman Coulter) to obtain the
one Triton PSD pellet. This pellet was resuspended and mixed with
the stop solution (see above).

Samples were boiled for 5 min at 95°C before loading them on a gel.
Proteins were separated by denaturing discontinuous polyacrylamide
gel electrophoresis. The acrylamide concentration was 7.5 and 4%
for the separation and stacking gels, respectively. Between 1 and
40 pg of protein were loaded in each lane, and 1- and 1.5-mm-thick
gels were used. The same amount was always loaded in each lane of
one gel, the three conditions in triplicates (duplicate in one case),
different samples next to each other. Proteins were transferred to
0.2-pum pore size polyvinylidene difluoride (PVDF) membrane by
semidry transfer. Before assembling the blotting sandwich, PVDF
membranes (Millipore) were activated by soaking them in methanol
for ~1 min. Following activation, PVDF membranes were soaked in
water for 15 min and then in transfer buffer for 30 min. Membranes
were blocked for 1 hour in 5% bovine serum albumin (BSA) in TTBS
[20 mM tris (pH 7.4), 150 mM NaCl, and 0.1% Tween 20] and
washed afterward with TTBS. Membranes were incubated overnight
at 4°C in 1% BSA TTBS containing primary antibodies [1:1000
CaMKIIo monoclonal antibody, clone 6G9, Thermo Fisher Scientific
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or 1:500 phospho-CaMKIIa (Thr**) monoclonal antibody, clone
22B1, Thermo Fisher Scientific]. After incubation with the primary
antibody, membranes were washed and incubated for 1 hour at room
temperature in 1% BSA TTBS containing fluorophore-conjugated
secondary antibody [1:500 goat anti-mouse immunoglobulin G
(H+L), Highly Cross-Adsorbed Secondary Antibody, and Alexa Fluor
Plus 488, Thermo Fisher Scientific]. Membranes were then washed
in TTBS and in H,O, dried, and scanned on Amersham Imager 600
(Cytiva). One or two membranes were obtained and imaged from
each synaptosomal preparation. For each band on images, signal was
corrected by local background, normalized for each gel separately so
that the average value was 100, and statistically analyzed and com-
pared using Student’s f test.

Mass spectrometry

Sample preparation

Synaptosomal fraction and neocortical homogenate prepared as
stated above were used as samples. For reduction and alkylation,
proteins were incubated with SDC buffer [1% sodium deoxycholate,
40 mM 2-cloroacetamide (Sigma-Aldrich), 10 mM tris(2-carboxyethyl)
phosphine (Pierce, Thermo Fisher Scientific) in 100 mM tris-HCl
(pH 8.0)] for 20 min at 37°C. Before digestion, the samples were
diluted 1:1 with MS-grade water (VWR). Samples were digested
overnight at 37°C by addition of 1 pg of trypsin (Promega). The
solution of peptides was then acidified with trifluoroacetic acid (Merck)
to a final concentration of 1% and a pH value of <2, followed by
purification via SCX stage tips.

LC-MS/MS data acquisition

Purified and desalted peptides were loaded onto a 30-cm column
(inner diameter: 75 pm; packed in-house with ReproSil-Pur C18-AQ
1.9-um beads, Dr. Maisch GmbH) via the autosampler of Easy-nanoLC
1000 (Thermo Fisher Scientific) at 50°C. Using the nanoelectrospray
interface, eluting peptides were directly sprayed onto a timsTOF
Pro mass spectrometer (Bruker). Peptides were loaded in buffer A
[0.1% (v/v) formic acid] at 400 nl/min, and the percentage of buffer
B (80% acetonitrile and 0.1% formic acid) was ramped from 5 to
25% over 90 min, followed by a ramp to 35% over 30 min, then 58%
over the next 5 min, and 95% over the next 5 min, and maintained
at 95% for another 5 min.

Data acquisition on timsTOF Pro was performed using otofControl
6.0. The mass spectrometer was operated in a data-dependent PASEF
(parallel accumulation-serial fragmentation) mode with one survey
thermal ionization mass spectrometry (TIMS)-MS and 10 PASEF MS/
MS scans per acquisition cycle. Analysis was performed in a mass scan
range from 100 to 1700 mass/charge ratio (m/z) and an ion mobility
range from 1/K0 = 1.6 to 0.6 Vs cm ™~ using equal ion accumulation
and ramp time in the dual TIMS analyzer of 100 ms each at a spectra
rate of 9.52 Hz. Suitable precursor ions for MS/MS analysis were
isolated in a window of 2 Th for m/z < 700 and 3 Th for m/z > 700 by
rapidly switching the quadrupole position in sync with the elution
of precursors from the TIMS device. The collision energy was lowered
stepwise as a function of increasing ion mobility, starting from 52 eV
for 0 to 19% of the TIMS ramp time, 47 eV from 19 to 38%, 42 eV
from 38 to 57%, 37 eV from 57 to 76%, and 32 eV until the end. We
made use of the m/z and ion mobility information to exclude singly
charged precursor ions with a polygon filter mask and further used
“dynamic exclusion” to avoid resequencing of precursors that reached a
“target value” of 20,000 a.u. (arbitrary units). The ion mobility dimension
was calibrated linearly using three ions from the Agilent electrospray
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ionization liquid chromatography-MS tuning mix (/z, 1/K0: 622.0289,
0.9848 Vs cm % 922.0097, 1.1895 Vs cm % 1221.9906, 1.3820 Vs cm?).
Data analysis

Raw data were processed using the MaxQuant (version 1.6.17.0)
computational platform (https://nature.com/articles/nbt.1511) with
standard settings applied for ion mobility

(https://ncbi.nlm.nih.gov/pmc/articles/PMC7261821/) data.
Shortly, the peak list was searched against the Rat UniProt database
(29,942 entries, released on 29 June 2020) and a UPS2 protein data-
base (48 entries) with an allowed precursor mass deviation of
4.5 parts per million (ppm) and an allowed fragment mass deviation
of 20 ppm. MaxQuant by default enables individual peptide mass
tolerances, which was used in the search. Cysteine carbamidomethyl-
ation was set as static modification, and methionine oxidation and
N-terminal acetylation as variable modifications. Proteins were
quantified across samples using the label-free quantification algo-
rithm in MaxQuant as label-free quantification intensities. The
intensity-based absolute quantification (iBAQ) option was enabled
for quantification of proteins within a sample (using the log fit
option in MaxQuant).

Among the detected proteins, we selected more than 100 prom-
inent synaptic proteins for analysis. These were selected on the basis
of their importance for this study, as well as following the list of
proteins determined in (36).

The iBAQ values represent the relative molar abundances of
proteins within a sample. Therefore, to obtain the copy number per
synapse of the detected proteins, an external normalization parameter
is needed. We used the number of Bassoon molecules determined
in (36) (446) for presynaptic [and few common proteins listed in
(36) and tables S1 and S2] and the generally accepted number of
PSD-95 proteins (300) (48).

Cryo-electron tomography

For vitrification, a 3-ul drop of 10-nm colloidal gold (Sigma-Aldrich)
was deposited on plasma-cleaned, holey carbon copper EM grids
(Quantifoil) and allowed to dry. A 3-ul drop of synaptosomes was
placed onto the grid, blotted with filter paper (GE Healthcare), and
plunged into liquid ethane.

Tilt series were collected under a low-dose acquisition scheme
using SerialEM (67) on Titan Krios (FEI) equipped with a field emission
gun operated at 300 kV, with a post-column energy filter (Gatan)
operated in the zero-loss mode and with a computerized cryostage
designed to maintain the specimen temperature <—150°C. Images
were recorded on a direct electron detector device (K2 Summit
operated in the counting mode). Tilt series were typically recorded
from —60° to 60° with a 2° angular increment, in two halves starting
from 0°. Pixel sizes were 0.34 and 0.42 nm at the specimen level.
Volta phase plate with nominal underfocus of 0.5 to 1 um (68) was
used. The total dose was kept <100 e /A% Individual frames were
aligned using Motioncor2 (69). Tilt series were aligned using gold
beads as fiducial markers, and 3D reconstructions were obtained by
weighted back projection using Imod (70). During reconstruction,
the projections were binned once and low passfiltered at the post-
binning Nyquist frequency. Tomograms analyzed here showed higher
contrast because of the recent developments of the Volta phase plate
for electron microscopes and the direct electron detectors (68, 71).

We selected for further processing 14 tomograms from four syn-
aptosomal preparations that were of sufficient technical and biological
quality. Specifically, tomograms were deemed technically acceptable
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if they did not contain any signs of ice crystal formation such as ice
reflections or faceted membranes, and they had reasonable signal-
to-noise ratio and proper tomographic alignment. Synaptosomes
that showed prominent PSD indicative of the glutamatergic synapses
were selected. We discarded synapses showing signs of deterioration
such as elliptical small vesicles, strong endocytotic features, broken
membranes, or the cleft narrower than 14 nm. Because upon visual
inspection there were no obvious differences between the pharma-
cologically treated (by PDBu and Glu/Gly/KCl) and nontreated
synaptosomes, the data were pooled together. In addition, synapto-
somes from preparations that included EDTA and those where
EDTA was omitted in the HB were among those selected by biolog-
ical and technical criteria, indicating that they were healthy. Those
that contained EDTA in the HB were smaller in size; however, both
groups were within the size range that we commonly observe in
our synaptosomes.

From the additional synaptosomal preparation, 13 tomograms
were recorded and reconstructed in the same way as above, except
that the pixel size at the specimen level was 0.439 nm.

Density tracing
The complete image processing workflow is schematically presented
in fig. S1.

Synaptic membranes and proximal SVs were segmented using an
automated software approach (72) or manually by Amira software
(Thermo Fisher Scientific). Density tracing, particle picking, and
general classification were performed following the procedure
described before (28). Specifically, tomograms were smoothed by
Gaussian low-pass filtering at o = 1.5 pixels, and density was traced in
3D using a discrete Morse theory-based software package DisPerSe
(44) and simplified by the topological persistence. The persistence
threshold was set so that for all synapses the density of vertices on
the synaptic membranes was 0.006 vertices/nm’ and the number of
arcs was two times higher than the number of vertices. We used the
same procedure to trace density on perisynaptic regions of post-
synaptic membranes that were not in contact with the PSD from
three of the largest synapses. Three of the largest and the best quality
tomograms were used.

The Morse density tracing ensures that the vertices are located at
the points of grayscale value minima (that is, density maxima) and
that each arc propagates along the maximum grayscale gradient and
contains a saddle point (having minima in two dimensions and a
maximum in the third dimension) (44). The simplification by topo-
logical persistence reduces the influence of noise by removing
spurious minima-saddle point pairs. This way, the vertices repre-
sent strong densities and the arcs represent the connecting structures
between them. A path is composed of a chain of vertices and arcs,
thus connecting more distant vertices.

Detection of complexes (particle picking)

Extracellular pre- and postsynaptic as well as perisynaptic particles
were detected from the Morse tracing results by selecting extracel-
lular vertices that satisfy the following geometrical constraints: 8- to
20-nm Euclidean distance to the membrane, 20- to 40-nm geodesic
distance (along a path) to the closest membrane vertex, and sinuosity
of the path 0 to 3 nm. The projection of selected vertices on the
interface between the plasma membrane and the extracellular space
was chosen as the particle center. Tethers were defined as arcs linking
the SV and the presynaptic membrane vertices that had a geodesic
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length up to 40 nm. Exclusion (minimal interparticle) distance of
0.5 nm was imposed. Subvolumes of 64 pixels in size at a pixel size
of 0.684 nm, centered on the particle locations, were extracted
for further processing, yielding 3670 extracellular presynaptic
and 5688 extracellular postsynaptic particles. Only the tethered SVs
were considered for the colocalization analysis.

Classification by the AP

For each particle, we determined the direction of the vector normal
to the membrane at the exact particle position. The direction of the
particle normal vectors was initially determined by calculating the
direction perpendicular to the membrane at the previously deter-
mined particle positions (movie S1). We then improved the preci-
sion of the particle positions and normal vectors, by performing one
round of high symmetry (C10) constrained refinement (see below).
This precise determination of particle positions and normal vectors
turned out to be essential for further processing.

AP classifications of pre- and postsynaptic particles followed the
same procedure. Particles were rotationally averaged by computing
mean grayscale values of two pixel-wide rings around the particle
normal vectors and the resulting rotational averages were normal-
ized to a density mean of 0 and SD of 1. Clustering distance between
two particles was defined as the cross-correlation coefficient between
their rotational averages around vectors normal to the plasma mem-
brane. The AP input preference parameter was —6. For the first
round of AP classification, a cylindrical mask was used that included
both membrane and extracellular regions (fig. S3, A and C). Classes
that did not show clear membrane-bound densities were discarded,
leaving 8 of 10, and 17 of 21 pre- and postsynaptic classes, contain-
ing 1524 presynaptic (particle set pre AP1) and 2235 postsynaptic
particles (post AP1 particle set). The second AP classification yielded
18 presynaptic and 30 postsynaptic classes. The mask was cylindrical,
containing only extracellular space (fig. S3, B and D). Class averages
obtained from rotationally averaged particles, together with de novo
3D refined class averages, were visually inspected to select AP classes
containing well-defined extracellular density, resulting in 12 pre-
synaptic and 18 postsynaptic classes (pre AP2 and post AP2 parti-
cle sets, respectively). On the basis of their similarity, these were
joined to form four presynaptic and four postsynaptic classes, con-
taining 200 to 600 particles per class (pre AP2p-s and post AP2a,
AP2b, AP2c¢, and AP2n particle sets) for a total of 1074 and 1100
pre- and postsynaptic particles. In this way, pre and post AP1 sets
are the most comprehensive, the AP2 sets are the most represent-
ative of the full complement of extracellular complexes, while pre
AP2p-s and post AP2a, AP2b,AP2 ¢, and AP2n sets contain distinct
classes of complexes. Exclusion distance of 5 nm (for colocalization)
or 10 nm (for averaging) was imposed on each particle set before
further processing.

Perisynaptic particles were classified in the same way, except that
all AP1 classes (seven in total, 3765 particles) were retained and fur-
ther processed, although these classes would have been removed if
the criteria used for synaptic classes were applied. The second AP
classification yielded 21 classes. Average 3D densities of the individual
AP2 classes were determined by external reference-free (de novo),
constrained 3D refinement (see below).

Structure determination by subtomogram averaging
3D classification and refinement steps were performed in Relion
(73). During the refinement, particle half-datasets were processed
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independently according to the “gold standard” procedure, as im-
plemented in Relion. Unless stated explicitly, all refinements were
performed de novo, that is, without the use of external references.
For de novo processing, initial references were obtained by aligning
all particles according to the two angles determined from normals
and randomizing the third angle (around the normal direction) to
remove the missing wedge. The structures shown were automatically
filtered at the gold standard resolution determined by Relion. No
symmetry was used unless noted otherwise.

For the constrained refinement and 3D classification, particle
alignment was optimized by allowing only small changes of angles
corresponding to the direction of the normal vector and small spa-
tial displacements. The alignment around the third angle (around
the normal vector) was optimized over the entire angular range, ex-
cept when a high symmetry was used (C10). To implement this, we
set the prior values for angles tilt and psi in Relion particle star files
to the two angles defining the normals to the membrane and speci-
fied small values (3.66) for the SDs of these two angles in the refine
command options. In case of the constrained refinement of AP2 class
averages, particles were randomly rotated around membrane normals
to remove any possible bias arising from a previous assignment of
the angle around the normals.

De novo post AP2a average contained 566 particles, and post
AP2n contained 532 particles. In both cases, 10-nm exclusion dis-
tance was imposed to avoid double picking. De novo 3D refinements
of iGluRs were performed independently on post AP2a and post
AP2n sets. De novo 3D class averages were obtained from 317
(AMPAR) and 177 NMDAR particles. We also obtained de novo
3D class averages with C2 symmetry because it is commonly used
for high-resolution structures of AMPARs and NMDARs. Initial
model-based 3D classification and averaging used PDB-6QKZ
(AMPAR) and PDB-6MMB (NMDAR) atomic models. These models
were Gaussian low pass—filtered to 6 nm. The initial model-based
3D class averages contained 257 (AMPAR) and 120 (NMDAR) par-
ticles. The resolution values determined by Fourier shell correlation
at the FSC = 0.143 criterion are 33, 31, 31, and 34 A for AP2a
derived de novo, de novo 3D class, de novo 3D class C2, and initial
model based, respectively, and 34, 36, 29, and 34 A for AP2n de-
rived de novo, de novo 3D class, de novo 3D class C2, and initial
model based, respectively.

To obtain a robust estimate of the receptor height in fig. S4B,
density traces show the 10th highest grayscale value on each z-slice.
Essentially the same results were obtained for the whole range be-
tween the 1st and 100th grayscale value.

An independent postsynaptic particle set was obtained from the
additional tomograms (see above) following the same density tracing,
complex detection, and AP classification procedures as explained
above, resulting in classes corresponding to AP2a (594 particles) and
AP2n (205 particles). Subtomogram averaging was also performed
in the same way but independently from the main particle set. The
averages were automatically filtered at the resolution determined
(30 to 41 A for averages determined from AP2a-like and 34 to 45 A
from AP2n-like particles) by Relion software. Because by visual
assessment of the averages these resolution estimates appeared to
overestimate the resolution, the averages were slightly smoothed by
Gaussian filtering (c = 8.4 A). Average densities obtained from the
independent particle set are shown in fig. S8. The independently
obtained particle sets could not be mixed with (the main) AP2a and
AP2n sets, because they had different pixel sizes.
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Trans-synaptic colocalization

The 2-colocalization between particle sets located on different
synaptic layers (presynaptic cytosolic, extracellular presynaptic, and
extracellular postsynaptic) at a given colocalization distance is de-
fined as the number of particles from the first set that has at least
one particle from the other set within their colocalization neighbor-
hoods. The colocalization (or trans-synaptic) neighborhood of a
particle is defined as the cylinder centered at the particle, its axis
perpendicular to the presynaptic membrane, and its base radius
equal to the colocalization distance (see the schemes in fig. S9). The
colocalizations were implemented by projecting all particles on the
intracellular interface of the presynaptic membrane and calculating
the 3D Euclidean distance between projected particles originating at
different layers. The distance calculated in this way represents only
the lateral (cis-synaptic) distance between particles; the distance in
the trans-synaptic direction is irrelevant. All colocalizations were
calculated for colocalization distances of 5, 10, ..., 35 nm.

Colocalizations between three different particle sets (3-colocalizations)
were defined in the same way, except that at least one particle from
each of the three different particle sets has to belong to the colocaliza-
tion neighborhood (see the schemes on Fig. 3A).

Ring colocalizations were defined in the same way as the 2- and
3-colocalizations (above), except that the colocalization neighbor-
hood takes the form of concentric cylindrical trans-synaptic rings,
for both 2- and 3-colocalizations (see schemes in Fig. 3D and fig.
$10C). These were calculated by subtracting colocalization numbers
between consecutive distances.

Exclusive 2-colocalizations were defined as those 2-colocalizations
that are not present in the 3-colocalizations, at the same colocaliza-
tion distance. The number of particles in exclusive 2-colocalizations
is obtained by subtracting the number of particles in the corre-
sponding 3-colocalizations from the 2-colocalizations. In this work,
we used only exclusive ring 2-colocalizations. We note that these
may be negative, as a result of a particular localization of particles
within 3-colocalizations. For example, given particle sets A, B,
and C, if particles from sets A and B colocalize at a 5-nm distance,
the number of exclusive 2-colocalizations at 0 to 5 nm is 1. Further-
more, if a particle from set C colocalizes with the other two only
at 10 nm, the number of exclusive 2-colocalizations at 5- to 10-nm
ring is obtained as the number of 2-colocalization at 5- to 10-nm
ring (0) minus the number of 3-colocalizations at 5- to 10-nm ring
(1), that is, —1.

In some cases, the data were presented as the number of colocal-
izations at a given colocalization distance divided by the corre-
sponding colocalization area (area of a circle of radius equal to the
colocalization distance) (fig. S9B) or divided by the area of colocal-
ization rings (Fig. 3D and fig. S10C).

Colocalization analysis involved pre and post AP1 and AP2
particle sets, AP2 classes, tethers, and tethered SVs (65 in total). We
used centroids obtained by spatially clustering tethers to represent
tethers (137 in total), to remove the influence of clustering of tethers
induced by SVs on the colocalization results. Additional benefit of
this approach was that the number of tether centroids was compa-
rable to the number of SVs, which facilitated comparison between
the corresponding colocalizations. The position of an SV was defined
as the position of its closest pixel to the presynaptic membrane. For
each 3-colocalization, the number of particles within the cylinders
was calculated. To avoid double picking, the exclusion distance of
5 nm was imposed on each set separately.
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Statistical significance of 3-colocalizations was determined by
Monte Carlo random simulations. To avoid bias arising from a pos-
sible nonrandom distribution or real particle sets, random simula-
tion models were created so that one particle set was kept fixed at
the real particle locations and the other one (for 2-colocalizations)
or the other two (for 3-colocalizations) simulated particle sets were
generated by randomly distributing the same number of particles
(as in the real sets) on the same synaptic geometry (57). Each time,
200 random simulation cases were generated and the number of
colocalizations was determined. This procedure was repeated twice
for each 2-colocalization and three times for 3-colocalizations, and
each particle set was kept at the real locations once, resulting in
400 random simulations for each 2-colocalization and 600 random
simulations for each 3-colocalization. The fraction of all simulation
results that yielded a lower or equal number of 3-colocalization
events compared to the real 3-colocalization number represents the
probability that the real colocalization is different from the random
model. This probability is denoted (and shown on graphs) as 1 — P value,
where the P value is then the probability that the null hypothesis
is correct.

Trans-synaptic subcolumns were defined as 3-colocalization
events between tether centroids, pre AP2, and post AP2 particles at
15-nm colocalization distance. Structurally defined trans-synaptic
columns were obtained by a simple union of partially overlapping
subcolumns. This method can be regarded as a parameter-free ver-
sion of density-based spatial clustering of applications with noise,
where the minimum number of points is 1 and the neighborhood
radius is simply the distance that defines subcolumns.

Univariate particle distribution analysis

Univariate clustering of a given particle set was determined by
Ripley’s L function, using Euclidean distance between particles, as
explained before (28, 57, 74). This function is often used for the
analysis of spatial point patterns at multiple length scales because it
considers the distribution of distances from a particle to multiple
neighbors, thus providing a more comprehensive clustering infor-
mation than the nearest neighbor and other first-order functions
(28, 57). Statistical significance of particle clustering was deter-
mined by Monte Carlo random simulations, where the same num-
ber of particles was randomly distributed on the same synaptic
geometry. Ripley’s L was calculated for 200 simulations, and the
envelope within which 95% of the curves were located was then
used to determine whether the distribution of the particle set was
significantly different from the random distribution (at the P < 0.05
significance level). A clustering is said to be significant at the range
of length scales that starts at the lowest scale where Ripley’s L is
significant and ends at the scale where Ripley’s L reaches a maxi-
mum (but is still above the 95% significance), as customary in the
field (75). For clustering of subcolumns, the clustering range can
start only at 15 nm because subcolumns are created by imposing a
15-nm distance (Fig. 4C).

Statistical analysis

Statistical significance for colocalizations and univariate Ripley’s L
function was calculated using Monte Carlo random simulations,
as explained above. Student’s t test was used for the Western blot
analysis. Kendall t test (nonparametric) was used for testing cor-
relation between number of SVs and numbers of subcolumns
and columns.
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Software methods
Particle picking, AP classification, spatial clustering, and colocaliza-
tion analysis were performed in Python using PySeg package (28).
PySeg depends on Pyto (76), Numpy VTK (77), and matplotlib
library (78). For visualization, Paraview (79) and the University of
California San Francisco Chimera package (80) software packages
were used. All computations were done on Linux clusters at the
computer center of the Max Planck Institute of Biochemistry.

The complete software, together with all dependencies, is installed
as PySeg capsule on Code Ocean (PySeg). The latest version of the
software is available on GitHub (PySeg) and upon demand.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/10/eabe6204/DC1
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