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Figure 3. Topology and membrane remodeling within glutamatergic synapses.

(A) 3D segmentation (/eft) and schematic (right) of PSD95-GFP-containing synapses showing
various topologies of connectivity. Top, unimodal single input and single output. Middle, bifurcated
synapse with single input and output. Botfom, divergent synapse with single input and two outputs.
Cyan, PreSM input. Green, PoSM output.

(B) Plot of fluorescence intensity (from cryoFM of PSD95-GFP) versus PoSM volume suggesting
that there is no correlation between apparent amount of PSD95-GFP and PoSM volume. Linear
regression (green line) with Pearson’s r=0.14, P=0.41.

(C) Plot showing the copy number of F-actin cytoskeletal elements in PoOSM compartment versus
PoSM volume of each synapse. The copy number of F-actin cytoskeleton was estimated from 3D
segmented models of 7 nm filaments within the tomographic map. Linear regression (green line)
with Pearson’s r=0.83, P<0.0001.

(D-I) Snapshots of membrane remodeling within glutamatergic synapses.

(D) Virtual slices of tomographic map of synapses with intermediates of vesicle fusion/fission on
the presynaptic side of the cleft of a PSD95-GFP containing synapse. Leff, small intermediate. Right,
Large intermediate. Scale bar, 20 nm.

(E) Prevalence of membrane fission/fusion intermediates within PreSM, PoSM, and non-synaptic
membranes (vicinal) from tomograms of 5 adult Psd95°"”°* mice. Error bars, SEM.

(F) Same as E but for clathrin-coated membrane.

(G) Top, virtual slice through tomographic map of a clathrin-coated (red arrowhead) synaptic
vesicle and bottom, a 3D tomographic density map for the region shown on top. Clathrin cage and
membrane is shown with red and yellow voxels respectively. Scale bar, 20 nm.

(H) Top, virtual slice through tomographic map of a clathrin-coat (red arrowhead) encapsulating
part of an internal membrane within the PreSM compartment of a PSD95-GFP containing synapse
and shown bottom, a masked 3D tomographic map. Clathrin cage and membrane is shown with red
and yellow voxels, respectively. Scale bar, 20 nm.

(D Top, virtual slice, and bottom, masked 3D tomographic map showing clathrin-coated endocytic
pit (red arrowhead) within the cleft of a PSD95-GFP containing PoSM. Clathrin cage and

membrane is shown with red and green voxels, respectively. Scale bar, 20 nm.
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Figure 4. Structural variables of synaptic strength.

(A) Distribution of cleft height distances of all synapses is shown as a kernel density estimation
(KDE). Inset, schematic depicting nearest neighbour method for defining the synaptic cleft between
PreSM (cyan) and PoSM (green) compartments. See Fig. S4A and B showing 3D segmented model
of synaptic cleft and distribution of cleft heights for each individual synapse, respectively.

(B) Top left, ‘side’ view of atomic structure of AMPA subtype of ionotropic glutamate receptor
(PDB ID: 3kg?). Dashed line, boundary of transmembrane domain. Top right, ‘top’ views of distal
amino-terminal domain layer, proximal ligand-binding domain layer, and transmembrane domain
layer. Bottom left, virtual slice of tomographic map of PSD95-GFP containing membrane oriented
approximately parallel to the electron beam. Putative ionotropic glutamate receptor pseudo-
coloured in magenta. Botfom right, virtual slice through tomographic volume of PSD95-GFP
containing membrane oriented approximately orthogonal to the electron beam. Multiple putative
ionotropic glutamate receptor pseudo-coloured in magenta. Scale bar, 20 nm.

(C) In situ structure of ionotropic glutamate receptors within PSD95-GFP containing PoSM
determined by subtomogram averaging of 2,368 subvolumes. Atomic model of AMPA receptor
(GluA2, PDB: 3kg2) docked in the determined map. Subunits of the model are coloured in red,
yellow, cyan and purple.

(D) Cluster analysis of identified ionotropic glutamate receptors depicted as a 3D model of the
postsynaptic compartment with ionotropic glutamate receptors in the orientation and position
determined by sub-tomogram averaging. Each cluster is coloured differently: magenta, orange, and
yellow. Presynaptic and postsynaptic cleft membrane are shown in cyan and green, respectively.
Postsynaptic membrane outside of the cleft is shown in grey.

(E) Receptor number per cluster for three different cluster locations: in the cleft (magenta), partly
inside and outside the cleft (boundary, yellow), and completely outside the cleft (perisynaptic, grey)

5GFP/GFP

from tomograms of 3 adult Psd9 mice.

(F) Prevalence of receptor clusters for three different cluster locations: in the cleft (magenta), partly
inside and outside the cleft (boundary, yellow), and completely outside the cleft (perisynaptic, grey)

5GFP/GFP

from tomograms of 3 adult Psd9 mice.
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Methods

Mouse genetics and breeding

Animals were treated in accordance with UK Animal Scientific Procedures Act (1986) and NIH
guidelines. The generation and characterization of the PSD95-GFP knockin mouse (Psd95%") is
described in (12, 13). The endogenous PSD95 protein levels, assembly into supercomplexes,
anatomical localization, developmental timing of expression and electrophysiological function in

5GFP

the hippocampus CA1-CA3 synapses in Psd9 mice are indistinguishable from WT mice (2).

Ultra-fresh synapse preparation

Samples were prepared from adult (P65-P100) male Psd95°"“" knockin mice. Sample
preparation from culling to cryopreservation of each mouse was less than 2 minutes. Mice were
culled by cervical dislocation. Forebrain, including cortex and hippocampus, were removed (in
<40 s) and were homogenized (<20 s) by applying 12 strokes of a Teflon-glass pestle and mortar
containing 5 ml ice-cold carboxygenated (5% CO», 95% O,) artificial cerebrospinal fluid (ACSF;
125 mM NacCl, 25 mM KCl, 25 mM NHCOs3, 25 mM glucose, 2.5 mM KCl, 2 mM CaCl,, 1.25
mM NaH;PO4, 1 mM MgCly; Osmolality: 310 mOsM/L). 1 ul homogenate was diluted into 100 pl
ice-cold ACSF containing 1:6 BSA-coated 10 nm colloidal gold (BBA; used as a fiducial maker)
(<10 s). 3 ul sample was applied onto a glow-discharged 1.2/1.3 carbon foil supported by 300-mesh
Au or Cu grid held at 4'C, 100% humidity. Excess sample was blotted from the non-foil side of the
grid for ~4s with Whatman paper (No. 1) before cryopreserving by plunge freezing in liquid ethane
held at -180°C (49). Forebrain samples prepared from 5 mice prepared on 6 grids that used for data

collection.

High pressure freezing and cryo-ultramicrotomy

Samples were prepared from adult (P65-P100) male Psd95%“""£%*F knockin mice. Mice were
culled by cervical dislocation. Forebrain, including cortex and hippocampus, were removed and
100 pm acute slices were prepared using a Leica VT1200S vibratome at 0.5-2°C. Slices were
recovered in carboxygenated ACSF perfused with carboxygen at room temperature for 45 minutes
before being transferred to carboxygenated ASCF supplemented with 20% dextran 40,000 from
which 2 mm diameter biopsy samples of the cortex were collected using tissue punch and high-
pressure freezing samples in 3 mm carriers using a Leica EM ICE. Vitreous tissue was cut into 150

nm sections using a Leica FC7 cryo-ultramicrotome with a CEMOVIS diamond knife (Diatome)
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and mounted onto cryoEM grids at -150°C.

Cryogenic correlated light and electron microscopy

Cryogenic fluorescence microscopy (cryoFM) was performed on the Leica EM cryoCLEM system
with a HCX PL APO 50x cryo-objective with NA = 0.9 (Leica Microsystems), an Orca Flash 4.0
V2 sCMOS camera (Hamamatsu Photonics), a Sola Light Engine (Lumencor) and the following
filters (Leica Microsystems): green (L5; excitation 480/40, dichroic 505, emission 527/30), red
(N21; excitation 515-560, dichroic 580, emission LP 590), and far-red (Y5; excitation 620/60,
dichroic 660, emission 700/75). During imaging, the humidity of the room was controlled to 20-
25% and the microscope stage was cooled to -195°C. Ice thickness was assessed with a brightfield
image and L5 filter. Regions of the grid with thin ice (~50%) were imaged sequentially with the
following channel settings: 0.4 s exposure 3 s exposure, 30% intensity in green channel; 40 ms
exposure, intensity 11% in BF channel; 0.4 s exposure, 30% intensity in red channel, 0.4 s exposure,
30% intensity in far-red channel. 0.3 um separated z-stack of images was collected for each channel
over a 5-20 um focal range. Images were processed in Fiji. The location of PSD95-GFP was evident
as puncta of varying brightness that were exclusively in the green channel. The occasional
autofluorescent spot was identifiable by fluorescence across multiple channels, including green and
red channels. Grid squares were selected for cryoCLEM that contained PSD95-GFP puncta within
the holes of the holey carbon grid.

Cryogenic electron microscopy and tomography

CryoEM and CryoET data collection was performed on a Titan Krios microscope (FEI) fitted with
a Quantum energy filter (slit width 20 eV) and a K2 direct electron detector (Gatan) running in
counting mode with a dose rate of ~4 e/pixel/second at the detector level during tilt series
acquisition. Intermediate magnification EM maps of the selected grid squares were acquired at a
pixel size of 5.1 nm. Using these intermediate magnification maps of each grid square and the
corresponding cryoFM image, the location of PSD95-GFP puncta was manually estimated;
performing computational alignment of cryoFM and cryoEM images before tomogram acquisition

was not necessary.

Tomographic tilt series of the cryoFM-correlated PSD95-GFP locations were collected
between £60° using a grouped dose-symmetric tilt scheme (50) in serialEM (57) and a phase plate
(52) pre-conditioned for each tomogram. Groups of 3 images with 2° increments were collected.

Images with a 2 s exposure with 0.8-1.25 pm nominal defocus, at a dose rate of ~0.5 e/A/s were
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collected as 8x 0.25 s fractions, giving a total dose ~60 e/A over the entire tilt series at a calibrated
pixel size of 2.89 A. Tomograms of thin vitreous sections were collected with the same protocol
but replacing the phase plate with 100 um objective aperture and acquiring tilt series images at 5-

6 um nominal defocus with a nominal pixel size of 3.42 A.

CryoCLEM image processing

Computational correlation between the cryoFM and cryoEM images was conducted using custom
Matlab (Mathworks) scripts as described previously (53, 54). The centre points of at least 10 holes
in the holey-carbon foil around each PSD95 position were used as fiducial markers to align the
green channel cryoFM image to a montaged intermediate magnification EM image covering the
whole grid square. All GFP puncta correlated within membrane-bound compartments with an
apparent presynaptic membrane attached to the postsynaptic membrane. The identity of presynaptic

membranes was confirmed by the presence of numerous synaptic vesicles.

To quantify relative amount of PSD95 in each synapse, PSD95-EGFP puncta in cryoFM images
were segmented using the watershed algorithm in ImageJ, from which the pixel intensities of each

puncta were integrated.

Tomogram reconstruction

Frames were aligned and tomograms were reconstructed using 10-20 tracked 10 nm fiducial gold
markers in IMOD (55). Tomograms of synapses in thin vitreous sections were denoised using
JANNI in crYOLO (56) and aligned by patch tracking. Tomograms used for figures, particle
picking, annotation of macromolecular constituents and molecular density analysis were generated
with 5 iterations of SIRT and binned to a 11.94 A (binned 4x). Weighted back-projection

tomograms (binned 4x and 2x) were used for subtomogram averaging (see below).

Annotation and analysis of macromolecular constituents in tomograms

Annotation was performed blind by two curators. First, each curator annotated all SIRT
reconstructed tomograms independently. Next, a third curator inspected and certified each
annotation (Table S1). The PoSM was identified using PSD95-GFP cryoCLEM (see above). The
PreSM was identified as the membrane compartment attached to the PoSM via transsynaptic

adhesion proteins and containing numerous synaptic vesicles (25-35 nm diameter).

Molecular density analysis of the PreSM and PoSM compartments was carried out using 30 voxel
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intensity line profiles of the presynaptic and postsynaptic membrane measured in Fiji. For each
synapse 30 measurements were taken sampling in multiple positions within the cleft. Profiles were
averaged and background subtracted to estimate the relative density of molecular crowding within

the PreSM and PoSM compartments of each synapse.

Organelles, intermediates of membrane fission or fusion, and identifiable macromolecules were
annotated within the presynaptic, postsynaptic and non-synaptic (vicinal) compartments within
tomogram dataset (Table S1), which were classified as follows: 1) Flat/tubular membrane
compartments: Flat membrane tubules 12-20 nm wide that twists along the tubule axis by at least
180°. 2) Large spheroidal membrane compartments: Vesicles with a diameter greater than 60 nm.
3) Multivesicular bodies: Membranous compartments containing at least one internal vesicle. 4)
Polyhedral vesicles: Membranous compartment composed of flat surfaces related by <90° angle. 6)
Dense-cored vesicles. 7) Fission/fusion intermediates: hemifusion intermediates, protein-coated
membrane invaginations. 8) Clathrin-coated intermediates: invaginations with a protein coat
containing pentagonal or hexagonal openings. 9) Mitochondria: double membrane with cristae and
electron-dense matrix. 10) Mitochondrial intermediates: mitochondria with budding outer
membrane or putative mitochondrial fragments wrapped by two membrane bilayers. 11)
Ribosomes: 25-35 nm electron dense particles composed of small and large subunits. 12) F-actin:
7 nm helical filaments. 13) Microtubules: 25 nm filaments. 14) Cargo-loaded microtubules:

vesicles attached to microtubules via 25-30 nm protein tethers.

Quantitative analysis of the PreSM, PoSM, and synaptic cleft

Each membrane was segmented in Dynamo (57), generating 4,000-20,000 coordinates for each
membrane. To refine the contouring of the membrane, subtomograms of the membrane were
refined against an average. The synaptic cleft was defined computationally using custom Matlab-
based script that identifies the nearest neighbour coordinates between PreSM and PoSM, and vice

versa.
Subtomogram averaging
Subtomogram alignment and averaging was performed using Matlab-based scripts derived from

the TOM (58) and Av3 (59) toolboxes, essentially as described in (60).

Coordinates of putative ionotropic glutamate receptors were manually picked in UCSF Chimera

using two times binned tomograms with an effective voxel size of 11.94 A. All membrane proteins
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with a long-axis extending ~14 nm out of the membrane and an apparent two-fold symmetry axis
were picked. The orientation of the normal vector to the membrane surface was determined to
define the initial orientation of each subtomogram. The Euler angle defining the final in-plane
rotation angle (phi in the av3 annotation) was randomized. The full set of subtomogram positions
was split into two independent half sets one for all odd and one for all even subtomogram numbers.
The two half sets were processed independently. For initial alignment and averaging,
subtomograms with a box size of 64x64x64 voxels (~76.4x76.4x76.4 nm®) were extracted from the
respective tomograms and averaged. The initial average shows a long, thin stalk. After one iteration
of alignment using a low pass filter of 30 A and a complete in-plane angular search, two fold
symmetry was applied for further iterations. During all steps of alignment and averaging, the
missing wedge was modelled as the sum of the amplitude spectra determined from 100 randomly
seeded noise positions for each tomogram. After 6 iterations subtomograms with a box size of
96x96x96 voxels (~53.7x53.7x53.7 nm®) were re-extracted from tomograms with a voxel size of
5.97 A. Subtomogram positions were reprojected onto the respective tomogram for visual
inspection, and mis-aligned subtomogram positions as well as subtomograms that had converged
to the same position were removed, reducing the final number of subtomograms to 2368
subtomograms (0odd=1182 and even=1186). The two averages were then further refined for 4
iterations using a cylindrical mask tightly fit around the obtained structure and including the
membrane and subsequently for 6 more iterations using a cylindrical mask excluding the membrane.
To evaluate the final average and assess the resolution obtained, the averages from the two half sets
were aligned to each other and the FSC was calculated as described in (67) indicating a final
resolution of 25 A (Fig. S5A). The previously reported atomic coordinates of an AMPA subtype
ionotropic glutamate receptor (42)(PDB: 3KG2) were fitted as a rigid body into the final

subtomogram averaging map using the fit in map tool in UCSF Chimera (62).

Cluster analysis

Clustering analysis of glutamate receptors was performed using the DBSCAN algorithm (minimal
cluster size 4 and maximal distance between receptors of 70 nm) where the distances between pairs
of receptors were defined as the shortest distance between their projections on the surface of the
membrane. The mesh associated to the surface was estimated using the "MyOpenCrust"
implementation of the crust meshing method and simplified using the reducepatch from Matlab.
The distances between the projected coordinates were computed using the Dijkstra algorithm on

the graph associated to the mesh.
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