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Much is known about the composition and function of the postsyn-
aptic density (PSD), but less is known about its molecular organi-
zation. We use EM tomography to delineate the organization of
PSDs at glutamatergic synapses in rat hippocampal cultures. The
core of the PSD is dominated by vertically oriented filaments, and
ImmunoGold labeling shows that PSD-95 is a component of these
filaments. Vertical filaments contact two types of transmembrane
structures whose sizes and positions match those of glutamate
receptors and intermesh with two types of horizontally oriented
filaments lying 10–20 nm from the postsynaptic membrane. The
longer horizontal filaments link adjacent NMDAR-type structures,
whereas the smaller filaments link both NMDA- and AMPAR-type
structures. The orthogonal, interlinked scaffold of filaments at the
core of the PSD provides a structural basis for understanding
dynamic aspects of postsynaptic function.

EM tomography � high-pressure freezing � hippocampal neuron � PSD-95

The postsynaptic density (PSD), a macromolecular signaling
assembly embedded in the postsynaptic membrane (PSM) of

neurons, contains receptors, scaffold molecules, and cytoskeletal
elements and is the primary postsynaptic site for signal trans-
duction and signal processing (1–3). PSDs are identified by EM
as a band of electron-dense material (4) 20–30 nm thick and 300
nm long. The PSDs at excitatory synapses contain glutamate
receptors of the NMDA and AMPA type. Recycling of AMPA
receptors at the PSD accounts for dynamic changes in synaptic
transmission (5).

Prompted by success with EM tomography on presynaptic
structures at the frog neuromuscular junction (6), we adapted
methods to determine the superamolecular structure of the PSD.
The PSD, however, is a much larger molecular machine that may
include several hundred proteins (7–9).

PSDs in dendritic spines from unstimulated hippocampal
cultures were prepared for tomography by high-pressure freez-
ing and freeze substitution. We started by identifying structures
containing PSD-95, a member of the family of membrane-
associated guanylate kinase (MAGUK) proteins composed of
PSD-95, PSD-93, SAP97, and SAP102 (10), which have many
known binding partners and large numbers of copies in PSDs
(11). Next, we determined the relationships of major transmem-
brane structures and transverse elements inside the PSD to
structures containing PSD-95. A picture emerges, in which
vertically oriented filaments containing PSD-95 family members
link glutamate receptors with other scaffolding molecules to
establish an orthogonal matrix at the core of the PSD, by which
we mean the organization of the scaffolding proteins concen-
trated near the postsynaptic membrane. This picture provides a
structural basis for further understanding many aspects of PSD
function.

Results
Tomography of PSDs. Eight dendritic spines free from ice damage
[supporting information (SI) Fig. 6 and SI Methods] and with

cross-sectioned PSDs were selected for EM tomography. One PSD
from the reconstruction of a mushroom-shaped spine (SI Methods)
was selected for extensive segmentation, rendering, and structural
analysis (Fig. 1 A and B). Structures as small as 3–4 nm in diameter
within 1- to 1.5-nm-thick virtual sections can be segmented. Di-
mensions of structures such as actin filaments (7 nm wide) (data not
shown), synaptic vesicles (40 nm in diameter), and synaptic cleft (25
nm wide) are in close agreement with dimensions determined by
cryo-EM and other methods (12–14).

Vertical Filaments. Filaments segmented in a series of virtual
sections were classified on the basis of their location, shape, and
dimensions. A large class of membrane-associated filaments at
the PSD is nearly straight and vertically oriented with respect to
the postsynaptic membrane (Fig. 1 B and C and SI Movie 1). We
refer to filaments of this type as vertical filaments. Vertical
filaments are typically 5 nm in diameter (4.9 � 0.2 nm, n � 22)
and 20 nm long (21 � 3 nm, range 16–25 nm, n � 38). Vertical
filaments within the PSD are uniformly spaced, with a nearest
neighbor distance of 13.4 � 2.8 nm (n � 31) (Fig. 1D). The
thicket of vertical filaments gives rise to the typical dense
appearance that is characteristic of PSDs in standard EM
cross-sectional views (Fig. 1E). Vertical filaments are ubiquitous
in reconstructions of PSDs, even in places where other structural
elements are absent. Based on their density, there would be
�400 vertical filaments in a 400-nm-diameter (0.16-�m2) PSD.

The dimensions of vertical filaments, and their associations with
the postsynaptic membrane, suggest that they belong to the PSD-95
family of MAGUK proteins (10). These family members share
many structural similarities, permitting the dimensions of a generic
family member to be estimated by combining the known sizes of
their domains (20 nm long, 4 nm in diameter) (SI Methods).
Dimensions of fully extended PSD-95 and SAP97 molecules (16–22
nm long and 6 nm in diameter) by single-particle EM (15) also
match to those of vertical filaments.

Vertical Filaments Label for PSD-95. Conventional immuno-EM
shows that the antibodies to PSD-95 specifically label PSDs (Fig.
2 A and B). When parallel labeling experiments are followed by
freeze substitution and tomography, electron-dense particles
corresponding to silver-enhanced Nanogold are located near
vertical filaments (n � 9) (Fig. 2D Lower). We expected that the
secondary antibody on the Nanogold would be enveloped in
silver; in the four instances that were rendered, structures
embedded in the silver grain contacted filaments up to 15 nm
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long that, in turn, contacted the vertical filaments (Fig. 2D
Upper). Because the size of the filaments linking gold particles
and vertical filaments corresponds to that expected for the
primary IgG and does not match other filaments in the PSD, we
tentatively conclude that we are observing antibodies bound to
PSD-95 in the vertical filaments.

Vertical Orientation and Polarity of PSD-95 Molecules. We next tested
whether a population of PSD-95 molecules is vertically oriented
with their N termini at the membrane. Different PSD-95 anti-
bodies targeting different positions on vertically oriented mol-
ecules should lie at different distances from the postsynaptic
membrane. A monoclonal antibody targeting residues 64–121
within the PDZ1 domain (SI Fig. 7 and SI Methods) and a
polyclonal antibody to residues 291–302 in the loop between
PDZ2 and PDZ3 were used. The two epitopes should be
separated by 6 � 2 nm (Fig. 2C Lower). Their actual separation
in a direction perpendicular to the membrane was determined by
comparing the distances from the membrane to the centers of
the silver particles corresponding to an antibody label (Fig. 2 A
and B). The label for the PDZ 2/3 domain was separated from
the postsynaptic membrane along an axis perpendicular to its
tangent by 25 � 9 nm (n � 67), whereas that for the PDZ1 was
separated by 17 � 8 nm (n � 66), significantly closer by 8 nm
(P � 0.001) (Fig. 2C Upper). Thus, many of the PSD-95

molecules in the PSD are vertically oriented with their N termini
at the membrane to which they are attached (16).

Transmembrane Structures. Structures of various sizes and shapes
line the cytoplasmic side of the spine membrane. Many of them
appear to line up with large structures on the external side of the
membrane, suggesting that they are transmembrane structures,
such as glutamate receptors. The extracellular domains of
NMDA and AMPA receptors share high sequence homology
(17) and are predicted to have almost identical shapes and sizes
(11). The extracellular domain of intact AMPA receptor is an
elongated shape that is 16 nm long, 8 nm wide, and 10 nm high
(18). For any extracellular structures that closely fit these
dimensions, the corresponding domain on the cytoplasmic side
of the membrane was precisely segmented in three orthogonal
planes. Precise alignment with a cytoplasmic domain signified a
transmembrane structure and, thus, a potential glutamate re-
ceptor. We found 46 extracellular structures 15 � 3 nm long, 8 �
1 nm wide, and 9 � 1 nm high in our sampled area that fit the
dimensions of the extracellular domain of the glutamate receptor
(Fig. 3A and SI Table 1). Transmembrane structures have two
types of cytoplasmic domains. One type is f lat (18 � 3 nm long,
10 � 1 nm wide, and 5 nm high). The other type is larger and
more globular (20 � 2 nm long, 14 � 2 nm wide, and 16 � 4 nm
high) (SI Table 1). The dimensions of the cytoplasmic aspects of

Fig. 1. Vertical filaments at the PSD. (A) EM of a PSD in a mushroom-shaped dendritic spine. Structural details are obscured by overlap within this 120-nm-thick
section. (B) Vertical filaments (green arrows) are apparent in a 1.5-nm-thick virtual section derived from the tomographic reconstruction of the section in A. The
synaptic vesicle is indicated by an asterisk. (Scale bar: 100 nm.) (C) Rendering of vertical filaments (red) from the tomographic reconstruction. Vertical filaments,
5 nm in diameter and 20 nm long, contact the postsynaptic membrane (yellow). (Insets) Virtual sections from which particular vertical filaments (green) are
segmented. (Scale bar: 20 nm.) (D) En face view showing uniform distribution of vertical filaments at the PSD. (E) Overlap of vertical filaments contributes to the
typical thickened appearance of a PSD viewed in cross-section.
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the two types of transmembrane structures fit those of AMPA
and NMDA receptors as estimated by structural informatics
analysis (6–7 in diameter and 3 nm high for the AMPA receptor
and globular �20 nm in diameter for the NMDA receptor) (SI
Tables 1 and 2) (19, 20). Therefore, the transmembrane struc-
tures that are slender and flat on their cytoplasmic aspects are
tentatively designated as ‘‘AMPAR-type structures,’’ whereas
transmembrane structures manifesting larger, globular cytoplas-
mic aspects are designated as ‘‘NMDAR-type structures.’’

AMPAR-Type Structures. AMPAR-type structures are arrayed
around the periphery of the PSD, with a mean nearest neighbor
distance of 24 � 6 nm (range 14–36 nm, n � 17) (Fig. 3 A–D).
Extrapolation based on the 29 AMPAR-type structures in our
sampled area predicts 30–100 AMPAR-type structures in a typical
400-nm-diameter PSD (SI Methods). Each AMPAR-type structure
(28 of 29) is typically contacted near its center by a vertical filament
(Fig. 3 B and C). Virtually every extracellular domain of the
AMPAR-type structures within the PSD associates with a 3- to
4-nm-diameter filament spanning the synaptic cleft (Fig. 3A Left
Inset). The transcleft filaments that contact the presynaptic mem-
brane are 24 � 1 nm long (range 18–30 nm, n � 9).

NMDAR-Type Structures. The cytoplasmic domains of NMDAR-
type structures are the largest structures near the membrane.
The NMDAR-type structures (Fig. 3A Right Inset) cluster in a
central region of the PSD, typically �130 nm in diameter,
forming a regularly spaced (nearest neighbor distance 32 � 4 nm,
range 23–39 nm, n � 17) rhombic lattice (Fig. 3 A, F, and G). The
cytoplasmic side of each NMDAR-type structure typically as-

sociates with two vertical filaments that contact their edges (Fig.
3 E and F). The extracellular domains of NMDAR-type struc-
tures also associate with fine filaments in the synaptic cleft (Fig.
3A Right Inset).

Horizontal Filaments. Two types of filaments have a horizontal
orientation parallel to the postsynaptic membrane and are
largely limited to the PSD. In virtual sections, one type has a
diameter of 4–5 nm and a length of �20 nm, and it lies 10–20
nm from the membrane at the PSD (Fig. 4 A, purple, and B). The
second type lies slightly further (15–20 nm) from the membrane
and is 30–35 nm long and 5–6 nm in diameter (Fig. 4 A, white,
and C). Each type intersects with other members of its own type
while interweaving with and contacting the vertical filaments
(Fig. 4A), lending them a layered appearance (Fig. 4D).

One or both ends of the shorter type of filament (Fig. 4A)
contacts a vertical filament. The shorter type of filament may
contact vertical filaments associated with any of the adjacent
AMPAR- or NMDAR-type structures. One or both ends of the
longer, larger type of filament typically contact vertical filaments
that contact adjacent NMDAR-type structures and, in a few
instances, adjacent AMPAR-type structures. The longer type of
filament appears to be more concentrated under the NMDAR-
type structures. When rendered, some of these filaments assume
a sheet-like appearance (Fig. 4A).

Discussion
Tomographic reconstructions from freeze-substituted hip-
pocampal cultures provide the first views of the molecular
organization of the PSDs from dendritic spines.

Vertical Filaments Are a Major Structural Element of the PSD. They
form an array of nearly vertically oriented, membrane-associated
filaments that label for PSD-95. These evenly spaced vertical
filaments are the most abundant structural entity in the PSD.
The number of vertical filaments also closely matches the total
number of PSD-95 family members in a typical PSD (11),
suggesting that most, if not all, of the vertical filaments are
members of the PSD-95 family.

AMPAR-Type Structures. Classification of the AMPAR-type struc-
ture was based on the close match of the extracellular aspects of
transmembrane structures with the dimensions expected of
AMPA receptors (18). Although the sizes of the cytoplasmic
domains of AMPAR-type structures are close to predicted, they
are two to three times longer than expected in the plane parallel
to the membrane, possibly representing proteins, such as TARPs
known to associate with AMPA receptors (21).

There are several reasons to believe that the AMPAR-type
structures correspond to AMPA receptors. Because AMPA
receptors complex with TARPs that bind to PSD-95 family
members (21–23), we anticipated that vertical filaments would
contact the AMPAR-type structures. Also, AMPA receptors are
preferentially distributed at the periphery of PSDs (24, 25),
where we find the AMPA-type structures, and the nearest
neighbor distance between AMPAR-type structures (24 � 6
nm), matches the spacing between AMPA receptors derived
from replica labeling (20 � 4 nm) (28). Finally, our estimate of
30–100 AMPAR-type structures at the PSD agrees with esti-
mates of the numbers of AMPA receptors (26, 27).

NMDAR-Type Structures. Although the size and shape of extracel-
lular domains of NMDAR-type structures are indistinguishable
from those belonging to AMPAR-type structures (11), their
cytoplasmic domains differentiate them. Their diameter is con-
sistent with that predicted for NMDA receptors except that they
are �6 nm taller possibly due to other proteins associating with
NMDA receptors.

Fig. 2. Mapping and labeling of PSD-95. (A) ImmunoGold label for PSD-95
with monoclonal antibody to PDZ1 domain. (B) ImmunoGold label for PSD-95
with polyclonal antibody to the region between PDZ2 and PDZ3. Both labels
are confined to the vicinity of the PSD. (Scale bar: 50 nm.) (C) Label with
monoclonal antibody (black bars) is closer to the PSM than label with poly-
clonal antibody (gray bars). Percentage refers to the percentage of total gold
label. Locations of epitopes on PSD-95 are indicated below (arrows). (D) Label
associated with filaments in single virtual sections (below) and surface ren-
derings (above). Vertical filaments are rendered in red, and silver-enhanced
gold particles are rendered in green. Structures rendered in purple are the
correct size to represent the primary antibody contacting the vertical fila-
ments. Smaller structures rendered in blue may represent the secondary Fab
fragment partially buried in the silver encrusted on the gold particle. (Scale
bar: 10 nm.)
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Each large cytoplasmic domain of the NMDA-type structure
typically associates with two PSD-95 containing vertical fila-
ments around its rim. Indeed, it is known that PSD-95 binds to
NR2 (28, 29) and that each NMDA receptor includes two copies
of NR2 (17). Almost all of the NMDAR-type structures cluster
at the center of the PSD, where they are arranged in a rhombic
lattice, allowing for four to five NMDAR-type structures ar-
ranged per lattice line. This arrangement would allow for 16–25
NMDA receptors in the central cluster of a typical PSD, which
is consistent with previous estimates of 20–30 NMDA receptors
(11, 30).

Extracellular domains of NMDAR- and AMPAR-type struc-
tures associate with transcleft filaments, which are likely to be
adhesion molecules (31, 32). Their molecular identities require
further investigation.

Two Types of Horizontal Filament Link Vertical Filaments. The shorter
(�20 nm long) type of horizontal filament typically associates
with vertical filaments contacting either NMDAR- or AMPAR-
type structures as if linking adjacent receptors via the vertical
filaments. The lengths of these links would explain the �20-nm
nearest neighbor distance among AMPAR-type structures. The
longer (�30 nm) type of horizontal filament associates with
vertical filaments contacting both AMPAR- and NMDAR-type
structures, but they predominately link adjacent NMDAR-type
structures, which might explain their �30-nm spacing. The two
types of horizontal filaments lie in slightly separate layers,
lending the PSD a laminar organization (33, 34).

Because PSD-95 family members have many potential binding
partners, the molecular identities of the horizontal filaments that
they contact may be complex, even including a few multimerized
PSD-95 family members (35). GKAP/SAPAP is likely to be part
of the horizontal filament system because it binds to the GK
domain of PSD-95. There are �150 copies of GKAP/SAPAP in
a PSD (11), where it exists in 95- and 130-kDa forms (36). These
molecular mass are in line with those expected of 5-nm filaments
either the same length (20 nm) or 1.5 times the length (30 nm)
of the vertical filaments. Another prevalent scaffolding mole-
cule, Shank, binds to GKAP/SAPAP, so the sheet-like structures
formed by horizontal filaments may include both GKAP and
Shank (37). Indeed, Shank has a SAM domain that can poly-
merize into sheet-like structures (38).

Organization of the Core of the PSD. PSD-95 has been regarded as
a central player in the core organization of the PSD due to its
prevalence in the PSD and its multiple binding sites for receptors
and other scaffolding molecules. Our findings that a large array of
vertically oriented filaments dominates the core structure of the
PSD, and that the vertical filaments include PSD-95 in an extended
configuration, show how PSD-95 and related family members could
link other core components of the PSD into a coherent structure,
as schematized in Fig. 5. The vertical orientation of PSD-95 puts its
PDZ domains near the membrane in positions to bind directly, or
through intermediate proteins, to glutamate receptors and deploys
the SH3-GK domains further from the membrane, where they can
contact a family of horizontally oriented filaments, including

Fig. 3. Transmembrane structures at the PSD. (A) Cytoplasmic surface of the membrane (yellow) at the PSD, showing AMPAR-type (blue) and NMDAR-type
cytoplasmic domains (cyan), and vertical filaments (red). (Left Insets) AMPAR-type structures in virtual sections from the tomographic reconstruction. Arrow
points to a transcleft filament. (Right Insets) NMDAR-type structures. Arrow points to a transcleft filament, and double arrow (lower right) indicates the extent
of synaptic cleft. (Scale bar: 20 nm.) (B–D) AMPAR-type structures shown in cross-section (B, extracellular domain green), en face from inside the spine (C), and
en face from outside the spine (D). Cytoplasmic domains of AMPAR-type structures are contacted by vertical filaments (C). (E–G) NMDAR-type structures shown
in cross-section (E, extracellular domain gold), en face from inside the spine (F), and en face from outside the spine (G). Cytoplasmic domains of NMDAR-type
structures are contacted by one or two vertical filaments (F).
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GKAP and, perhaps, Shank. The vertical orientation and extended
shape assumed by PSD-95 family members lying in the core of the
PSD thus puts them in a position to form a stable orthogonal
structure in the core of the PSD-linking receptors and other
scaffolding molecules.

The lability of AMPA receptors relative to NMDA receptors
is thought to make a contribution to synaptic plasticity (5).
Details of the orthogonal arrangement of core components show
how PSD-95 family members might stabilize the NMDA recep-
tors arrayed in the center of the PSD while allowing AMPA
receptors arrayed around the periphery to turn over more
quickly. The longer type of horizontal filament is the right length
to link vertical filaments from adjacent NMDA receptors and
further stabilize them at their characteristic spacing of �30 nm
in the center of the PSD. The shorter type of horizontal filaments
are the right length to link vertical filaments attached to adjacent
AMPA receptors and stabilize them at their spacing of �20 nm
at the periphery of the PSD, and link AMPA to NMDA
receptors at their interface. Thus, the horizontal filaments close
the loop to create a framework on which to organize and stabilize

NMDA and AMPA receptors beyond that realized by their
individual associations with vertical filaments.

The arrangement of regular-spaced vertical filaments and
glutamate receptors nevertheless leaves open the possibility that
receptors could be added or deleted at the edges of the PSD. A
large number of vertical filaments do not associate with gluta-
mate receptor structures, and these filaments could bind addi-
tional AMPA receptors arriving at the edge of the PSD or accept
receptors into the horizontal filament meshwork if they were
already attached to a vertical filament (39). Further recruitment
of AMPA receptors into the PSD may depend on the enlistment
of PSD-95 family members into the vertical filament scaffold at
the periphery of the PSD as the PSD increases in diameter (24,
26, 40, 41), whereas reduction in PSD-95 would lead to the loss
of peripheral AMPA receptors (42–44).

Methods
Cultured Hippocampal Neurons. Dissociated rat hippocampal neurons (E20)
were plated onto glia in a Bal-Tec 3-mm gold specimen chamber and main-
tained for 3 weeks in 10% CO2 (45). Neurons on the specimen carrier were
monitored by reflection microscopy.

Freeze Substitution. Cultures were frozen at 2100 Bar with a Bal-Tec HPM 010
machine (Techno Trade) in 124 mM NaCl, 2 mM KCl, 1.24 mM KH2PO4, 1.3 mM
MgCl2, 2.5 mM CaCl2, 30 mM glucose, 25 mM Hepes, and 0.5% ovalbumin (pH
7.4; osmolarity of 325). Samples were covered with hexadecane before freez-
ing. Specimen carriers were left on frozen saturated uranyl acetate and 2%
acrolein in HPLC-grade acetone at �160°C for 15 min in an AFS Leica unit,
ramped from �160 to �90°C in 14 h, held at �90°C for 8 h, ramped to �60°
in 6 h, held for 12 h, and infiltrated in Lowicryl HM20 resin in acetone. Lowicryl
was polymerized by UV at �50°C. Acrolein helped stabilize membrane struc-
ture, and uranyl acetate gave a fine-grained stain that extended evenly
through sections and did not overstain. Sections �100–200 nm thick were cut
en face and mounted on Formvar/carbon-coated grids with 10-nm gold
particles applied to both sides as fiducial markers.

EM Tomography. PSDs at mature synapses in areas free of ice crystal damage
were photographed in an FEI Tecnai 300-kV electron microscope with a
field-emission gun at a dose of �300 electrons per nm2 per image. Series were
acquired in two axes at tilt increments of 2° from �74° to �74°. Pixel sizes were
0.48–0.75 nm (2,048 � 2,048 image). Series were reconstructed, and the
dual-axis 3D volumes merged with IMOD (46) at a typical alignment error of
�0.3 pixels. The 3D volume (tomogram) was analyzed with EM3D (6), seg-

Fig. 4. Filament network at the PSD. (A) Meshwork of horizontal filaments at the core of the PSD. The shorter type (purple) is 4–5 nm in diameter and �20
nm long, and the longer type (white) is 5–6 nm in diameter and 30–35 nm long. The asterisks indicate sheet-like structures. (B and C) Shorter (B, arrow) and longer
(C, arrowhead) types of horizontal filament in virtual sections. (Scale bar: 20 nm.) (D) Cross-sectional view of the PSD in A showing layering of horizontal filaments.
The shorter filaments (B, purple) lie somewhat closer to the postsynaptic membrane than the longer filaments (C, white).

Fig. 5. Core structure of the PSD based on tomographic reconstructions.
Components and spacings between components are drawn approximately to
scale. Dominant structure is an array of vertical filaments containing PSD-95
(red). NMDAR-type structures, differentiated by their large cytoplasmic ex-
tensions (cyan), concentrate in the center of the PSD. AMPAR-type structures,
differentiated by their flattened cytoplasmic aspects (blue), surround the
NMDAR structures. Virtually all NMDAR- and AMPAR-type structures are
contacted by vertical filaments. Short horizontal filaments (purple) link ver-
tical filaments associated with both NMDAR- and AMPAR-type structures.
Longer horizontal filaments (white) concentrated under the NMDAR-type
structures cross-link the vertical filament meshwork.
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mented semiautomatically, and surface-rendered with Amira (Mercury Com-
puter Systems).

In Amira, the magic wand tool was used to determine the density of part of a
structure, and then the whole structure was automatically outlined. Ambiguities
in outlining density in one cross-sectional view were resolved by segmenting the
same structure in two other views. Objects were segmented one by one, and
objects were grouped into classes, allowing relationships between these objects,
individually and as a class, to be defined. All measurements were performed
either in EM3D or with ImageJ (http://rsb.info.nih.gov/ij) in snap shots of surface-
rendered objects obtained from Amira. All data are reported as mean � SD.

Antibodies and Immunocytochemistry. Monoclonal antibody to PSD-95 is from
Affinity BioReagents (MA1–046). A polyclonal antibody to residues 290–307
designed by Ayse Dosemeci was made by New England Peptide. For details on
mapping the epitope recognized by ABR PSD-95 antibody, see SI Methods. For
conventional ImmunoGold labeling, cells were fixed in 4% paraformaldehyde
for 45 min, incubated with the primary antibody for 1 h, secondary antibody-
conjugated to 1.4-nm Nanogold (47), and silver enhanced (HQ kit; Nano-
probes). For tomography, cultures were fixed and immunolabeled with the
polyclonal PSD-95 antibody and Nanogold second antibody as described

above, and silver enhanced for 6–8 min, followed by the high-pressure
freezing, freeze substitution, and embedding protocol used to prepares cul-
tures for tomography. When primary antibody was eliminated from the
protocol, no specific labeling was observed.

Protein Structural Informatics. Differentiation between structured and na-
tively unstructured protein conformations was based on primary sequence
(20). Estimates of the sizes of protein domains were done as described in ref.
19. For further details, see SI Methods.
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