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Abstract

Postsynaptic membrane rafts are believed to play important roles in synaptic signaling, plasticity,
and maintenance. However, their molecular identities remain elusive. Further, how they interact
with the well-established signaling specialization, the postsynaptic density (PSD), is poorly
understood. We previously detected a number of conventional PSD proteins in detergent-resistant
membranes (DRMs). Here, we have performed LC-MS/MS (liquid chromatography coupled with
tandem mass spectrometry) analyses on postsynaptic membrane rafts and PSDs. Our comparative
analysis identified an extensive overlap of protein components in the two structures. This
overlapping could be explained, at least partly, by a physical association of the two structures.
Meanwhile, a significant number of proteins displayed biased distributions to either rafts or PSDs,
suggesting distinct roles for the two postsynaptic specializations. Using biochemical and electron
microscopic methods, we directly detected membrane raft-PSD complexes. In vitro reconstitution
experiments indicated that the formation of raft-PSD complexes was not due to the artificial
reconstruction of once-solubilized membrane components and PSD structures, supporting that
these complexes occurred in vivo. Taking together, our results provide evidence that postsynaptic
membrane rafts and PSDs may be physically associated. Such association could be important in
postsynaptic signal integration, synaptic function, and maintenance.
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Introduction

Membrane rafts, or lipid rafts (Pike 2006) are small, heterogeneous, and cholesterol- and
sphingolipids-enriched domains thought to compartmentalize cellular processes. They are
short-lived and highly dynamic. Very small rafts (in the order of 10 nm or less) are dispersed
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throughout the membrane of cells at steady states (Kusumi & Suzuki 2005). However, in
response to certain stimuli, they are believed to be rearranged into large, stable membrane
rafts or large platforms, and recruit downstream signaling molecules (Pike 2006, Lingwood
& Simons 2010, Brown & London 2000, Shogomori & Brown 2003). Increasing evidence
indicates that membrane rafts may play important roles in various cellular processes, such as
signal transduction, cell adhesion, membrane trafficking and molecular sorting (Simons &
Ikonen 1997, Masserini et al. 1999, Pierini & Maxfield 2001, Nebl et al. 2002). Components
closely associated with membrane rafts (or raft-philic proteins) have been isolated as
detergent-resistant membranes (DRMs), which are recovered as a cold detergent-insoluble
floating material. Although inappropriate for characterizing the size and dynamics of
membrane rafts in vivo, DRMs can provide insights into the molecular compositions of
membrane rafts.

Membrane rafts in postsynaptic neurons, along with postsynaptic densities (PSDs), are
considered major sites of synaptic signaling, function, and maintenance (Suzuki 2002, Allen
et al. 2007). Proteomics analyses have identified hundreds of protein components in the
PSD. (Jordan et al. 2004, Li et al. 2004a, Peng et al. 2004, Satoh et al. 2002, Yoshimura et
al. 2004, Cheng et al. 2006). In contrast, direct profiling of postsynaptic membrane rafts has
not been reported, but these lipid microdomains are believed to contribute to dendritic spine
morphogenesis, receptor trafficking, and synaptic maintenance (Hering et al. 2003). There is
evidence that postsynaptic rafts are associated with PSDs, which can account for some of
their roles in coordinating synaptic signaling. For instance, some PSD components possess
lipid modifications typical for raft-associated proteins (e.g., PSD-95). Using Western blot
analyses, we and others found that DRMs prepared from SPM or synaptosomes share a large
number (~ 30) of proteins with the PSD (Suzuki 2002, Suzuki et al. 2001, Suzuki et al.
2008, Besshoh et al. 2005). The reason for this extensive overlapping is not clear, but is
unlikely due to mutual contamination, because the two are completely separated by their
densities (Suzuki 2002).

The molecular identities of postsynaptic membrane rafts important for synaptic signaling
processing have not been determined. The potential direct association between PSDs and
postsynaptic membrane rafts has not been directly examined. Here, we massively identified
protein components of SPM-derived DRMs (SPM-DRMSs) using LC/MS/MS, providing the
first proteomic profile of postsynaptic membrane rafts at the scale comparable to that of
PSDs. We also observed postsynaptic membrane raft-PSD complexes using electron
microscopy, which, together with our LC-MS/MS and biochemical data, support in vivo
association of the two structures. This study improves our understanding of the roles and the
physiological significance of postsynaptic membrane rafts.

In this paper, “membrane rafts” and “DRMs” are differentially used to refer “in vivo
domains” and “in vitro materials”, respectively, as recommended by the Keystone
Symposium on Lipid Rafts and Cell Function (Pike 2006).

Experimental Procedures

Materials

Triton X-100 (TX-100), polyoxyethylene (Hering et al. 2003), and octylphenyl ether
(T9284, lot no. 188-14808) were purchased from WAKO Pure Chemical Industries. Ltd.
(Osaka, Japan); n-octyl-p-glucoside was from Dojindo Laboratories (Kumamoto, Japan); 12
tungsto (V1) phosphoric acid n-hydrate (phosphotungstic acid, PTA) was from Nakarai
tesque (Tokyo, Japan); cholesterol assay kit was from Cayman Chemical Company (Ann
Arbor, MI, USA); protease inhibitor cocktail (P8340), methyl-p-cyclodextrin (MBCD) and
horseradish peroxidase-conjugated cholera toxin B subunit were from Sigma-Aldrich (St
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Louis, MO, USA). Antibody sources were described previously (Suzuki et al. 2008). All
other chemicals were of reagent grade.

Preparation of SPM, PSD and SPM-DRM, and analysis of protein distributions on sucrose

gradients

Animals were handled in accordance with the National Institutes of Health Guide for Care
and Use of Laboratory Animals (NIH Publication no. 80-23). Wistar rats (6-week-old males)
were Killed by decapitation and forebrains were dissected and stored at —80°C until use.
SPM was prepared from the forebrain as described previously (Suzuki et al. 2001, Suzuki
2011). SPM obtained from the interface between 1.0-1.2 M sucrose layers without washing-
out sucrose was suspended in HEPES-KOH buffer (pH 7.4, 5 mM) containing 50% glycerol
and stored unfrozen at —30°C, until use. SPM-derived PSDs (m-PSDs) were purified from
the forebrain using a conventional method (the long procedure), which treated SPM with
TX-100 (Cohen et al. 1977, Suzuki 2011). The TX-100 concentration was 0.5% and
detergent vs. protein ratio was averagely 8.9 for m-PSD purification. The crude m-PSD
fraction recovered at the interface between 1.5 and 2.1 M sucrose layers after TX-100
treatment and subsequent ultracentrifugation was washed once with TX-100/KCl, as stated
in the original protocol. PSD fractions obtained as such have been verified biochemically
and morphologically (Suzuki et al. 1994, Suzuki et al. 2001, Suzuki et al. 2008, Li et al.
2001). DRMs were isolated from the SPM (500 g protein) after treatment with TX-100 and
sucrose density gradient centrifugation (SDG) as described previously (Du et al. 2006).
MBCD treatment was carried out as described previously (Du et al. 2006). Both SPM-DRM
(0.15% TX-100) and m-PSD were prepared more than 15 times with highly reproducible
protein profiles.

Analyses of protein, GM1 ganglioside and cholesterol

For protein profiling, 15 pL of each SDG fraction was applied to SDS-PAGE and stained
with silver. For immunoblotting, proteins from each fraction was precipitated with
trichloroacetic acid (TCA) and resuspended in the solution consisting of 150 puL of TNE
buffer and 50 pL of SDS-PAGE sample buffer. Equal volume (usually 20 pL) of each
fraction was analyzed by SDS-PAGE and immunoblotting. Western blotting was carried out
using a chemiluminescent substrate (Pierce) and visualized with a CCD video camera
system. GM1 ganglioside was detected by dot blot, as described previously (Du et al. 2006).
For quantification of GM1 ganglioside, Bio-Dot (Bio-Rad) dot blot apparatus was used.
Proteins and GM1 signals were quantified using NIH Image. Cholesterol was measured by
using a cholesterol assay kit (Cayman Chemical Company) following manufacturer’s
instruction.

Mass spectrometry

Protein complexes were separated by SDS-PAGE and stained by Coomassie Blue. Each lane
was cut into 18 gel pieces, de-stained, reduced with dithiothreitol, alkylated with
iodoacetamide, and digested in-gel with trypsin. The resultant peptide mixtures were
extracted and lyophilized. The extracted peptide mixtures were re-suspended, loaded on a 10
cm x 75 pm Picofrit column (New Objective Inc.) packed with Magic C18-AQ, 200A 5
beads (Michrom Bioresources). Peptide digests eluted were sprayed directly into a hybrid
Linear lon Trap (LTQ)-Fourier Transform-lon Cyclotron Resonance (FT-ICR) mass
spectrometer (Thermo Electron Corp.) Typically top five most abundant ions for MS/MS
fragmentation in the LTQ were employed for mass spectrometry analysis. The mass spectral
data were analyzed using Bioworks 3.2 and SEQUEST version 28 (Thermo Electron Corp.)
using an inhouse compilation of >60,000 human, mouse, rat and control proteins obtained
from the UniProtKB database.
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Electron microscopy

Fractions of SDG were fixed with 1 or 2% glutaraldehyde, post-fixed with 1%
osmiumtetroxide, dehydrated, and embedded in Epon. An ultrathin section was cut and
stained with uranyl acetate and lead citrate. To observe synaptic components, fractions were
fixed with 2% glutaraldehyde and stained with 1% ethanolic phosphotungstic acid (E-PTA)
without osmiumtetroxide fixation and staining with lead citrate and uranium acetate (Bloom
& Aghajanian 1966). Specimens were examined under a JEOL JEM-1400EX electron
microscope at 80 kV (Tokyo, Japan).

In vitro reconstitution

Results

SPM (500 pg protein) was treated with 0.15% TX-100 at 4°C for 30 min in the absence or
presence purified PSDs, and protein profiles were analyzed after SDG. Fraction No. 12
obtained after treatment of SPM with 1% octyl glucoside was used as purified PSDs to
liberate raft lipids as much as possible from PSDs (Shogomori & Brown 2003, Garner et al.
2008). Proteins were stained with silver under nearly the same conditions between samples.

Identification of protein components in SPM-DRM by LC-MS/MS

We used LC-MS/MS to identify protein components in postsynaptic rafts. SPM-DRM
(fraction No. 5, see below) was prepared with 0.15% TX-100 as described (Suzuki et al.
2008, Du et al. 2006). For the purpose of direct comparisons, we also prepared PSDs from
the SPM (m-PSDs) to differentiate them from PSDs isolated directly from synaptosomes,
because the two PSD preparations are not completely the same (Matus et al. 1980, Suzuki
2011). Protein profiles of SPM-DRM and m-PSD fractions were shown in Fig. 1A.
Proteomic analyses of the two fractions identified a total of 693 proteins, 370 in SPM-DRM
and 537 in m-PSD (Fig. 1B). Detailed information for these proteins is provided in
Supplementary Tables 1 and 2. Among these, 214 proteins (30.9% of total) were present in
both fractions, accounting for 39.9% of proteins in the m-PSD and 57.8% of proteins in the
SPM-DRM. 156 (22.5% of total) and 323 (46.6%) proteins were recovered preferentially in
the SPM-DRM and m-PSD, respectively. Based on their distribution profiles, proteins in the
three groups were designated “SPM-DRM only”, “Both” or “m-PSD only”. These results
suggest that the two postsynaptic structures contain different but overlapping protein
components.

To gain initial insights into potential functions of postsynaptic rafts and their relationship to
the PSD, we classified each protein in the three groups into different functional categories
(Fig. 2). Proteins found in “SPM-DRM only” were mostly channels/transporters, G-proteins
and related molecules, cell adhesion molecules; in comparison, proteins found in “m-PSD
only” or “Both” were largely kinases/phosphatases, scaffold/cytoskeleton/motor proteins,
membrane traffic proteins and metabolism-related proteins (Fig. 2A). In a different view,
how each protein category distributed in SPM-DRM and m-PSD fractions was analyzed
(Fig. 2B). Nearly or more than half of proteins classified as typical raft proteins, cell
adhesion molecules, channels/transporters and G-proteins/small G-proteins resided only in
the SPM-DRM. In contrast, approximately half of kinases/phosphatases, motor proteins, and
metabolism-related proteins were distributed only in the m-PSD. Many proteins in the
categories of scaffolds/adaptors, non-actin cytoskeletal proteins and those involved in
membrane trafficking and fusion were recovered in both SPM-DRMs and PSDs.
Translation-related proteins detected were mostly ribosomal subunit proteins, 94.7% (54 out
of 57) of which were identified in “m-PSD only” group. Taken together, the distribution
profiles of various protein categories in SPM-DRMs and m-PSDs suggest distinct yet related
functions between the two postsynaptic specializations.

J Neurochem. Author manuscript; available in PMC 2012 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Suzuki et al.

Page 5

Effects of TX-100 concentrations on the isolation of SPM-DRM

We have previously determined that 0.15% (w/v) (the detergent: protein ratio is 5.25:1 (w/
w)) is an optimal TX-100 concentration to prepare SPM-DRMs (Du et al. 2006). Higher
detergent concentrations, such as 1%, solubilizes even the membrane raft components
(Ostermeyer et al. 1999, Shogomori & Brown 2003, Murphy et al. 2004, Chamberlain
2004), whereas too low of a detergent concentration is inadequate to dissolve non-raft
components. To explore the reason for the extensive protein overlaps between SPM-DRMs
and m-PSDs, we examined the effects of various TX-100 concentrations more
systematically on the SPM-DRM components.

The distribution profiles of SPM proteins from various SDG fractions after treatment with
increasing concentrations of TX-100 (0.05, 0.15, 0.25, 1.0 and 5.0%) are shown in Fig. 3A.
Fraction No. 5 was judged to be a main DRM fraction based on: (i) it has high cholesterol
content (Mean £ S.E. = 751 £ 49 pg/mg, n=3; comparable to (Suzuki et al. 2001)) at 0.15%
TX-100; and (2) it is most enriched with the membrane raft marker GM1 ganglioside at low
TX-100 concentrations. The amount of total proteins in this fraction was decreased as the
TX-100 concentration was increased, and became undetectable after solubilization with 1%
and 5% TX-100 under our staining and visualizing conditions. A rough estimate suggested
that about 80% of DRM proteins recovered in fraction No. 5 was lost when TX-100
concentration was raised from 0.15% to 1.0%. Thus, 1% TX-100 is too high of a
concentration to prepare SPM-DRMs (from 0.5 mg SPM proteins in 1.75 mL of TNE buffer,
in which the detergent : protein ratio was 35.0 : 1 (w/w)). The effects of high TX-100
concentrations are in good agreement with a previous report showing that excessively high
detergent vs. protein ratio destroys membrane rafts (Murphy et al. 2004). The protein
profiles also suggested that the amount of proteins recovered in the pellet fraction (No. 12),
which contained PSDs, increased in parallel with the increasing TX-100 concentrations up
to 1.0% (Fig. 3A). Quantification of the pellet protein amounts confirmed that the protein
yield after 1% TX-100 treatment was approximately twice as that after 0.15% TX-100
treatment (Fig. 3B). These results suggest that the TX-100 concentration is critical for
preparation and analyses of SPM-DRMs and PSDs.

To further ensure that fraction No. 5 on the sucrose gradient was indeed DRM-enriched, we
treated SPM with MBCD, a cholesterol-depleting agent (Christian et al. 1997) prior to
solubilization with 0.15% TX-100 (Fig. 3C). The prior MBCD treatment completely
abolished proteins and GM1 ganglioside from fraction No. 5. Protein bands were
undetectable in fractions No. 4-6 even with enhanced silver staining (data not shown).
Instead, GM1 ganglioside, as well as proteins, distributed mostly at fraction No. 8 after
treatment with 10 mM MBCD and further shifted to higher fractions at 25 mM MBCD.
These results suggested that molecular components and subcellular structures from which
fraction No. 5 was derived were tethered to cholesterol-enriched microdomains.
Unexpectedly, less proteins were recovered in the pellet fraction after MBCD pretreatment
(both 10 and 25 mM), including CaMKlla, a typical PSD protein (Suzuki et al. 1994),
suggesting that extracting PSDs from surrounding structures by TX-100 became more
difficult after cholesterol depletion. Together, these cholesterol depletion experiments
confirmed that postsynaptic membrane rafts are enriched in fraction No. 5.

We have previously shown that many “PSD proteins” are present in the SPM-DRM (Suzuki
et al. 2008). Here, we have extended this finding by examining the effects of low (0.15%)
and high (1.0%) TX-100 concentrations on the SDG distribution profile of an additional
number of PSD and raft marker proteins, using Western blotting (Fig. 4). All proteins tested
showed enrichment in fraction No. 5 after 0.15% TX-100 treatment. After 1% TX-100
treatment, the membrane raft marker proteins, flotillin-1, 2 and fyn, showed a relatively
small shift from DRM fractions to the heavier fractions, whereas other traditional PSD
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proteins showed a marked shift toward the heavier fractions, the pellet fraction in particular.
This shift for PSD proteins was in good agreement with the profile change observed in Fig.
3A. The extent of the shift varied from proteins to proteins; for example, significant portions
of CaMKII and PSD-95 remained in DRM fractions whereas many other PSD proteins were
greatly diminished in the DRM coupled with a corresponding increase in the pellets. These
Western blotting data confirmed the presence of a large number of conventional PSD
proteins in the SPM-DRM and demonstrated their shifts from DRMs to pellets following
high concentrations of TX-100 treatment.

Electron microscopic examination of DRM and other SDG fractions

To further test the hypothesis that PSDs and postsynaptic rafts are integrally associated, we
attempted to directly visualize structures contained in various SDG fractions by electron
microscopy. Fig. 5A shows representative electron microscopic images of SPM-DRMs
prepared by 0.15% TX-100. The SPM-DRM was packed with large amounts of membrane
fragments or sacs and small amounts of electron-dense fuzzy structures. At a higher
magnification, some of these structures were revealed to be PSDs associated with membrane
fragments. Electron-dense PSD structures were also found in fraction No. 8 obtained after
treatment with MBCD (10 mM, 4°C for 30 min) prior to 0.15% TX-100 treatment and SDG
(Fig. 5B). Compared with those without MBCD pretreatment, the morphologies of PSD
structures and PSD-associated membranes appeared more intact in MBCD-pretreated
samples. For comparison, PSD structures contained in the m-PSD and fractions No. 12
(pellet) prepared under different detergent conditions are shown in Fig. 5C.

To ensure that the structures we observed were PSDs, we examined the DRM fraction by
staining with E-PTA, which selectively stains presynaptic dense projections, cleft materials,
PSDs and subsynaptic webs without staining membrane components (Bloom & Aghajanian
1966). E-PTA- stained synaptic complexes, though unfolded by the detergent action, were
found to be scattered in the SPM-DRM (0.15% TX-100; Fig. 6), confirming the presence of
PSD structures in SPM-DRMs. Fraction No. 5 prepared after 1.0% TX-100 also contained
fuzzy electron-dense materials and membrane sacs, but not intact PSD structures (data not
shown). We also confirmed the enrichment of PSD structures in the pellets obtained after
0.15% and 1% TX-100 treatments by the E-PTA method (data not shown).

Absence of artificial reconstitution of once-solubilized membrane components and PSD

structures

It is possible that once solubilized proteins or dissociated proteinaceous structures and
membranes reassemble and form certain structures in vitro during the detergent-based DRM
preparation procedures. Should this be the case, raft-PSD complexes found in the SPM-
DRM could be artificially assembled structures. To test this possibility, we performed a
reconstitution experiment (Fig. 7). SPMs were treated with 0.15% TX-100 in the presence or
absence of purified PSDs, and the effect of PSD addition was analyzed. Densitometric
profiles showed that adding PSDs only increased proteins in fraction No. 12 (PSD-
containing pellet) without apparent changes in protein levels in other fractions. Thus, the
exogenously added PSDs were not incorporated into the DRM fraction (No. 5) during
detergent treatment. This experiment ruled out the possibility that PSD structures once
dissociated from raft domains by detergent could reassemble with the raft domains. The
result suggests that the PSD-membrane complexes found in the SPM-DRM are not artifacts
formed in vitro; rather, they are derived in vivo.
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Discussion

Proteins associated with SPM-DRM: potential roles of postsynaptic membrane rafts
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In this paper, we performed a large-scale proteomics analysis of SPM-DRM and PSD
fractions and observed extensive protein overlaps in the two postsynaptic structures. The
results extend our previous Western blotting studies showing that many conventional PSD
proteins are also present in the membrane rafts (Suzuki et al. 2008). Our data suggest
potential interplays between the two subcellular structures in coordinating synaptic signaling
processes and functions. The large heterogeneity of protein categories found in the SPM-
DRM and PSD fractions suggests that postsynaptic rafts and PSDs are involved in diverse
functions at postsynaptic sites. On the other hand, a substantial portion of proteins is
specifically associated with either synaptic rafts or PSDs, supporting the notion that the two
postsynaptic structures possess different roles in synaptic functions. Below, we discuss
several major protein categories identified in our proteomic profiling, in the context of their
potential functions and comparison with prior literature. This discussion helps generating
insights into the roles that postsynaptic membrane rafts may play at the synapse under the
following restriction. The molecular composition of postsynaptic membrane rafts and PSDs
in different brain regions may differ, therefore, our proteomic profiles represent “molecular
signatures” of these structures from heterogenous neuron populations. Also, independent
approaches, such as immunofluorescence or immunoelectron microscopy, are needed in the
future to confirm the PSD and/or raft localization of individual proteins identified, because
contamination from different compartments cannot be avoided during subcellular
fractionation (Suzuki et al. 2007).

Our proteomic analyses identified that typical raft-associated proteins, multiple cell adhesion
molecules, channel/transporters and G-protein/small G-proteins reside more preferentially in
the SPM-DRM. SPFH proteins contain the stomatin/prohibitin/flotillin/HfIK/C (SPFH)
domain (also known as the prohibitin domain) and share similar properties such as DRM
localization, possibly through cholesterol binding (Huber et al. 2006) or oligomer formation
(Browman et al. 2007). However, distributions and roles of SPFH proteins, including
prohibitin-1, -2, flotillin-1 and -2, stomatin, stomatin-like protein 3, podocin and SPFH1 and
2 (erlin-1 and -2), differ among the members. SPFH1 and 2 are localized to the membrane
raft-like domains in the ER membrane (Pearce et al. 2009). Prohibitin is well-known as
chaperones involved in the stabilization of mitochondrial proteins (Mishra et al. 2005). This
protein is also enriched in the PSD and dendritic spines, may play a role in regulating spine
morphology, and may be involved in schizophrenia (Smalla et al. 2008). Paralemmin is
associated with the cytoplasmic face of the plasma membranes of postsynaptic
specializations, axonal and dendritic processes, spines and perikarya, and intracellular
vesicle pools (Kutzleb et al. 1998). Striatin family proteins (striatin, SG2NA and zinedin)
are molecular scaffolds that are mainly expressed in the nervous system and localized to
dendritic spines (Gaillard et al. 2006, Benoist et al. 2008), and may be involved in intraspine
vesicular trafficking (Benoist et al. 2006). Immunogold electron microscopic studies
demonstrated their localization in the cytoplasmic side of PSDs, either immediately close to
or apart from the PSDs (Kachidian et al. 1998). This is consistent with our findings that
striatin family proteins were recovered in the SPM-DRM, and supports the presence and
roles of membrane raft domains at postsynaptic sites. Other typical raft-associated proteins
in neuronal tissues, such as the calmodulin-binding NAP22 and growth associated protein 43
(GAP43), were also preferentially localized in the SPM-DRM (Maekawa et al. 1997).
Among 24 cell adhesion-related molecules identified in our proteomics screening, many
were either preferentially localized in the SPM-DRM or in both SPM and m-PSD fractions.
Cell adhesion points and cell-cell contact regions are particularly enriched in membrane
rafts (Gaus et al. 2003), consistent with a major role for cell adhesion regulation in
membrane rafts.
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Various channels/transporter family proteins and integral membrane proteins with multiple
transmembrane domains were detected preferentially in the SPM-DRM or in both the SPM-
DRM and m-PSD. Presence of H*-transporting ATPase in the SPM-DRM is in good
agreement with a previous report (Yoshinaka et al. 2004). Na*, K*-ATPase, a Na pump, is
enriched in the synapse and plays important roles in the maintenance of proper ionic
gradients across the membrane and neuronal excitability (Zhang et al. 2009). Many
membrane proteins, including integral multi-pass membrane proteins, are known to be DRM
proteins (Blonder et al. 2004). Some of these proteins directly coalesce into raft via lipid
shells surrounding specific proteins in the lipid bilayer (Anderson & Jacobson 2002). Our
findings imply activities for channels and transporters in membrane rafts. Presence of
membrane receptors, another type transmembrane proteins, in DRM were also in good
agreement with the previous reports (Hou et al. 2008, Marchand et al. 2002, Li et al. 2007,
Bruses et al. 2001, Allen et al. 2007).

Enrichment of G-proteins, small G-proteins and related proteins suggest roles for synaptic
membrane rafts in G-protein-coupled signaling. Many G-proteins are palmitoylated and/or
myristoylated, and reversibly associate with the cytoplasmic leaflet of the DRM bilayer
(Blonder et al. 2004, Allen et al. 2007, Li et al. 2003). Various members of Rab family
GTPases play roles in membrane trafficking processes (Zerial & McBride 2001). Rac, a Rho
family GTPase, is a regulator of cytoskeletal organization and is also implicated in the
regulation of endosome recycling (Ridley 2001, Ridley 2006). Several Rho family members
are believed to direct actin assembly to membrane fusion sites. Rap-related molecules,
which are involved in spine size regulation (Pak et al. 2001), are also present in the SPM-
DRM. Membrane rafts may link actin-based vesicular trafficking (Li et al. 2003) and
targeting to the PSD. Presence of actin, a-actinin (Pavalko et al. 1991), actin-related protein
(ARP), Rho family proteins and Wiskott Aldrich syndrome protein (WASP) in SPM-DRM,
m-PSD, or both suggests interplay between postsynaptic rafts and PSDs in the remodeling of
actin cytoskeleton.

Proteins in the molecular chaperones category appear to be evenly distributed in the PSD
and raft although some proteins are more preferentially associated with either structure than
others (Supplemental Table 1). The association of heat shock proteins with membrane rafts
is consistent with a previous report (Chen et al. 2005). Localization of Hsc70 and Hsp40 in
spines, where both proteins are localized to cytoplasmic regions close to or apart from PSDs
(Suzuki et al. 1999), may suggest that membrane rafts are localized at the cytoplasmic side
at postsynaptic sites. Hsp70 and J-type chaperones have been reported to associate with
ribosome-bound nascent polypeptides and help proper protein folding (Craig et al. 2003). In
addition, chaperonin (Hsp60)-containing T-complex protein (TCP) may assist folding of
newly synthesizing proteins or refolding of denatured proteins (Kubota 2002). Thus, the
presence of these proteins in postsynaptic membrane rafts suggests that they may participate
in protein folding during postsynaptic local protein synthesis. Other possible roles for
postsynaptic chaperones are transport of newly synthesized cholesterol from the ER to rafts
(Uittenbogaard et al. 1998), and targeting of G-proteins, raft-enriched proteins, to raft
locations (Waheed & Jones 2002). Our data also reveal that the vast majority of ribosomal
proteins are preferentially distributed in m-PSD fraction, supporting a role for PSD in local
protein synthesis as well. Precisely how the postsynaptic membrane rafts and PSDs
coordinate to regulate protein synthesis in dendritic spines await further investigations.

Association of and interplay between postsynaptic rafts and PSDs

Our biochemical analysis coupled with electron microscopic observation of SPM-DRMs
obtained after treatments with varying concentrations of TX-100 reveals the existence of
raft-PSD complexes in the SPM-DRM fraction (Fig. 5). The PSDs contained in the SPM-
DRM are associated or surrounded with many membrane fragments, possibly consisting of
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fused membrane raft domains. No PSD structures free from membrane fragments are
observed in the SPM-DRM fraction, as expected from the heavier density for PSD, thus
excluding the possibility of SPM-DRM contamination by isolated PSD structures. Complex
formation with membrane rafts nevertheless allows recovery of some membrane-associated
PSDs in the lighter DRM fraction. The PSD-raft association is verified by electron
microscopic examination of the synaptic complex-selective E-PTA staining (Fig. 6). The
association of PSDs with raft membranes is dissociated by increased TX-100 concentration,
shifting the dissociated PSDs to the pellet. The presence of raft-PSD complexes in the DRM
explains the abundance of conventional PSD proteins as SPM-DRM components. However,
a large number of PSD proteins are not detected in the SPM-DRM (Figs. 1, 2), possibly due
mainly to the low abundance of raft-PSD complexes in the SPM-DRM.

The PSD-raft association is further supported by the cholesterol-depletion experiment,
where PSD-membrane sacs association is unexpectedly retained (Fig. 5B). The association
could also be supported by the general notion that membrane rafts are closely associated
with cytoskeleton, which has been visualized in the DRM at the electron microscopic level
(Suzuki et al. 2001, Olive et al. 1995, Chang et al. 1994, Bouillot et al. 1996, Lisanti et al.
1994, Nebl et al. 2002). Association with cytoskeleton has also been observed in caveolar
membranes, a specialized form of membrane rafts (Smart et al. 1995). Presence of
cytoskeleton-enriched DRM (H-DRM) (Nebl et al. 2002) and presence of many
cytoskeleton-related proteins in the DRM (Allen et al. 2007, Nebl et al. 2002, Li et al.
2004b, Shaw & Li 2003) further support linkage of PSDs with membrane rafts.

Our reconstitution experiment (Fig. 7) rules out the possibility that PSD structures
previously dissociated from membrane rafts by detergent are incorporated into DRM in the
presence of TX-100, suggesting that the raft-PSD association exists in vivo. This experiment
was not intended to address whether detergent extraction of membranes could extract
proteins from PSDs and artifactually deposit them in DRMs; rather, it was designed to test
the possibility of potential artificial contamination of membrane rafts by once solubilized,
morphologically intact PSD structures, because we observed these structures associated with
SPM-DRMs under EM. The results presented in Fig. 7 strongly suggest that such
contamination was unlikely. We also note that fusion and enlargement of raft membranes
associated with PSDs are likely to occur, as is suggested in other DRMs prepared in the
presence of detergent (Brown 2007). Formation of raft-PSD complexes in vivo suggests that
association with membrane raft domains may be necessary for PSDs to function in the
synapse in vivo.

It should be noted that some so called “PSD proteins” also reside in postsynaptic cytosolic
compartments, apart from PSDs. These extrasynaptic “PSD proteins” can also associate with
membrane raft domains if they have raft-philic properties (Brown 2007). Raft-philic “PSD
proteins” may come and go among postsynaptic rafts, PSDs, other cellular structures or
cytoplasm. Raft-philic proteins may bind to membrane rafts either directly or indirectly.
Some proteins can become raft-philic by acquiring raft-targeting motif(s), or vise versa, by
protein modifications such as palmitoylation/depalmitoylation and phosphorylation/
dephosphorylation (Besshoh et al. 2005, Palestini et al. 2000, Wong & Schlichter 2004,
Kang et al. 2008). Such modifications could shift the ratio of conventional PSD proteins
between DRMs and PSDs, and may play a role in cellular processes that mediate
development (Besshoh et al. 2007), transient global ischemia (Besshoh et al. 2005), synaptic
activation (Gil et al. 2006) and spatial memory formation (Delint-Ramirez et al. 2008).
Together, dynamic movements of raft-philic “PSD proteins” can facilitate interactions
between postsynaptic membrane rafts and PSDs in fulfilling certain cellular functions.
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In conclusion, our proteomics analysis demonstrates unique distribution profiles of large
amount of synaptic proteins in the SPM-DRM and PSD fractions. Our electron microscopic
study visualizes for the first time the raft-PSD complexes, and our in vitro reconstitution
experiments suggest that these raft-PSD complexes represent in vivo interaction. Association
of PSDs with postsynaptic membrane rafts may be necessary for the PSD to perform its
function in synaptic transmission, signaling and plasticity.
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Refer to Web version on PubMed Central for supplementary material.

Abbreviations used

CaMKIlI Ca?*/calmodulin-dependent protein kinase 1
DRM detergent-resistant membrane

m-PSD PSD prepared from SPM

PSD postsynaptic density

PTA phosphotungstic acid

SPM synaptic plasma membrane

SPM-DRM SPM-derived DRM

MBCD methyl-B-cyclodextrin

SDG sucrose density gradient centrifugation
TX-100 Triton X-100
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Fig. 1. Mass spectrometry analyses of SPM-derived DRM and m-PSD fractions

(A) Protein profiles of SPM-DRM and m-PSD fractions used for LC-MS/MS. SPM-DRM
(fraction No. 5) was prepared using 0.15% TX-100 followed by SDG. Proteins (~5 pg) were
separated by SDS-PAGE and stained with coomassie brilliant blue R-250. (B) Venn diagram
summarizing protein distributions in SPM-DRM and m-PSD fractions based on LC-MS/MS
analyses. Numbers of protein species identified and the percentages of proteins found in
both fractions are indicated.
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Fig. 2. Categorizations of SPM-DRM and m-PSD proteins

(A) Differential distributions of protein categories in SPM-DRMs and/or m-PSDs. Proteins
found only in the m-PSD (m-PSD only), only in the SPM-DRM (SPM-DRM only) and in
both fractions (Both) were classified based on their functional categories. Proteins in the
same category were grouped and represented in pie graphs. Note that proteins classified as
“Translation”, “Other compartments” and “Unclassified or Unknown” were not included.
(B) Normalized representations of various protein categories in SPM-DRM and m-PSD
fractions. Protein categories analyzed in (A) are shown. Proteins found in SPM-DRM only,
m-PSD only and both fractions are color coded. Numbers of proteins in each category are
indicated in parenthesis. CSK, P-ases and Small Gs refer to cytoskeleton, phosphatases and
small G-proteins, respectively.
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Fig. 3. Effects of increasing concentrations of TX-100 and cholesterol extraction on SDG
isolation of SPM-DRM

(A) Protein and GM1 ganglioside distributions under different concentrations of TX-100.
SPM proteins were solubilized with TX-100 at 4°C at the concentrations indicated and
subjected to SDG. Proteins separated by SDS-PAGE were silver-stained (upper), quantified
with NIH Image and the total amount of proteins in each lane is plotted (lower). Total
amounts of proteins in each of the 5 graphs were normalized to be equal for comparisons.
GM1* dot blots indicate enhanced images of the above GM1 blots by increasing exposure
time. Sucrose density is also plotted for 0.15% TX-100. (B) Comparison of protein recovery
in the pellet between 0.15% and 1% TX-100. The pellet (ppt, fraction No. 12) obtained after
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treatment with 0.15% or 1.0% TX-100 was separated on SDS-PAGE, silver-stained, and
total amount of proteins in each lane was measured by NIH Image. n = 3. (C) Effects of
MBCD (10 or 25 mM) pretreatment (prior to TX-100) on protein profiles of each fraction.
Proteins in the SDS-PAGE gel were silver-stained. CaMKIlla bands are indicated by arrows.
The experiment was repeated three times with similar results. In this and following figures,
numbers to the left of gel images indicated molecular weights in kDa. DF, dye front. Bars,
SE. * p<0.05, unpaired Student's t-test.
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Fig. 4. Distribution profiles of representative PSD proteins in the SPM-DRM at low and high
TX-100 concentrations

Proteins in the SPM fraction were solubilized with 0.15% (L) or 1.0% (H) TX-100 at 4°C
and subjected to SDG. Selected proteins were detected by Western blotting. a-IN, o-
internexin. Some of distributions after treatment with 0.15% TX-100 have been previously
reported (Suzuki et al. 2008).
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B. M{CD (10 mM) -> 0.15%TX, Fr. 8

m-PSD 0.15%TX, Fr. 12 1.0% TX, Fr. 12 1.0% OG, Fr. 12

Fig. 5. Electron microscopic observation of raft-PSD complexes and PSD fractions

(A) Electron micrographs of SPM-DRMs (fraction No. 5) obtained after 0.15% TX-100
treatment. One low (left) and six high (right panels) magnification photographs are shown.
(B) Electron micrographs of fraction No. 8 obtained after treatment of SPM with MBCD (10
mM) prior to 0.15% TX-100 treatment and SDG. (C) Electron micrographs of m-PSD
(fraction No. 12). The sharpness of images was enhanced using unsharp mask in Photoshop.
Representative electron-dense fuzzy materials, membrane sacs of various sizes, and PSD
structures are indicated by asterisks, arrowheads and arrows, respectively.
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Fig. 6. Verification of synaptic complexes in the SPM-DRM by E-PTA staining

The SPM-DRM fraction obtained as in Fig. 5 was fixed with glutaraldehyde alone and
stained with E-PTA. A low magnification (left) and four high magnification (right)
photographs are shown. Structures stained were judged to be part of synaptic complexes
(Bloom & Aghajanian 1966).
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Fig. 7. Retention of conventional PSD proteins in postsynaptic rafts is not due to the artificial
reconstitution of once-solubilized membrane components and PSD structures

(A) Protein profiles after SDG. Same amounts of SPM were treated with 0.15% TX-100 in
the presence or absence of purified PSDs followed by SDG (upper 2 panels). For this
experiment, PSD obtained by treatment of SPM with 1% octyl glucoside was used. The PSD
alone was also treated in the same way and served as a control (bottom panel). Silver
staining was carried out under approximately the same conditions. (B) Densitometric protein
profile analyses of the lanes shown in (A). Arrows indicate CaMKIlla bands. The experiment
was repeated twice with similar results.
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