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Abstract

The signal transduction through tyrosine kinases play important roles in neuronal development and synaptic regula-

tion. We carried out immunoblot analyses to study tyrosine-phosphorylated proteins in the rat cerebellar postsynaptic

density (PSD), a protein-rich cytoskeletal specialization underlying beneath the postsynaptic membrane. The overall

protein composition of cerebellar PSD fractions was similar to that of the forebrain’s and only a few bands were

different in Coomassie stain. Immunoblot analyses with phosphotyrosine-specific antibody (4G10) showed that there

are many more tyrosine-phosphorylated proteins in the cerebellar PSD than in the forebrain PSD. Interestingly, a ma-

jor phosphotyrosine signals in cerebellar PSD fractions was associated with a 50 kD molecular size, named as
PSD-50. Migration of PSD-50 coincided with that of «CaMKII and remained in the pellet fraction after N-octylgluco-
side extraction. These results indicate that tyrosine phosphorylation is important in cerebellar synaptic regulation and

that the PSD-50 may be same as aCaMKII or a new protein which is a major substrate of tyrosine kinase.
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Introduction

Synapses are special structures through which neurons
communicate. In the central nervous system (CNS), the
synaptic transmission is highly regulated and the effi-
cacy of synaptic transmission can be modified depen-
ding on how a certain synapse is used. Tight regulation
of synaptic signal transmission is essential for normal
brain function and deregulation of this process underlies
many neuronal diseases!”?.

A prominent structure in the CNS synapse is the pos-
tsynaptic density (PSD). PSD is a protein-rich complex
that tightly adheres to the postsynaptic membrane ap-
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posed to the active zone in the presynaptic membrane®.
The PSD is especially well developed in excitatory CNS
synapses®. Although the molecular composition of the
PSD is very limited, several functions of the PSD were
proposed including regulation of adhesion of pre- and
postsynaptic membranes, receptor clustering and func-
tions®. It is crucial, however, to identify the molecular
components of the PSD in order to understand its func-
tion. Since biochemical methods for preparation of a
PSD-enriched fraction were developed, immunoblot stu-
dies revealed that the cytoskeletal proteins tubulin, ac-
tin, and fodrin are among the most prominent proteins

in the PSD fraction (see a review by Gurd®). A wide
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variety of regulatory enzyme activities have also been ob-
served in the PSD fraction, including calmodulin-dependent
cyclic nucleotide phosphatase and protein kinase activities,
as well as cAMP-dependent protein Kinase activity®. Rece-
ntly, protein microsequencing and molecular cloning tech-
niques have been imployed to identify PSD proteins. The
first protein identified by these techniques was the subunit
of the type II calcium/calmodulin-dependent protein kinase
(CaMKID)"~®. The CaMKII is enriched in the core fraction
and has been localized to the PSD by immunoelectron mi-
croscopy”. CaMKII mediates signal transduction in respo-
nse to calcium influx at the synapse and is important for
synaptic plasticity”. A second PSD protein identified was
PSD-95'”, a novel brain-specific protein with significant
homology to the Drosophila discs-large protein (dig)'". It
is also localized to the PSD by immunocytochemistry®®. A
third core PSD protein was the 2B subunit of the NMDA
receptor (NR2B), which is the major tyrosine-phosphory-
lated protein in the PSD fraction'®, Results so far reinforce
that the PSD is a dynamic structure involved in synaptic
regulation.

On the other hand, high levels of protein-tyrosine ki-
nases in the CNS have suggested that tyrosine phospho-
rylation is involved in regulations of neural development
and synaptic transmission'®. Long-term potentiation
(LTP), a persistent increase in synaptic efficacy, was

blocked by tyrosine kinase inhibitors'®

, and was impai-
red in fyn-deficient mutant mice'®. Furthermore, activa-
tion of NMDA receptors stimulated protein tyrosine

phosphorylation'”.

These results indicate that signal
transduction through tyrosine phosphorylation is impor-
tant in synaptic regulation and prompted us to search
the target proteins downstream of tyrosine kinases.
Here, we report that a major tyrosine-phosphorylated
protein in cerebellar PSD fraction is tightly associated

with PSD and migrates with aCaMKIL
Materials and Methods

Antibodies
The monoclonal antibody specific for phosphotyrosine

[4G10] was purchased from Upstate Biotechnology
(Lake Placid, New York, USA) and the monoclonal an-
tibody for CaMKII was kindly provided by Dr. Mary
Kennedy, California Institute of Technology, Pasadena,
California.

Subcellular fractionation
The PSD fractions were prepared according to Carlin

et al'®

with some modifications. After decapitation, rat
brains were isolated and the cerebellums were dissected
out. Synaptosomes, prepared from cerebellar homogenate
through discontinuous sucrose gradients, were treated
with 0.5% Triton X-100 at 40C for 15 min, and cent-
rifuged at 36,800Xg for 30 min at 4C. The pellet
[PSD fraction] was resuspended in 40 mM Tris-Cl (pH

8.0).

Extraction of PSD fraction with N-octylglucoside
(NOG)

PSD fractions were adjusted to a final concentration
of 1% NOG, and mixed at 4C for 30 min in a tumbler.
The solution was centrifuged at 36,800Xg for 30 min
at 4T and the pellet fraction, resuspended in 40 mM
Tris-Cl, pH8.0, and supernatant were stored at —70C.

Immunoblots

After electrophoresis the proteins were transferred to
nitrocellulose (NC) and immunoblotted according to
Cudmore and Gurd'® with phosphotyrosine-specific
monoclonal antibody (4G10) (at 1 : 2,000 dilution) or
an aCaMKII antibody. Color was developed by incuba-
tion with AP-conjugated secondary antibodies according
to the supplier’s instructions.

Analytical methods
Protein was assayed by the method of Peterson.
SDS-polyacrylamide gel electrophoreses were performed

according to the method of Laemnli*"’

and the proteins
were visualized by staining with Coomassie R-250 (Bi-

oRad).
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Results

Protein composition of the cerebellar PSD fraction

The PSD is a protein-rich complex. In order to find
the protein components of the PSD, we isolated PSD
fractions from the fresh rat cerebellum and separated in
a 6% SDS-gel. About 0.5 mg of PSD could be obtained
from 1 g of fresh cerebellum. The PSD represents 0.05
% of the brain tissue. Coomassie stain of the SDS-gel
revealed about 50 distinct bands above smear backg-
round (Fig.2). The overall profile was similar to that of
the forebrain PSD fractions (see Fig.2), and some pro-
tein bands such as fodrin, NMDA receptor subunits, he-
xokinase, actin, and CaMKII could be identified by mo-
lecular sizes and band intensities. However, the band in-
tensity of CaMKII was significantly lower in cerebellar
PSD than in forebrain PSD fraction (Fig.1 and Fig.2).

Tyrosine-phosphorylated proteins in the cerebellar
PSD fraction

In order to understand and compare the composition

Fig. 1. An electron micrograph of a cerebellar synapse
showing the postsynaptic density (arrowhead).
At, axon terminal ; SP, spine. Adapted from Pe-

ters et al.®.
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Fig. 2. An electrophoretic profile of cerebellar PSD pro-
teins. The cerebellar PSD fraction (40 yug) was
electrophoresed in a 6% SDS-gel and stained with
Coomassie blue R-250. NMDAR, NMDA recep-
tor 5 HK, hexokinase ; «CaMKII, o subunit of cal-
cium/calmodulin-dependent protein kinase II. Mo-
lecular sizes in kilodaltons are shown at left.

of tyrosine phosphorylated proteins in the cerebellar
PSD fraction with that of forebrain PSD, we carried out
immunoblot analyses of the PSD fractions with phos-
photyrosine-specific antibody (4G10). Fig. 2 shows
that there are many more tyrosine-phosphorylated pro-
teins in the cerebellar PSD than in the forebrain PSD.
At the position of NMDA receptor subunit 2B (NR2B),
which is the major tyrosine phosphorylated protein in
the forebrain PSD'?, there did not appear a major im-
munoblot signal in the cerebellar PSD, indicating that ei-
ther NR2B is not present in large amount or not tyro-
sine-phosphorylated as intensely as in forebrain. Interes-
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tingly, a major phosphotyrosine signals was detected
with a 50 kD molecular size (arrowhead). We named
this protein as PSD-50. This position coincided with
that of aCaMKII. However, the immunoblot signal in
cerebellum was stronger than that of forebrain, while
the band intensities of Coomassie stain were reverse.
Thes results indicate that the responsible protein is dif-
ferent from aCaMKIL
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Fig. 3. Tyrosine-phosphorylated proteins in cerebellar
and forebrain PSD fractions. Forebrain (FB) and
cerebellar {Cb) PSD fractions (each 40 pg) were
electrophoresed in 6% SDS-gels and either stai-
ned with Coomassie dye (left panel) or transfer-
red to NC and immunoblotted with phosphoty-
rosine-specific antibody (right panel). A major
tyrosine-containing protein (PSD-50) was indi-
cated in both panels (arrowheads). Molecular
sizes are shown in kilodaltons at left.

Assaociation of PSD-50 with N-octylglucoside
(NOG)-insoluble fraction

The PSD is composed of ‘core’ and ‘associated’ pro-
teins. The core proteins are tightly aggregated each other
and are not easily solubilized in a moderately harsh de-
tergent such as Triton X-100 and NOG. To see if the
PSD-50 is a core protein, the PSD fraction was treated
with a final 1% NOG. The NOG-soluble (NOG-S) and

-insoluble (NOG-P) fractions were separated in a 6%
SDS-gel and immunoblotted with phosphotyrosine-speci-
fic antibody. Fig.4 shows that the PSD-50 is associated
with the NOG-P fraction along with most other tyrosine
phosphorylated proteins.

R O
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Fig. 4. Association of PSD-50 with NOG-insoluble frac-
tions. PSD fractions were treated with 1% NOG
and pellet (NOG-P) and supernatant (NOG-S)
were separated by ultracentrifugation. Each 40
g and PSD fraction were electrophoresed and
immunoblotted with a phosphotyrosine-specific
antibody as in Fig. 3. A major phosphotyrosine-
containing protein, PSD-50, was indicated as an

arrowhead.
Discussion

In this report we have shown that 1) the overall SDS-
PAGE profile of proteins in cerebellar PSD fractions is
similar to that of forebrain PSD fractions, but differ in
a few protein bands including about 50 kD band, 2)
the major tyrosine-phosphorylated protein bands are di-
fferent each other, 3) the major cerebellar tyrosine-pho-
sphorylated protein band, PSD-50, comigrates with
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aCaMKI, and 4) the PSD-50 is associated with
NOG-insoluble fractions.

The PSD may have some molecules important in sy-
naptic regulation®”. Although cytoskeletal proteins such
as actin, tubulin, and fodrins are known to constitute
major components in PSD fractions®, other molecules
important in synaptic signal transduction were recently
identified. Recently identified PSD proteins that may be
important in synaptic regulations are 1) aCaMKII”, the
major PSD protein essential for induction of long-term
potentiation of synaptic transmission”” %, 2) PSD-95, a
homolog of the Drosophila discs-large tumor suppressor
protein’®~', 3) the NMDA receptor subunit 2B (NR2
B)'®, 4) densin-180, a new brain-specific synaptic pro-
tein of the O-sialoglycoprotein family®®. Recently, PSD-
95 has been shown to bind directly to the NMDA rece-
ptor subunit 2B (NR2B) through the second PDZ do-
main®®. The NR2B is highly enriched and is the major
tyrosine-containing protein of the forebrain PSD fraction
' However, although tyrosine phosphorylation is imp-
lied in receptor clustering and localization at specific sy-
napses?), little is known about other tyrosine-containing
proteins in the PSD fraction.

Tyrosine phosphorylation has been shown to play
major roles in the regulation of cellular growth, prolife-
ration, and differentiation'*. Tyrosine phosphorylation
is also involved in the regulation of neuronal processes.
Moreover, high concentrations of tyrosine kinases and
their substrates at synapses suggest that tyrosine phos-
phorylation may regulate synaptic transmission®®. The
NMDA receptor, a subtype of glutamate receptors, is
major Ca®>" channels in the postsynaptic membrane. Af-
ter NMDA activation, calcium entry through NMDA re-
ceptors into the postsynaptic neuron is a critical event.
Bading and Greenberg'” reported that stimulation of
cultured rat hippocampal cells resulted in the rapid and
transient tyrosine phosphorylation of a 39-kD protein
(p39), indicating tight regulation of tyrosine phosphor-
ylation in synaptic regulation.

202/ 928437

Moon et al.'® reported that the NMDA receptor su-
bunit 2B {NR2B), which is highly enriched in the PSD
fraction, is the major tyrosine-containing protein in the
forebrain PSD fraction. The tyrosine phosphorylation of
NR2B, however, occurred at an early stage of neuronal
development®®, suggesting that tyrosine phosphorylation
of NR2B may be involved in neuronal development or
synaptogenesis of certain synapses. Studies on other su-
bstrate proteins for tyrosine kinases are very limited.
This report shows that tyrosine phosphorylation of pro-
teins in cerebellar PSD fractions is significantly different
from that of the forebrain PSD fraction. In overall pro-
file, tyrosine-containing proteins in the cerebellum was
more abundant in number, indicating that synaptic re-
gulation between cerebellum and forebrain are quite dif-
ferent. Our result shows that the major tyrosine-contai-
ning protein in the cerebellar PSD fraction is a 50 kD
protein, which we named PSD-50. In the forebrain PSD
fraction, the major tyrosine-containing protein was the
180 kD NR2B'. The 180 kD region in cerebellar PSD
lane of SDS-PAGE, however, did not show any major si-
gnal with phosphotyrosine-specific antibody, suggesting
that the NR2B is not the major tyrosine-containing pro-
tein in the cerebellar PSD. In addition, the amount of
NR2B in the cerebellar PSD fraction was minimal (un-
published result). The major phosphotyrosine protein
band, PSD-50, in cerebellum comigrated with aCaMKIL
However, the PSD-50 may not be CaMKIl, because the
signal strength with phosphotyrosine-specific antibody
was stronger in cerebellum despite less amount of aCa-
MKII in cerebellum. The result strongly indicates that
PSD-50 is different from CaMKIL Further studies are
necessary. to identify the PSD-50.
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