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Short Communication

Attachment of the Synapse-Specific Phosphoprotein
Protein I to the Synaptic Membrane: A Possible Role of
the Collagenase-Sensitive Region of Protein I

Tetsufumi Ueda

Mental Health Research Institute and the Departments of Psychiatry and Pharmacology,
The University of Michigan, Ann Arbor, Michigan 48109, U.S.A.

Abstract: The purified synapse-specific phosphoprotein Protein I was previ-
ously shown to be degraded by a bacterial collagenase, through a series of
intermediates, to a collagenase-resistant fragment of molecular weight about
48,000 containing a phosphorylated serine residue. In this study, a purified
synaptic membrane fraction containing Protein I was treated with Cl. his-
tolyticum collagenase; membrane-bound and membrane-free proteins were
then phosphorylated using [y-**P]ATP and analyzed by SDS-polyacrylamide
gel electrophoresis and autoradiography. It was observed that Protein I bound
to the synaptic membrane was susceptible to the collagenase and degraded to
fragments of molecular weights about 68,000, 62,000, and 48,000: the 68,000
fragment remained bound to the membrane whereas the 62,000 and 48,000
fragments were dissociated from the membrane. These observations suggest
that the peptide moiety of mol. wt. 6000, present in the 68,000 fragment but
absent from the 62,000 fragment, may play a crucial role in anchoring Protein I
to the synaptic membrane. Key Words: Cyclic AMP-regulated phospho-
protein—Protein [—Synaptic membrane—Collagenase sensitivity. Ueda T.
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There is mounting evidence to suggest that cyclic nu-
cleotides and phosphorylation of specific proteins may
play important roles in the function of the nervous system
(Bloom, 1975 Daly, 1977; Greengard, 1978). Protein la
(mol. wt. = 86,000) and Protein Ib (mol. wt. = 80,000),
collectively referred to as Protein I because of highly sim-
ilar properties (Ueda and Greengard, 1977), are principal
endogenous substrates for cyclic AMP-dependent protein
kinase in subcellular fractions enriched in synaptic junc-
tional membranes (Ueda and Greengard, 1977; Kelly et
al., 1979; DeBlas et al., 1979). Recent immunocytochemi-
cal (Bloom et al., 1979) as well as biochemical (Ueda et
al., 1979) evidence indicates that Protein I is present in
the synaptic vesicle, junctional membrane, and post-

synaptic density of certain types of synapses. Purified
Protein I contains Protein Ia and Protein Ib (in an ap-
proximate ratio of 1:2), both rich in glycine and proline
and highly elongated. Both of these proteins are degraded
by collagenase to a fragment of molecular weight about
48,000, which is resistant to further degradation and con-
tains a specific serine residue phosphorylated by cyclic
AMP-dependent protein kinase (Ueda and Greengard,
1977). Recently, it was shown that Protein I comprises a
globular, collagenese-resistant region and an elongated,
collagenase-sensitive region (Ueda and Greengard, un-
published results). In view of evidence that acetylcho-
linesterase consists of a collagenase-resistant, globular
head and a collagen-like, elongated tail (Rieger et al.,
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1973; Dudai and Silman, 1974; Lwebuga-Mukasa et al.,
1976: Rosenberry and Richardson, 1977) and that the
collagenous, elongated moiety may be involved in an-
choring the enzyme to some membrane structure (Hall
and Kelly, 1971; Dudai and Silman, 1974; Lwebuga-
Mukasa et al., 1976), the possible role of the collagenase-
sensitive moiety of Protein I in anchoring Protein I to the
synaptic membrane was investigated in the present study.
The results indicate that a peptide moiety of mol. wt. 6000
present in the collagenase-sensitive region may play a
crucial role in the attachment of Protein I to the synaptic
membrane.

MATERIALS AND METHODS

Fresh bovine brains were obtained from a local
slaughter house, transported on ice to the laboratory, and
processed immediately. A synaptic membrane fraction
(lower synaptic membrane fraction) was prepared from
bovine cortex as described previously (Ueda et al., 1979).
Protein 1 was purified to apparent homogeneity from
bovine cerebral cortices by the method of Ueda and
Greengard (1977). A highly purified collagenase (Clos-
tridium histolyticum collagenase, form III) was purchased
from Advance Biofactures Corp. (Lynbrook, New York);
[v-**P]ATP (3000 Ci/mmol) from New England Nuclear
(Boston, Massachusetts): ATP from Sigma Chemical
Company (St. Louis, Missouri); isobutyl methylxanthine
from Calbiochem (San Diego, California); and sucrose
from Fisher (Pittsburgh, Pennsylvania). The synaptic
membrane fraction (550 pug) was incubated at 30° in the
absence or presence of collagenase (32 or 320 units) in
12.5 mm-Tris-HCI (pH 7.4) buffer containing 6 mM-CaCl,
(final volume, 0.2 ml). After 5 or 10 min, the incubation
mixture was chilled to 0° and immediately centrifuged at
150,000 x g for 30 min at 4°; both the pellet and superna-
tant fractions from the treated membrane fraction were
used in phosphorylation reactions. The resulting pellet
was suspended in 0.2 ml of distilled water and aliquots (30
ub) were incubated at 30° for 10 s in the absence or pres-
ence of 10 uM cyclic AMP, in the presence of 50 mMm-
sodium morpholinoethane sulfonate (MES) buffer (pH
6.2), 10 mM-MgCl,, 1 mM-isobutyl methylxanthine, and 4
uM-[y-2P]ATP (15 Ci/mmol, pH adjusted to 7.0 with Tris
base). Aliquots (30 wl) of the resulting supernatant frac-
tion were incubated at 30° for 30 min, in the absence or
presence of 10 uM cyclic AMP, in the presence of 50
mM-sodium 4-(2-hydroxyethyl)-1-piperazineethane sulfo-
nate (HEPES), 10 mM-MgCl,, 5 units of Protein I kinase
[prepared from bovine brain through step 3 of the proce-
dure of Uno et al. (1977)], and 1 uM-[y-**P]ATP (15 Ci/
mmol, pH 7.0). The phosphorylation reactions were ter-
minated by the addition of 50 ul of “*sodium dodecyl sul-
fate (SDS) stop solution™ containing 9% SDS, 6% S-
mercaptoethanol, 15% glycerol, and a small amount of
bromphenol blue dye in 0.186 Mm-Tris-HCI (pH 6.7). The
phosphorylated proteins were separated by SDS-
polyacrylamide gel (6.9%) electrophoresis and visualized
by autoradiography, as described previously (Ueda and
Greengard, 1977). Protein was determined by the method
of Lowry et al. (1951) with bovine serum albumin as pro-
tein standard.
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RESULTS AND DISCUSSION

The synaptic membrane fraction was first treated with a
highly purified collagenase, and membrane-bound and
membrane-free proteins including fragmented polypep-
tides were then subjected to phosphorylation by endoge-
nous kinase and exogenous kinase, respectively, in the
presence of [y-**P]ATP. Preliminary studies indicated
that collagenase-fragmented polypeptides derived from
purified Protein I retained the ability to serve as substrate
for cyclic AMP-dependent protein kinase. Collagenase-
catalyzed proteolysis of phosphorylatable proteins in the
synaptic membrane fraction is shown in Fig. 1. Cyclic
AMP markedly stimulated the phosphorylation of Protein
Ia (mol. wt. = 86,000). Protein Ib (mol. wt. = 80,000).
Protein Ila (mol. wt. = 56,000), Protein IIb (mol. wt. =
52,000), and two additional proteins (mol. wt. = 76,000
and 65,000) by endogenous protein kinase(s) (Fig. 1, A or
B, lanes 1 and 2; Lohmann et al., 1978). In addition, mod-
erate stimulation by cyclic AMP was observed on a
number of other proteins which have molecular weights
higher than those of Proteins Ia and Ib. Among the phos-
phorylatable proteins, Proteins Ia and Ib were the most
sensitive to the collagenase treatment; both of these pro-
teins bound to the membrane were degraded, as were
highly purified Proteins Ia and Ib, through intermediate
polypeptides, designated fragment I, (mol. wt. = 68,000)
and fragment I, (mol. wt. = 62,000) to an apparently
collagenase-resistant fragment, fragment I,; (mol. wt. =
48,000). Although the 65,000 protein and some minor
phosphoproteins of high molecular weights were also sus-
ceptible to collagenase to some degree, the 76,000 pro-
tein, Proteins Ila and Ilb, and other minor phosphopro-
teins in the synaptic membrane fraction were virtually
resistant to the collagenase treatment (compare lane 2 and
lane 4 in Fig. 1, A or B). Moreover, collagenase had no
significant effect on any of the proteins, except on Pro-
teins Ia and Ib, which were visualized by Coomassie blue
staining (Fig. 1, B, lower part).

The observation that membrane-bound Proteins Ia and
Ib accepted phosphate from exogenously added ATP and
were accessible to the action of collagenase indicates that
the phosphate-accepting moiety of these proteins which is
collagenase-resistant and the collagenase-sensitive
moiety are both exposed to the exterior of the membrane.
This is compatible with the notion that Proteins Ia and Ib
in the synaptic membrane are “‘extrinsic protein,”’ a no-
tion based upon the observation that these proteins were
easily extracted from the membrane with EGTA or salts
such as NH,Cl (Ueda and Greengard, 1977; Ueda et al.,
1979).

It may be noted that when membrane-bound Proteins la
and Ib were degraded to fragment I or fragment I,
these fragments were readily released from the mem-
brane, while fragment s remained bound to the mem-
brane (compare lane 4 and lane 8 in Fig. 1, A). Fragment
Iss present in the supernatant (Fig. 1, A, lane 8) might
have derived from small amounts of Proteins la and Ib
initially present in the supernatant (Fig. 1, A, lane 6), or it
may be fragment Iy, released from the membrane, or may
represent botli. In either case, the amount of membrane-
bound form is greater than that of membrane-free form
(compare lane 4 and lane 8 in Fig. 1, A), indicating that
fragment I, like Proteins Ia and Ib, has a strong affinity
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A Incomplete Fragmentation
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FIG. 1. Fragmentation by collagenase of Protein la and Pro-
tein Ib in a synaptic membrane fraction, and subsequent re-
lease of their fragments from the membrane. A synaptic
membrane fraction [lower synaptic membrane fraction of
Ueda et al. (1979)] was treated with (lanes 3, 4, 7, 8) or without
(lanes 1, 2, 5, 6) collagenase (A, 32 units, 5 min; B, 320 units,
10 min), and centrifuged at 150,000 x g for 30 min.
Membrane-bound (lanes 1—4) and membrane-free polypep-
tides were phosphorylated by endogenous and exogenous
protein kinase, respectively, separated by SDS-gel electro-
phoresis, and visualized by autoradiography (A; B, upper
part), and Coomassie blue staining (B, lower part), as de-
scribed in Materials and Methods. The phosphorylation reac-

B Extensive Fragmentation
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tion was carried out in the absence (—) or presence (+) of cyclic AMP. Cont, control; Coll, collagenase-treated. Purified [*P]-
phosphoprotein | (Pl) and various phosphopeptide fragments——fragment I, fragment ls,, and fragment 1,5, which were made by
a collagenase treatment of [*2P)phosphoprotein I—were included as markers (lanes 9 and 10).

for the membrane. On the contrary, in the case of frag-
ment Iy, the amount of membrane-free form was far
greater than that of membrane-bound form (compare lane
4 and lane 8 in Fig. 1, A), indicating that fragment Iy, has
lost, or been substantially reduced in, the ability to bind
to the membrane, a property which was possessed by its
precursors, fragment I, Protein Ia, and Protein Ib. By a
similar argument, it can also be concluded that fragment
1,4 has little ability to bind to the membrane (compare lane
4 and lane 8 in Fig. 1, A or B). Little or no fragment I,
was found in the supernatant under the conditions that
allowed extensive proteolysis (Fig. 1, B, lane 8). This is
most likely due to further conversion of fragment I, to
fragment 1.

The argument above is summarized schematically in
Fig. 2. Although kinetic constants for each step are yet to
be determined, the scheme suggests that the peptide moi-
ety of molecular weight about 6000, which is contained in
fragment I but is excluded from fragment I,, may play a
crucial role in anchoring Protein I to the synaptic mem-
brane (or a membrane-bound specific protein). The 6,000
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peptide is likely to have the sequences NH,-Gly-Pro-Y at
the NH, terminal and Pro-X-COOH at the COOH termi-
nal (where X and Y can be any amino acid), since Clos-
tridium histolyticum collagenase (form III, which was
used in the present study) is known to cleave specifically
the amide bond between X and Gly of the sequence Pro-
X-Gly-Pro-Y present in collagen to Pro-X-COOH and
NH,-Gly-Pro-Y (Harper and Kang, 1970; Lwebuga-
Mukasa et al., 1976).

The observations reported here suggest that the
collagenase-sensitive region of Protein I contains a frag-
ment of mol. wt. 6000, which appears to be essential for
the attachment of Protein I to the synaptic membrane.
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FIG. 2. Diagram indicating steps through
which membrane-bound Proteins la and
Ib are converted to membrane-free frag-
1 ment |, This diagram was made based

upon the observation shown in Fig. 1.
T Heavy arrows indicate collagenase-

catalyzed proteolytic steps. Light arrows
indicate dissociation and association of
the polypeptides from and to the mem-
brane.
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