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P13s«ct Associates with a cdc2-Like Kinase in a Multimeric
Cytoskeletal Complex in Squid Axoplasm
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P13=w<' sepharose-conjugated beads were used to extract
the kinases that phosphorylate neurofilaments in the squid
giant axon. Using Western blots and in vitro kinase assays,
we demonstrated the presence of an active cdc2-like ki-
nase and its putative regulators such as cyclin E, p13, and
p67 in axoplasm and a P13-axoplasm complex (P13—Ax).
Protein kinase A (PKA) and casein kinase (CK) | and Il were
also found in the P13—Ax. Western blot analysis of the P13-
Ax also demonstrated several axonal cytoskeletal compo-
nents; e.g., neurofilaments (NFs; NF 60, 70, and 220), tu-
bulin, actin, and microtubule-associated proteins. NF 220
and tubulin were phosphorylated by the kinases in the
P13-Ax. To determine whether NFs bound directly to the
P13 beads, or bound indirectly by association with cdc2
kinase, a washed, axon-derived neurofilament preparation
that contained NFs, PKA, CKI, and tubulin, but no cdc2-like
kinase, yielded no bound proteins after incubation with
P13s=u<', The wash supernatant from the neurofilament prep-
aration, however, containing the cdc2-like kinase, did yield
cytoskeletal components that bound to P13='>', Moreover,
a bacterial-expressed cdk5 associated with P13 beads was
able to complex with selected cytoskeletal components in
the washed neurofilament preparation. These data indicate
that direct binding of P13 beads with a cdc2-like kinase
could extract active multimeric complexes composed of
axonal cytoskeletal proteins and kinases. Application of
P13 chromatography may be useful in characterizing the
network of functional interactions among cytoskeletal ele-
ments and protein kinases in neurons.

[Key words: P13su, cdc2-like kinase, cytoskeleton, neu-
rofilament, tubulin, axon]

The cdc2 genes, identified in yeast, code for protein kinases that
regulate the cell division cycle (Myerson et al., 1992). The
p34«</cyclin B complex is a key player whose activity is reg-
ulated by the product of a yeast gene, known as P13¢' (Bailly
et al.,, 1989; Moreno et al., 1989; Jessus et al., 1990). P13su!
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directly binds to the P34«</cyclin B complex with high affinity
(Brizuela et al., 1987; Draetta and Beach, 1988; Dunphy et al.,
1988) and when conjugated to sepharose beads, it has been use-
ful in isolating various cdc2 kinases from mitotic cells (Dunphy
et al., 1988; Gabrielli et al., 1992; Yamashita et al., 1992). Cdc2-
related kinases are also present in neurons (Hellmich et al., 1992;
Lew et al., 1992a,b; Mawal-Dewan et al., 1992; Shetty et al.,
1993; Tsai et al., 1993). Among them, cdk5 and tau protein
kinase can phosphorylate neurofilaments (NFs) and the micro-
tubule-associated protein, tau, at KSPXK sites similar to the
cde2 kinase consensus motif (Lew et al., 1992b; Hisanaga et al.,
1993; Shetty et al., 1993). Even a cdc2 kinase from starfish
oocytes can phosphorylate the dephosphorylated mammalian
heavy subunit of neurofilament (NF-H), which dissociates it
from microtubules (Hisanaga et al., 1991).

Neurofilaments, microtubules (MTs), and microfilaments
(MFs), together, form an interacting, dynamic neuronal cyto-
skeleton involved in axon outgrowth, axonal transport, and syn-
aptic transmission (Leterrier et al., 1982; Hirokawa, 1991; Mi-
yakawa et al., 1993). The relative phosphorylation states of these
molecules, regulated by various protein kinases (Toru-Delbauffe
et al., 1986; Wible et al., 1989; Clark and Lee, 1991) and phos-
phatases (Sacher et al., 1992), modulate cytoskeletal interactions
and neuronal functions. However, their mechanisms of interac-
tion are still unresolved.

To explore the mechanisms underlying the dynamics of the
axonal cytoskeleton, we have used the squid giant axon because
large amounts of pure axoplasm can be prepared without con-
tamination from plasma membranes or Schwann cells (Pant et
al., 1986). Squid axoplasm contains NF60, NF70, and NF220
proteins and a high molecular weight subunit (HMW); the latter
two are highly phosphorylated in the axon and dephosphorylated
in the cell body (Cohen et al., 1987). Among the several kinases
phosphorylating NFs in squid axoplasm, casein kinase (CK) I
was found to be intimately associated with isolated NFs (Floyd
et al., 1991). Though this kinase can phosphorylate serine resi-
dues flanked by acidic amino acids, it does not phosphorylate
the proline-directed serine residues, such as the XSPXK/R motif
that is the most common phosphorylation site in the C-terminal
“tail” region of NF220 (Way et al., 1992). To determine whether
squid axoplasm contained a cdc2-like kinase that can phospho-
rylate these sites, we used P13 conjugated beads to extract such
kinases. We found that P13 associated not only with a neuronal
cdc2-like kinase, but also with cytoskeletal components such as
NFs, MTs, and MFs, and their associated kinases.



Materials and Methods

Materials. P13+ agarose conjugated beads (P13 beads) were purchased
from Upstate Biotechnology Inc. (UBL; Lake Placid, NY). Antibodies
(Ab); Monoclonal « and B tubulin Abs, monoclonal actin Ab, and
monoclonal MAP 1A, MAP 1B, and MAP 2 Abs were purchased from
Amersham (Chicago, IL). Monoclonal tau Ab was obtained from Boeh-
ringer-Mannheim (Indianapolis, IN). Monoclonal antibodies to cyclin
B1 and E were obtained from Santa Cruz (Santa Cruz, CA), and a
polyclonal Ab to P13 and monoclonal cyclin D1 Ab were from Onco-
gene (Cambridge, MA). Polyclonal Ab to the squid neurofilament N-ter-
minal peptide (NF-NT, identical in all NFs) was made in the rabbit
(Grant et al., 1995). Polyclonal Abs to bovine CKI and CKII were gifts
from Dr. M. Dahmus (Dahmus, 1981) and polyclonal Ab to the cdc2
kinase was a gift from Dr. G. Draetta (Draetta et al., 1987). Alkaline
phosphatase-conjugated goat anti-mouse IgG, goat anti-rabbit IgG and
goat anti-rat IgG were purchased from Kirkegaard & Perry (Gaithers-
burg, MD).

Radioactive adenosine 5'-trisphosphate [y-?P]ATP, with a specific
activity of 7000 Ci/mmol was purchased from ICN Biomedics (Costa
Mesa, CA). Tubulin was a gift from Dr. R. Sloboda (Dartmouth Col-
lege). ATP, Histone (Type I1IS), dephosphorylated a-casein, and heparin
were purchased from Sigma (St. Louis, MO). Staurosporine was pur-
chased from Kyowa (Japan), PKA inhibitor (PKI 5-24) from Peninsula
Laboratories (Belmont, CA), and protein kinase C inhibitor (Peptide
PKC 19-36) from GIBCO BRL (Grand Island, NY). All other reagents
used were of analytical grade.

Preparation of the P13—axoplasm complex. Sea urchin (Arbacia) and
squid (Loligo pealei) were obtained at the Marine Biological Labora-
tory, Woods Hole, MA. Axoplasm was extruded from giant axons of
freshly decapitated squid as mentioned previously (Cohen et al., 1987).
Extruded axoplasm was quickly frozen on dry ice and stored at —80°C
until used. Axoplasm from 30 axons (150 pl) was diluted and mixed
in 1 ml of extraction buffer: PBS containing 0.5% Nonidet P-40, 1 mm
PMSE 1 pg/ml leupeptin, 5 pg/ml aprotinin, 5 mm MgCl,, 10 mm
3-phosphoglycerol and 10 mMm potassium fluoride (KF), and homoge-
nized. Previous studies have shown that this buffer has no effect on
kinase activities (Pant et al., 1986; Brizuela et al., 1987). After centrifu-
gation at 10000 X g at 4°C for 20 min, the supernatant (1.5 mg/ml
protein) was mixed with 100 pl of P13 beads prewashed in extraction
buffer. After rocking at 4°C for 2 hr, the beads were collected by a
quick spin and washed four times in PBS containing 1% Triton X and
10% glycerol (wash buffer). Finally, the beads were diluted in 300 wl
of PBS. As a control, we used albumin agarose conjugated beads (Sig-
ma) mixed with the same amount of axoplasm and carried through the
procedure as above.

Sea urchin eggs and sperm were collected after injection of animals
with 0.5 M KCIl. The eggs were washed three times in sea water and
fertilized at 16°C and allowed to develop for 3 hr. The cleaving eggs
were collected by decanting, 5 ml of the suspension was resuspended
in 20 ml extraction buffer and homogenized. After removal of insoluble
components by centrifuging at 10000 X g at 4°C for 30 min, the su-
pernatant was stored at —80°C until used. The supernatant (1 ml) was
incubated with 100 pl P13 beads, prewashed in extraction buffer, and
treated as above.

SDS-PAGE and Western blots. SDS-PAGE was performed according
to the methods of Laemmli (1970). Ten microliter samples with total
protein as follows: axoplasm, 15 pg; P13—-Ax, about 6 pg; P13 beads
alone, about 1 pg; albumin—axoplasm complex, less than 1 pg, P13-
sea urchin embryo complex, about 6 pg protein, were loaded on a 10%
SDS-polyacrylamide gel. Before loading on the gel, the beads were
removed by centrifugation in SDS-PAGE sample buffer. Gels were
stained with 0.2% Coomassie brilliant blue R in 10% acetic acid, 50%
methanol for 1 hr, and destained in several changes of 10% acetic acid,
50% methanol. Some gels were stained with silver as described previ-
ously (Sasse and Gallagher, 1994).

Western blots were performed after electrophoretic transfer of pro-
teins from the 10% SDS-acrylamide gel onto PVDF membranes. The
transfer was carried out for 1.5 hr at 16°C, 150 mA. The membrane
was blocked for 2 hr at room temperature (RT, 24°C) in 20 mM Tris-
HCI, pH 7.4, 150 mm NaCl, 0.2% Tween 20 (TTBS), and exposed to
the first antibody for 2 hr at RT. Antibodies to each of the following
proteins were diluted with TTBS as follows: MAP 1A, MAP 1B, MAP
2, Cyclin B1, D1, E, and P13, 1: 100; tau, 1:200; NF-NT, « and 8
tubulin, actin, CKI, CKII and p67, 1:1000; cdc2 kinase, 1:5000. After
incubation, the membranes were washed four times in TTBS for 15 min
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each, followed by incubation in the phosphatase-labeled secondary an-
tibody (diluted 1:2000) for { hr at RT. The membranes were washed in
TTBS four times as above and developed with 5-bromo-4-chloro-3-
indolyl phosphate/nitro blue tetrazolium (BCIP/NBT, Kirkegaard & Per-
ry).

Protein kinase activity. Protein kinase activities of the various sam-
ples (diluted P13 beads or albumin beads) were assayed according to
the procedure described previously (Floyd et al., 1991). Samples (5 pl
with approximately 3 pg protein) were incubated in a final total volume
of 100 wl containing 50 pl of 2X phosphorylating buffer (40 mm Tris-
HCI pH 74, 2 mm EGTA, 2 mm EDTA, 20 mm MgCl,, 2 mm DTT,
and 0.2 pMm Okadaic acid), and 10 pl of exogenous substrate (histone
H1, casein, actin, or tubulin at 5 mg/ml). The reaction was initiated by
the addition of 10 l of 0.01 pCi [y-2PJATP (500 pum) and incubated
for 45 min at RT. A 40 pl aliquot was removed from the incubation
mixture and rapidly applied to a piece of P81 phosphocellulose paper.
Following extensive washing of the papers in 75 mM phosphoric acid,
32P incorporation into substrates was determined by liquid scintillation
counting. In each case, the background counts (in the absence of kinase
or substrates) were subtracted from the total.

For autoradiography, 10 ! of reaction mixture were analyzed by 10%
SDS-PAGE. *?P-labeled bands were visualized by autoradiography us-
ing Kodak X-Omat AR film and intensifying screens.

Preparation of neurofilaments. Neurofilaments were prepared as pre-
viously described (Cohen et al., 1987). In brief, axoplasm from eight
axons (40 wnl) were suspended in 500 ul of 10 mm HEPES, pH 7.4,
455 mMm KE 1 mm EDTA, 1 mm EGTA, 1 mm PMSE 1% Triton X,
and 10 pg/ml leupeptin (high-salt buffer). After 30 min incubation at
4°C, NFs were pelleted by centrifugation at 10000 X g for 30 min. This
pellet was called an NF preparation. The NF preparation (unwashed
NFs) was washed twice with 300 pl of 200 mm HEPES, pH 7.4, 1 mm
PMSE 1 mm DTT, 10 pg/mi leupeptin (medium-salt buffer). After cen-
trifugation at 10000 X g for 30 min, the NF pellet (washed NFs) and
supernatants were collected. The combined supernatant was called the
NF wash. The NF pellet was then resuspended in 500 pl of 20 mm
Tris, pH 7.4, 1 mm EDTA, 1 mm EGTA (low-salt buffer), centrifuged
at 10000 X g for 30 min at 4°C, and the supernatant, called the NF
solution, was collected. One hundred microliters of either the NF so-
lution or NF wash was incubated with 50 ul of P13 beads and 600 ul
of extraction buffer.

Expression and purification of ¢dk5. Plasmid pLD101 (Mantile et al.,
1993) was a gift from Dr. Mukherjee (NICHD, NIH). A full-length cdk5
(nclk) construct in PET-22b was kindly provided by Dr. Shaw (Univer-
sity of Florida). Competent cells DH5a®™ and BL21(DE3) were pur-
chased from GIBCO BRL and Novagen (Madison, WI), respectively.

All recombinant DNA manipulations were performed according to
standard techniques (Maniatis et al., 1982). Plasmids were prepared us-
ing Promega’s Wizard Miniprep DNA purification system. Restriction
enzymes, T4 DNA ligase were purchased from New England Biolabs
(Beverly, MA) or Boehringer—-Mannheim. The plasmid from
cdk5(nclk)/PET-22b was digested with Ncol and Hindlll, extracting a
950 base pair (bp) DNA fragment. This 950 bp fragment was purified
and subcloned into Ncol and HindIIl digested pLD101, generating
pCNH101. The positive clone was transformed into BL21 (DE3) com-
petent cells for expression.

Strain BL21 (DE3) harboring pCNH101 was grown at 37°C in LB
medium supplemented with ampicillin (50 pg/ml) to an A650 at 0.5—
0.6. At this stage, isopropyl-B-D thiogalactopyranoside (IPTG) was add-
ed at 0.45 mmM final concentration for induction of the cdk5 gene, and
cells were grown further for 3 hr and harvested by centrifugation and
the pellet was frozen at —20°C. The expression was checked by running
the samples on 10% SDS-PAGE. The results indicated that expressed
cdk5 was not in the soluble fraction but in the inclusion bodies (data
not shown).

Inclusion bodies were isolated from the frozen pellet by the method
of Buchner et al. (1992). Denaturing and renaturing procedures were
slightly modified. The inclusion body pellet was dissolved with strong
denaturant and reducing agent in a buffer containing 0.1 M Tris, pH 8.0,
6 M guanidine, 2 mM EDTA, 65 mwm dithioerythrol (DTE). The solution
was incubated for 2 hr at RT and centrifuged at 30000 X g for 30 min
to remove insoluble materials. The protein was renatured by rapid 100-
fold dilution of the denatured and reduced protein into refolding buffer
consisting of 0.1 m Tris, pH 8.0, 0.5 M L-arginine, 0.9 mM GSSG (glu-
tathione oxidized), 2 mm EDTA. The sample was incubated at 10°C for
48 hr. The refolding solution was concentrated 10-fold and dialyzed
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Figure 1. SDS-PAGE analysis of the Pl13-axoplasm complex. The
P13-axoplasm complex was prepared as described in Materials and
Methods. After preparing the samples for SDS-PAGE, beads were re-
moved by centrifugation and aliquots of supernatant (equivalent to 10
il beads) were loaded on 10% SDS-polyacrylamide gels. The gels were
stained with Coomassie brilliant blue. Lane I, Standard molecular mark-
ers; lane 2, whole axoplasm (15 pg protein); lane 3, Pl3—-axoplasm
complex (about 6 pg protein); lane 4, P13 beads only (about 1 pg
protein); lane 5, albumin beads (less than 1 pg protein) incubated with
axoplasm (control); lane 6, same as lane 5 except 50 pl beads were
used (about 2 pg protein). Arrows point to major bands that were visible
in the P13—axoplasm complex.

against 20 mm Tris, pH 7.4, 100 mM urea, then dialyzed gradually in
20 mm Tris, pH 7.4 to remove urea.

About 50 pg of purified cdk5 was incubated with 50 wl P13 beads
over night at 4°C in 500 pl extraction buffer. After four washes with
wash buffer, the P13 beads were collected and incubated with 100 pl
of the NF solution as described above.

Results

Many axoplasmic proteins bind to P13 beads

A Coomassie blue-stained gel demonstrated four major bands of
70, 60, 56, and 26 kDa in the P13—Ax (Fig. 1, lane 3). The 26
kDa band was derived from the P13 beads (lanes 3 and 4). We
also detected moderate intensity bands of 220, 190, 170, 96, and
53 kDa and very weak bands of 43, 35, and 30 kDa, that were
difficult to photograph. The control albumin beads, however, did
not bind any proteins under the same conditions (lane 5). Even
when the amount of albumin beads was increased, we could not
see any additional bands (lane 6). Lane 2 shows the protein in
the axoplasm and lane 1 contains molecular weight markers.

Cde-2-like kinase is bound to the P13-axoplasm complex

We determined whether the P13—-Ax contained cdc2 kinase by
Western blot analysis. As a control, we used a known source of
cdc2 kinase, cleaving sea urchin embryos. In Figure 2, Western
blots are shown of axoplasm, P13—axoplasm, and P13-sea ur-
chin embryo complexes incubated with an antibody to cdc-2
kinase. A distinct 34 kDa band can be seen in the P13—sea urchin
embryo complex (lane 1), the axoplasm (lane 2), and the P13—
Ax (lane 3). The intensity of staining of this band in the P13-
Ax was greater than in the original extracts, suggesting some
concentration of the kinase (lanes 2 and 3). On the other hand,
albumin beads incubated with axoplasm (control) did not show
any visible immunostaining band (lane 4). The P13 beads bound
to a protein in axoplasm with the same molecular weight as cdc2
kinase and showed reactivity with antibody specific to cdc2 ki-
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Figure 2. A Western blot of cdc2-like kinase in the P13-axoplasm
complex. P13—sea urchin embryo lysate and P13—axoplasm complexes
were prepared as described in Materials and Methods. Immunostaining
with a cdc2 kinase Ab is shown. Lane I, P13-sea urchin embryo com-
plex; lane 2, axoplasm alone; lane 3, P13-axoplasm complex; lane 4,
albumin-axoplasm complex (control). Arrowhead shows the cdc2 band
at 34 kDa. Protein amounts per lane were the same as Figure 1.

nase. This suggested that P13 beads bind and concentrate a cde2-
like kinase in axoplasm.

Regulators of cdc2-like kinase are present in axoplasm and
the P13-axoplasm complex

Since a cdc2-like kinase that associates with P13 beads was
detected in axoplasm, the question arose as to whether cyclins
and/or other cyclin-dependent kinase regulators were also pres-
ent in axoplasm. If so, it would suggest that cdc2-like kinase
could behave as an active kinase in vivo in the axon. Accord-
ingly, Western blots of axoplasm and the P13-Ax were per-
formed using antibodies to cyclins B1, D1, and E. In addition,
antibodies to pl3 and to p67, a regulator protein of neuronal
cdk-5 kinase (Shetty et al., 1995) were also tested. The results
are shown in Figure 3. The p13 Ab detected a crosslinked p13
dimer (26 kDa) in lane 1 (positive control) as well as in axo-
plasm (lane 2) and the P13—-Ax (lane 3). Another protein of high
molecular weight, sharing the p13 epitope, was also seen in the
latter two lanes. Of the three cyclins tested, only bands corre-
sponding to cyclin E (50 kDa and 43 kDa) were lightly detected
in axoplasm (lane 4), but more concentrated in the P13—Ax (lane
5). Additional bands (around 60 kDa), sharing the cyclin E epi-
tope, were also detected in the P13—Ax. Finally, the p67 protein
was also found in axoplasm and was concentrated by the P13
beads as well. It appears, therefore, that a cdc2-like kinase is
present in axoplasm along with proteins known to act as cyclin-
dependent kinase regulators. Moreover, these data suggest that
the kinase and its regulator(s) form an active complex in vivo
that binds to the P13 beads.

Characterization of other kinases in the P13—-axoplasm
complex

To further characterize the kinase in the P13-Ax, we examined
its activity in vitre using histone H1, «-casein, and tubulin as
substrates (Fig. 4). We detected endogenous kinase activity (sec-
ond-messenger independent), which phosphorylated 400
(HMW), 220 and 56 kDa proteins (Fig. 4, lane 1). According to
our previous studies (Pant et al., 1986; Cohen et al., 1987), the
HMW and 220 kDa proteins are squid NFs, which are mainly
phosphorylated in axons, while the 56 kDa band may be phos-
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Figure 3. A Western blot analysis of putative regulators of cdc2-like
kinase. Antibodies to p13, cyclins, and p67 were used to identify the
putative regulators of cde2-like kinase in axoplasm and the P13-axo-
plasm complex by Western blot. Lanes I, 2, and 3, Immunostaining
with anti-p13 Ab. Lane I, P13 beads only: lane 2, axoplasm; lane 3,
Pl3—axoplasm complex. Arrowhead points to pl3 dimer of 26 kDa.
Lanes 4 and 5, Immunostaining with anti-cyclin E Ab of axoplasm (lane
4) and the P13-axoplasm complex (lane 5). Arrowheads point to cyclin
E bands of 50 kDa and 43 kDa. Lanes 6 and 7, Immunostaining with
anti-p67 Ab of axoplasm (lane 6) and the P13-axoplasm complex (lane
7). Arrowhead points to p67 band. Protein amounts per lane were the
same as Figure 1.

cyclin E

phorylated tubulin. Western blot analysis (see below) confirmed
that the 56 kDa band was tubulin. Exogenous substrates such as
histone, dephosphorylated a-casein, and tubulin were also phos-
phorylated by kinase(s) associated with P13 (lanes 2, 3, and 4).
Phosphorylation of the 56 kDa band seemed to be stimulated in
the presence of histone and casein. The control albumin beads
did not have any kinase activities (data not shown). These data
showed that the P13 beads bound to a histone H1 kinase and/or
casein kinases in axoplasm that also phosphorylate NFs and tu-
bulin. They also implied that NF proteins as well as tubulin were
bound to the P13-Ax.

The kinase activity associated with the P13—-Ax was charac-
terized using various kinase inhibitors with known specificities,
such as PKI (a specific inhibitor of PKA), heparin (inhibitor of
CKII), and staurosporine (a PKC and cdc2 kinase inhibitor).
These data are shown in Table 1. Endogenous substrate phos-
phorylation was not affected by PKI or heparin, but staurospo-
rine inhibited by 25%. The inhibitor profile of endogenous phos-
phorylation suggested the presence of CKI as described in our
previous study (Floyd et al., 1991). The high level of histone
H1 phosphorylation by this complex was inhibited 55% by PKI
and 48% by staurosporine. Phosphorylation of casein, however,
showed a different pattern of inhibition; it was unaffected by
PKI, inhibited only slightly by staurosporine, but showed the
highest inhibition (72%) in the presence of heparin. These data
showed that more than one kinase was bound to the P13-Ax: a
cdc2 kinase and a catalytic subunit of PKA that phosphorylate
histone H1, and CKI and CKII that phosphorylate casein under
the conditions of the assay.

The presence of CKI and CKII in the P13-Ax was further
demonstrated in Western blots using casein kinase specific an-
tibodies. The 35 kDa band of CKI was detected in axoplasm
and the P13-Ax, while the CKII antibody reacted moderately
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Figure 4.  Autoradiographs of kinase activity in the P13-axoplasm
complex. Aliquots (5 pl) of the P13—axoplasm complex were incubated
in the presence and absence of ditferent substrates and [y-*P]ATP, and
autoradiography was performed after SDS-PAGE. Lane [, Endogenous
kinase activity in the Pl3—-axoplasm complex in the absence of exog-
enous substrates. Arrowheads show HMW, 220 and 56 kDa bands.
Lanes 2, 3, and 4, Phosphorylation in the presence of histone, a-casein,
and tubulin, respectively. Arrowheads indicate the bands of the respec-
tive phosphorylated substrates in each lane.

56>

with the three major bands of CKII, 50 kDa, 43 kDa, and 28
kDa in axoplasm, and in the P13—Ax (data not shown). Note
that neither kinase was more concentrated in the P13—Ax, as
was the case for the cdc2-like kinase.

Axonal cytoskeletal proteins are also bound to the P13—
axoplasm complex

To characterize the remaining axoplasmic proteins binding to the
P13 beads, we performed a Western blot analysis using antibod-
ies to various cytoskeletal proteins. As shown in Figure 5, the
three squid NF bands, NF220, NF70, and NF60, were detected

Table 1. Characterization of kinase activities in the P13-
axoplasm complex

Activity
Substrate/inhibitor (cpm/5 pl beads) % Inhibition
Endogenous 2101 = 33 —
+ PKI (2 pM) 1987 + 65 5
+ staurosporine (50 nM) 1577 = 62 25
+ heparin (5 pg/ml) 1758 = 84 16
Histone (0.5 mg/ml) 26,718 + 1155 —_
+ PKI (2 pM) 11,959 + 1450 55
+ staurosporine (50 nM) 14,017 = 377 48
+ heparin (5 pg/ml) 31,423 + 1243 <0
«-Casein (0.5 mg/ml) 7400 = 96 -
+ PKI (2 pM) 7749 = 394 0
+ staurosporine (50 nM) 6375 = 341 14
+ heparin (5 pg/ml) 2099 = 68 72

Pl3-axoplasm was suspended in 20 mM Tris, pH 7.4, | mM EGTA, 1| mM
EDTA, 10 mM MgCl,, 1 mM DTT, 100 nM Okadaic acid. Kinase activities in
the presence and absence of specific kinase inhibitors were measured as de-
scribed in Materials and Methods. Values represent the average of six mea-
surements * standard error.
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Identification of cytoskeletal proteins in the Pl3-axoplasm complex by Western blot analysis. Antibodies to neurofilaments, tubulin,

actin, tau, and MAP 1A were used to identify the proteins in the P13-axoplasm complex by Western blot. Odd numbers refer to lanes with axoplasm,
and even numbers identify lanes with the P13-axoplasm complex. Lanes I and 2, Immunostaining with anti-neurofilament N-terminal Ab. Arrow-
heads point to 220, 70, and 60 kDa subunits. Lanes 3 and 4, Immunostaining with anti-a-tubulin Ab. Arrowhead at tubulin band of 56 kDa. Lanes
5 and 6, Immunostaining with anti-actin Ab. Arrowhead points to actin band of 43 kDa. Lanes 7 and &, Immunostaining with anti-tau Ab. Arrowhead
shows tau band of 55 kDa. Lanes 9 and [0, Immunostaining with anti-MAP 1A Ab. Arrowhead points to MAP 1A band of 350 kDa. Protein

amounts per lane were the same as described in Figure 1.

both in axoplasm and in the P13—-Ax using the NF-NT antibody
(lanes 1 and 2). These bands stained more intensely in the P13—
Ax than in axoplasm, indicating that the NFs had been concen-
trated on the beads. Monoclonal Abs to both « and 3 tubulins
reacted with the 56 kDa bands in axoplasm and in the P13-Ax
(lanes 3 and 4). In contrast to the NFs, the intensity of the tu-
bulin bands in the P13-Ax was no greater than in axoplasm.
The 43 kDa actin band was detected in axoplasm together with
other unknown protein bands (lanes 5 and 6). Unlike the NFs
and tubulin, there was a reduction of actin (43 kDa) in the P13—
Ax. Tau Ab detected a band of approximately 50 kDa both in
axoplasm and the P13-Ax (lanes 7 and 8), while MAP 1A Ab
detected what appeared to be 350 kDa bands in axoplasm and
the P13-Ax (lanes 9 and 10). Both tau and MAP 1A bands
appeared to be more intensely stained in the P13—-Ax. We also
detected very weak immunoreactivity to MAP 1B in the P13-
AX (data not shown). None of the proteins above were seen in
immunoblots of the control albumin-axoplasm complex (data
not shown).

Binding of cytoskeletal proteins to P13 is mediated by cdc2-
like kinase

In view of the high affinity of P13 beads to cdc2 kinase, the
question arose as to how these many cytoskeletal proteins bind
to the P13-Ax. Does each protein, like cde2 kinase, bind directly
and independently to the P13 beads, or do they associate indi-
rectly by virtue of being part of a large multimeric complex
containing cdc2 kinase and other kinases? To answer this ques-
tion, we extracted NFs from axoplasm in high-salt buffer (NF
preparation) according to a previously published procedure (Pant
et al., 1986; Cohen et al., 1987; Floyd et al., 1991). This prep-
aration was washed twice in medium-salt buffer and centrifuged.
We collected the wash solution (NF wash) and resuspended the
pellet in low-salt buffer. After centrifugation, the supernatant
(NF solution) was loaded on a SDS-polyacrylamide gel (Fig.
6A, lane 1). This NF solution contained neurofilaments, tubulins,
PKA and CKI (Pant et al., 1986; Cohen et al., 1987; Floyd et
al., 1991), but no cdc2-like kinase (Fig. 6A, lane 2). The P13
beads did not bind to any protein in this NF solution (Fig. 64,
lane 3). In contrast, the NF wash contained cytoskeletal proteins

(Fig. 64, lane 4) as well as cdc2-like kinase (Fig. 6A lane 5),
and the P13 beads could extract a multimeric complex from this
preparation (Fig. 6A, lane 6). These data showed that the cyto-
skeletal proteins would bind to the P13 beads only in the pres-
ence of cdc2-like kinase. We confirmed this hypothesis by in-
cubating P13 beads with bacterial-expressed rat cdk5, a cdc2-
related kinase. Figure 6B, lane 1 shows purified cdk$, and lane
2 shows the cdk5 bound to the P13 beads. In lane 3, we see that
the P13—cdk5 complex extracted several cytoskeletal proteins
from the NF solution that was similar to lane 6, Figure 6A. This
supports the view that a cdc2-like kinase is required for for-
mation of a multimeric complex on P13 beads.

It is also possible that the multimeric complex forms because
the kinase is trapped due to low levels of ATP. The fact, how-
ever, that frozen axoplasm gave similar results as fresh axoplasm
with its higher ATP levels partially mitigates this problem. Be-
sides, in vitro experiments have shown that microtubules and
neurofilaments are induced to form complexes in the presence
of 1 mm ATP (Runge et al., 1981). If anything, exogenous ATP
should favor multimeric complex formation. Until a more direct
test of this question is carried out, this issue remains unresolved.

Discussion

Axoplasm from the squid giant axon contains cdc2-like kinase
Several lines of evidence suggested that a cde2-like kinase was
included in the P13—Ax. First, a Western blot analysis using a
polyclonal antibody to cdc2 kinase showed the presence of an
immunoreactive band at 34 kDa in axoplasm, the P13-Ax, and
the P13—sea urchin embryo complex. Second, the P13-Ax ex-
hibited high histone HI and casein phosphorylation activity in
vitro, a distinctive property of cdc2 kinases (Brizuela et al.,
1989). Endogenous phosphorylation as well as phosphorylation
of both substrates, particularly histone H1, was inhibited by stau-
rosporine, a known inhibitor of cdc2 kinase (Rialet and Maijer,
1991).

Histone H1 is also known to be phosphorylated by other ki-
nases such as PKC and PKA. Though staurosporine also inhibits
protein kinase C(PKC), its activity would be negligible under
the conditions of our kinase assay; i.e., in the presence of 1 mm
EDTA and 1 mm EGTA without calcium and phosphatidyl ser-
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Figure 6. A, Cytoskeletal proteins in a NF preparation bind to P13 beads in the presence of cdc2-like kinase. Neurofilaments were prepared as
described in Materials and Methods. This preparation was washed in medium-salt buffer and centrifuged. The supernatant was collected as an NF
wash, and the pellet was resuspended in low-salt buffer, centrifuged, and the supernatant was collected as the NF solution. Both the NF solution
and NF wash were incubated with P13 beads. Approximately 1 pg protein of each sample was analyzed by 10% SDS-PAGE and stained with
silver (lanes 1, 3, 4, and 6). Lanes 2 and 5 were Western blots to the cde2 kinase Ab. Arrowheads show cytoskeletal components, such as NF220,
NF70, NF60, tubulin, and cdc2-like kinase (34 kDa). Lanes 1 and 2, NF solution; lane 3, P13-NF solution complex; lanes 4 and 5, NF wash; lane
6, P13-NF wash complex; lane M, molecular weight standards. B, A bacterial-expressed cdk5 protein bound to P13 beads associates with cytoskeletal
proteins in a NF preparation. Purified bacterial-expressed cdkS was mixed with P13 beads and the P13—cdk5 complex was isolated. This complex
was incubated in the presence of the NF solution (same as lane I, Fig. 6A) and centrifuged. The pellet (beads) was washed as described in Materials
and Methods, analyzed by 10% SDS-PAGE, and stained with silver. Lane I, Bacterial-expressed cdk5; lane 2, P13—cdkS complex; lane 3, P13—

¢dk5-NF solution complex. Arrowheads show cytoskeletal components, such as NF220, NF70, NF60, tubulin, and cdk5 (32.5 kDa).

ine. Moreover, PKC inhibitor peptide had no effect on the phos-
phorylation of endogenous substrate or exogenously added his-
tone H1 (data not shown), suggesting further that PKC was not
active in the P13-Ax under our assay system.

Putative regulators of cdc2-like kinase are also present in
axoplasm

The P13 beads have been used in affinity chromatography to
extract active cdc2 kinase/cyclin B complexes from mitotically
active cells by virtue of the affinity of p13 to cdec2 kinase. Our
data, shown in Figure 3, suggest that a functional complex of
cdc2-like kinase and a putative regulator such as cyclin E and/
or p67 are also present in vive in axoplasm. Furthermore, axo-
plasm contains p13 (or a p13 homologue), which is known to
regulate the activity of cdc2 kinase/cyclin B complex in mitotic
cells (Brizuela et al., 1987). It would appear therefore that axo-
plasm of nonproliferating giant fiber cells in the squid contains
an active cdc2-like kinase/regulator complex that may play a
role in axonal transport and/or cytoskeletal dynamics. The pres-
ence of p67 (n-Sec1/Munc-18) in axoplasm is of interest since
it has been shown to be specifically localized in mammalian
neural tissues, plays a role in transmitter release (Hata et al.,
1993; Harrison et al., 1994; Schulze et al., 1994) and activates
a neuron-specific cdk-5 kinase (Shetty et al., 1995). A neuronal
cdk-5 phosphorylates NFs (Lew et al., 1992b; Shetty et al.,
1993) as well as another axonal cytoskeletal protein, tau (His-
anaga et al., 1993; Paudel et al., 1994). In mammalian neuronal

tissue, a p35 and/or p67 protein(s) associates with and activates
this kinase (Lew et al., 1994; Tsai et al.,, 1994; Shetty et al.,
1995). A similar multimeric complex may serve as a model for
the action of the cdc2-like kinase in squid axoplasm.

The Pl3-axoplasm complex contains other kinases

Cdc2 kinase was not the only kinase in the P13—Ax since PKI,
an inhibitor of PKA, significantly inhibited histone H1 phos-
phorylation without effecting the endogenous phosphorylation.
The result is in agreement with our earlier studies (Pant et al.,
1986). PKA is known to associate with cytoskeletal proteins
such as MTs and NFs in mammalian nerve tissues (Letterier et
al., 1981, Toru-Delbauffe et al., 1986; Dosemeci et al., 1990)
and in the squid axon, the PKA catalytic subunit associates with
NFs (Floyd et al., 1991). Our data suggest that PKA as well as
cdc2-like kinase were coextracted by P13 beads. A similar colo-
calization of type II cAMP kinase with cdc2 kinase was reported
in fibroblast centrosomes, a region rich in microtubular protein
(Tournier et al., 1991).

Other kinases were included in the P13—Ax such as CKI and
CKII. Previous studies have shown that the squid axon has both
CKI and CKII, which phosphorylate NF 220 (Pant et al., 1986;
Link et al., 1992), but only CKI associates with NF220 (Floyd
et al., 1991; Link et al., 1993). On the other hand, CKII asso-
ciates with and phosphorylates tubulin (Serrano et al., 1987;
Crute and Buskirk, 1992). In summary, it would appear that the
P13 beads have pulled out several kinases from axoplasm, a
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cdc2-like kinase, PKA (catalytic subunit), CKI, and CKII, each
capable of phosphorylating histone H1 or casein, as well as other
endogenous substrates also associated with the P13 beads. The
fact that NFs and tubulin can be phosphorylated by associated
kinases implies the availability of the sites for phosphorylation
in vitro. This is not surprising, inasmuch as phosphorylation/
dephosphorylation is a dynamic process in equilibrium in vivo.
During the course of axoplasm extrusion and isolation, ATP will
be depleted and sites will be dephosphorylated by phosphatases
(Krinks et al., 1988). Furthermore, there is the evidence from
mammals (Szaro et al., 1990; Elhanany et al., 1994) and squid
(Cohen et al., 1987) suggesting that phosphorylation of neuro-
filament proteins is heterogeneous; i.e., they express different
degree of phosphorylation in vivo.

The Pl3-axoplasm complex contains several cytoskeletal
proteins

As shown in Figure 4, the P13—Ax phosphorylated endogenous
substrates, the NFs (HMW and NF 220), and a 56 kDa protein,
which was identified as tubulin. Among the many proteins in
axoplasm that could serve as kinase substrates, the NFs and
tubulin were the predominant ones bound to the P13 beads. In-
termediate filaments such as vimentin and lamins have also been
shown to be substrates for P13 bound-cdc2 kinase/cyclin B in
BHK-21 cells and clam oocytes, respectively (Chou et al., 1990;
Dessev et al., 1991).

The SDS-PAGE and Western blot analyses confirmed the
presence in the P13-Ax of all squid NFs and tubulins. In addi-
tion, other cytoskeletal proteins were detected such as actin and
the microtubule associated proteins, tau, and MAP 1. These re-
sults suggested that the p13—axoplasm complex contained mul-
timeric cytoskeletal protein complexes associated with their re-
spective kinases.

Other observations on the association of cdc2 kinase/cyto-
skeletal complexes on P13*«! beads have been reported. A tau
protein kinase isolated from a neurofilament preparation by
P13se! affinity chromatography associates with neurofilaments
(Mawal-Dewan et al., 1992) and dissociates NFs from MTs by
phosphorylation (Hisanaga et al., 1993; Miyakawa et al., 1993).
Furthermore, P13 beads isolate a cdc2 kinase/cytoskeletal com-
plex from mitotically active yeast cells (Bailly et al., 1989), NIH
3T3 (Zhou et al., 1992), and from skeletal muscle (Leibovitch
et al., 1993).

The structure of the squid axoplasmic cytoskeletal/kinase
complexes on P13 beads is not known. It is not clear whether
the c¢dc2 kinase first binds to the P13 beads directly, with other
complexes subsequently binding to the cdc2 kinase, whether
cde2 kinase is already bound to its substrates before it complex-
es with the P13 beads, or, whether different cytoskeletal/kinase
conjugates have varying affinities and independently bind di-
rectly to the P13 beads. To distinguish among these alternatives,
we showed that cytoskeletal proteins could bind P13 beads only
in the presence of cdc2-like kinase or a bacterial-expressed cdkS.
This may be analogous to the observation of a cdc2 kinase/
cyclin B complex that associates with MTs via microtubule as-
sociated proteins in starfish oocytes (Ookata et al., 1993). At
present, it is not known whether axonal cdc2-like kinase is iden-
tical to cdk-5. On the basis of their biochemical properties, they
appear to be similar. If so, this means that the axonal cdc2-like
kinase, like cdk-5, will have a pl of 7.62 and, as a result, a net
charge of almost zero at pH 7.4. It is therefore unlikely that the
cdc2-like kinase in axoplasm acts as an ion exchanger.

The present study partially characterized the network of in-
teractions among cytoskeletal elements and their kinases. It sug-
gests that the components of cdc2-like kinase multimeric com-
plexes are, indeed, present in axoplasm in vivo, organized as
functional networks with the cytoskeleton, possibly involved in
phosphorylation/dephosphorylation processes underlying cyto-
skeletal dynamics. To further explore these interactions, the fol-
lowing hypotheses will be entertained: (1) multimeric complexes
are present in axoplasm, each containing a cdc2-like kinase, a
regulator(s), and a substrate such as NF or tubulin. Each com-
plex can bind to P13 beads independently. (2) Alternatively,
each cdc2-like kinase plus regulator may be bound to a substrate
(e.g., NF) which, in turn, is complexed to other cytoskeletal
molecules and associated kinases (e.g., CKI, PKA, etc.) It should
be noted that these hypotheses are not mutually exclusive. To
characterize these complexes in vivo and in vitro, it will be nec-
essary to examine axoplasm and the P13—Ax by high resolution
electron microscopic immunocytochemistry using the appropri-
ate antibodies.
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