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ABSTRACT Cyclin-dependent kinase 5 (cdk5) is found in
an active form only in neuronal cells. Activation by virtue of
association with the cyclin-like neuronal proteins p35 (or its
truncated form p25) and p39 is the only mechanism currently
shown to regulate cdk5 catalytic activity. In addition to cyclin
binding, other members of the cdk family require for maximal
activation phosphorylation of a Ser/Thr residue (Thr'® in the
case of cdk-2) that is conserved in all cdks except cdk8. This
site is phosphorylated by cdk-activating kinases, which, how-
ever, do not phosphorylate cdk5. To examine the possible
existence of a phosphorylation-dependent regulatory mecha-
nism in the case of cdkS, we have metabolically labeled PC12
cells with 32P; and shown that the endogenous cdkS5 is phos-
phorylated. Bacterially expressed cdk5 also can be phosphor-
ylated by PC12 cell lysates. Phosphorylation of cdkS by a PC12
cell lysate results in a significant increase in cdk5/p25 cata-
lytic activity. Ser' in c¢dk5 is homologous to the regulatory
Thr'® in cdk2. A Ser!'*-to-Ala (S159A) cdk5 mutant did not
show similar activation, which suggests that cdk5 is also
regulated by phosphorylation at this site. Like other members
of the cdk family, cdk5 catalytic activity is influenced by both
p25 binding and phosphorylation. We show that the cdkS5-
activating kinase (cdkSAK) is distinct from the cdk-activating
kinase (cyclin H/cdk?7) that was reported previously to neither
phosphorylate cdk5 nor affect its activity. We also show that
casein kinase I, but not casein kinase II, can phosphorylate
and activate cdkS in vitro.

Cyclin-dependent kinase 5 (cdk5) is a serine/threonine kinase
present at relatively high levels in neurons (1, 2). On the basis
of sequence similarity, it is a member of the cyclin-dependent
kinase (cdk) family. Full activation of cyclin-dependent kinases
characteristically requires combination with one of the cyclins
and also phosphorylation of a threonine or serine residue
located on the cdk T loop by a cdk-activating kinase. These two
events are considered to act cooperatively to open the catalytic
site and relieve its obstruction by the T loop (3-6). However,
cdkS is not activated by cyclins, and activation by phosphory-
lation of its T loop serine has not been demonstrated previ-
ously (3). Activation of cdk5 results instead from combination
with cdk5-specific activators that include p35 or its truncated
form, p25 (7, 8), and p39 (9). Although cdkS is expressed in
many mammalian tissues, the cdk5 activators are largely
restricted to neurons. The mechanism of cdkS interaction with
its activators is thought to be analogous to that of cyclin-
dependent kinases and forms highly stable and active com-
plexes after prolonged incubation (7-10). Substrates of cdk5
include the neuronal cytoskeletal proteins neurofilament-H (1,
11), tau (12), and MAP (13). However, the embryonic lethality
of cdk-5 “knockout” mice suggests additional important func-
tions for this enzyme (14).
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Because cdk-activating kinase (cyclin H/cdk7) has been
found not to phosphorylate cdk5 or regulate its activity, it was
concluded that phosphorylation does not play a role in cdk5
activation (15). However, compared with other cdks, bacteri-
ally expressed cdk5 requires prolonged incubation with p25 to
achieve maximal activation (N.D.A., RW.A., and H.C.P.,
unpublished data). cdk5 substrate phosphorylation rates are
relatively low compared with the rates of other cdks, and the
T loop phosphorylation site is conserved in cdk5. These
observations motivated us to reexamine the possibility that
some kinase(s) present in neurons may further activate cdks.

EXPERIMENTAL PROCEDURES

All fine chemicals were purchased from Sigma. Casein kinase
16 (CKI8), CKII, and their peptide substrates were purchased
from New England Biolabs. [y-32 PJATP and [*?P]phosphoric
acid were purchased from Dupont/NEN. The glutathione-
Sepharose beads are a product of Pharmacia. The cdk5
polyclonal antibody (C-8) was from Santa Cruz Biotechnology,
and the cdkS mAb, Ab-2, was from Oncogene.

Cell Culture and Metabolic Labeling. PC12 cells were
cultured on collagen-coated dishes with DMEM supplemented
with 10% heat-inactivated horse serum and 5% FBS as de-
scribed earlier (16). For metabolic labeling with 32P;, cells were
maintained in a phosphate-free DMEM for 2 hr before adding
2 mCi/ml [*?P]phosphoric acid. After a 3-hr incubation the
cells were washed three times with cold PBS before lysis.

Western Blot Analysis and Immunoprecipitation. Twenty
micrograms of cell lysate (prepared as described below) was
electrophoresed on 10-20% denaturing gels (Novex). After
transferring the proteins to poly(vinylidene difluoride) mem-
branes, immunoblot analysis was performed by using a mAb
for cdk-5 (Ab-2) and alkaline phosphatase-labeled secondary
antibodies by using standard procedures. For immunoprecipi-
tation, 100 ug of the cell lysate was incubated with a complex
of (protein A+G)-agarose beads and a cdk5 antibody (C-8) for
2 hr at room temperature. The beads were washed with
Tris-buffered saline three times for 15 min each before sus-
pending in 100 ul of kinase assay buffer (see below).

Expression and Purification of Proteins. Glutathione S-
transferase (GST)-cdk5S in pGEX 2TK was constructed by
putting the BamHI fragment of His-tag-cdk5 (8) into BamHI-
cut pGEX 2TK. GST-p25 in pGEX4T-2 was constructed by a
PCR method by using the oligonucleotides 5'-GTCCGGATC-
CGCCCAGCCCCCGCCG-3 as a forward primer, 5'-
GTGATGAATTCTGGATCACCGATC-3" as a reverse
primer, and DNA from the His-tag-p35 construct as a template
(8). The PCR products were digested with BarmHI and EcoR],
and the resulting fragments were cloned into BamHI-EcoRI-
cut pGEX 4T-2. The proteins were expressed as described

Abbreviations: cdk, cyclin-dependent kinase; GST, glutathione S-
transferase; CK, casein kinase.
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earlier (7, 8). Purification of GST-fusion proteins was carried
out by using glutathione-Sepharose affinity chromatography
by standard procedures (Pharmacia) as described earlier (7, 8).
To remove the GST tags, the fusion proteins were treated with
thrombin for 12 h at 27°C. Cleaved proteins were recovered
from the supernatants of the GST-Sepharose precipitates. The
purity of the proteins was assessed by SDS/PAGE and Coo-
massie blue staining of the gels. The protein concentration was
estimated by densitometric analysis of these gels, by using GST
as standard.

Site-Directed Mutagenesis. The mutations in cdk5 were
made by using a commercial kit (Quick Change; Stratagene).
In brief, a pair of complementary primers of 30—40 bases were
designed with the desired mutations placed in the middle of the
sequence. Parental cDNA inserted in pGEX2TK was ampli-
fied by using Pfu DNA polymerase with these primers for 15
cycles in a DNA thermal cycler (Perkin-Elmer). After diges-
tion of the parental DNA with Dpnl, the mutants were
transformed into Escherichia coli (DH5a strain; GIBCO/
BRL). The mutations were confirmed by DNA sequencing.
The GST-fusion mutant proteins were expressed and purified
as described above.

Phosphorylation and Activation of cdkS. For cdk5-activating
kinase assays, PC12 cell lysates were prepared by homogeni-
zation of the PC12 cells in a buffer containing 50 mM Tris-HCl,
pH 7.4/1 mM EDTA/0.1% NP-40 detergent/protease inhib-
itor mixture (Boehringer)/50 mM B-glycerophosphate /50 mM
sodium fluoride/0.1 mM okadaic acid. The lysates were clar-
ified by centrifugation at 20,000 X g for 1 h and used as a source
of cdk5-activating kinase. Cell lysate (10 ul), casein kinase I,
or casein kinase II each were used to phosphorylate bacterially
expressed GST-cdk-5 or GST-S159A in the presence or ab-
sence of GST-p25 (1:1.5 molar ratio). In some cases GST-p25
was incubated with GST-cdkS or the mutant GST-S159A-cdkS
for 3 h before starting the phosphorylation reaction by the
addition of ATP. The reaction mixture, which contained 50
mM Tris, pH 7.4/5 mM MgCl,/1 mM EGTA/2 mM ATP
(nonradioactive) in a final volume of 50 wl, was incubated for
1 h at 30°C. Modified GST-cdkS or GST-p25/cdk5 complex
was recovered by adsorption on glutathione-Sepharose beads
followed by three washes with lysis buffer and two washes with
PBS; these glutathione-Sepharose beads were suspended in
kinase assay buffer and used for assaying cdk5 activity (see
below).

Essentially a similar procedure was followed in experiments
in which phosphate incorporation in cdk5 or S159A-cdkS was
monitored except that 100 uM [y*2>"P]ATP was used instead of
a nonradioactive ATP.

Phosphorylation Assay for Measuring cdk5 Activity. Stan-
dard assay mixtures contained 50 mM Tris, pH 7.4/2.5 mM
MgCl,/1 mM EGTA/10 ul of GST-cdk5 or GST-cdk5/GST-
p25 adsorbed to glutathione-Sepharose beads, 100 uM
[v-3?P]ATP, and 5 ug of histone H1 in a total volume of 50 ul.
Reactions were initiated by adding [y-*?P]JATP and were
carried out at 30°C for 40-80 min. The reactions were termi-
nated by boiling samples in Laemmli’s buffer. The phosphate
incorporation in histone was visualized by autoradiography of
the SDS/PAGE gels. For quantitation of the phosphorylation,
densitometric analysis of the autoradiographic films was per-
formed by using NIH IMAGE software.

RESULTS

Examination of the cdk5 Phosphorylation State in PC12
Cells. PC12 cells were metabolically labeled with 32P; for 1 h,
and the cdkS was immunoprecipitated from the labeled cells by
using a specific cdk5 antibody.

The cdk5 immunoprecipitate was electrophoresed and blot-
ted onto a poly(vinylidene difluoride) membrane. The auto-
radiogram of the blot revealed a 33-kDa labeled band corre-

Proc. Natl. Acad. Sci. USA 96 (1999) 11157

CDK-5 Autoradiogram

Immunoblot

O

2
-3
GST-CDK5 | = ,

Fic. 1. (A4) Endogenous cdk5 is phosphorylated in PC12 cells.
PC12 cells were metabolically labeled with 3?P;. Immunoprecipitated
cdk5 from the 32P-labeled cell lysates of the labeled cells was electro-
phoresed and blotted onto poly(vinylidene difluoride) membrane. The
autoradiogram of the membrane shows a band corresponding to the
molecular weight of c¢dk5 (lane 1). The unbound supernatant of the
immunoprecipitate is loaded in lane 2. The same membrane when
immunoblotted with the cdk5 antibody recognized the 32P-labeled
band. (B) Bacterially expressed GST-cdk5 is phosphorylated by PC12
lysate. Equal amounts of GST-cdk5S were incubated without (lane 1)
or with (lane 2) GST-p25 before phosphorylation with the PC12 cell
lysate. Glutathione-Sepharose beads were used to separate cdk5 and
cdk5/p25 from the lysate after phosphorylation and electrophoresed.
The autoradiogram indicates a higher level of cdk5 phosphorylation in
the presence of p25 (lane 2).

sponding to cdk5 (Fig. 14, lane 1). The band was confirmed to
contain cdk5 when the same blot was probed with a specific
antibody (Fig. 14). Thus, cdk5 appears to be phosphorylated
in PC12 cells.

Phosphorylation of Bacterially Expressed cdk5 by PC12
Cell Lysate. If, as indicated by the preceding data, cdk5 in
PC12 cells can exist in a phosphorylated form in vivo, a
cdkS-phosphorylating kinase also may exist in PC12 cells. To
examine this possibility, a PC12 cell lysate was assayed for its
ability to phosphorylate bacterially expressed cdkS. Fig. 1B
confirms that expressed cdk5 can be phosphorylated by a PC12
cell lysate with a stoichiometry of 0.4 pmol phosphate/pmol
GST-cdk5. When complexed with p25, cdk5 showed more
phosphate incorporation (1.5-fold) under otherwise similar
conditions. Similar observations have been made in studies of
cdk/cyclin systems (18, 19).

Effect of Phosphorylation on cdk5 Catalytic Activity. It has
been observed in our laboratory (N.D.A., R W.A., and H.C.P.,
unpublished data) that cdk5 requires several hours of prein-
cubation with p25 to attain maximal activation. Other cdk/
cyclin complexes appear to be more rapidly activated (18, 19).
However, these kinases require phosphorylation for stabiliza-
tion of their cyclin complex as well as for activation of catalytic
activity. To probe for a similar effect in the case of p25/cdkS,
we compared the activity of p25/cdk5 complexes formed
during a 3-h incubation before addition of PCI12 lysate and
nonradioactive ATP with that of similar p25/cdk5 samples that
were not incubated before addition of the cell lysate and ATP
by using a histone kinase assay. The phosphorylated cdk5/p25
complex (Fig. 2, lane 1) was 5-fold more active than the
unphosphorylated complex (lane 2).This suggests that cdk5
phosphorylation is required for maximal activation of the
p25/cdk5 complex.
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FiG. 2. Effect of phosphorylation of cdk5 on its catalytic activity.
Equal amounts of GST-cdk5 and a molar excess of GST-p25 were
incubated with (+) or without (—) PC12 lysate in the presence (+) or
absence (—) of 2mM ATP (nonradioactive) at 30°C for 1 h. GST-cdk5
samples in lanes 1, 2, and 7 were preincubated with GST-p25 for 3 h
and were not preincubated in lanes 4 and 5. Control experiments in the
absence of GST-p25 (lane 3) and in the absence of GST-cdk5/GST-
p25 (lane 6) also were performed. The fusion proteins were recovered
on glutathione-Sepharose beads, washed, and assayed for histone
kinase activity. The radiolabeled products were electrophoresed and
detected by autoradiography. (Upper) Representative of three exper-
iments. (Lower) The quantitation of phosphorylation by densitometric
analyses of the corresponding lanes in Upper.

CdkS in the absence of p25 does not show catalytic activity
(Fig. 2, lane 3) with or without incubation with PC12 lysate and
ATP, thus confirming that activator binding is essential for
cdkS activity with or without phosphorylation. This also rules
out the possibility that nonspecific effects might occur because
of the interaction of PC12 lysate proteins with the GST-cdk5-
Sepharose precipitate. Surprisingly, in the presence of p25 but
without preincubation, the phosphorylated cdk5 was almost as
active (lane 4) as the precomplexed, phosphorylated cdk5 /p25
(lane 1). In this case, cdk5 and p25 were incubated together
only during the 1-h phosphorylation of cdk-5, whereas the
preincubated complex was formed during 3 h of incubation
before the phosphorylation reaction. It appears from these
data that phosphorylated cdkS does not require prolonged
preincubation with p25 to attain high catalytic activity.

Because the kinase source used to phosphorylate cdkS was
a crude PC12 cell lysate, it was important to rule out the
possibility that association of cdkS with nonkinase cofactors
could activate it. Therefore, in a control experiment the
cdk5-activating kinase assay was mimicked in the absence of
ATP (Fig. 2, lane 7). The cdk5/p25 complex from this exper-
iment showed low catalytic activity similar to unphosphory-
lated cdk5 (lane 2), which demonstrates that the PC12-lysate
activation of cdk5/p25 is, in fact, ATP-dependent.

Effect of cdkS Phosphorylation on Its Interaction with p25.
It has been observed that the rate of activation of bacterially
expressed cdkS by p25 is slow (N.D.A., unpublished data). To
examine the mechanism that produces the dramatic increase in
p25/cdkS5 activity described above, we examined the effect of
cdkS phosphorylation on the time course of its interaction with
p25. Consistent with the previous observations of Amin et al.,
p25 must be incubated with cdkS for more than 3 h to achieve
maximal activation of cdk5 (Fig. 3). In contrast, phosphory-
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F1G. 3. Effect of cdk5 phosphorylation on the rate of its activation
by p25. GST-cdkS was phosphorylated by a PC12 lysate (4-h incubation
time), followed by adsorption on glutathione-Sepharose and washing
as described in Experimental Procedures. Parallel control samples were
carried through the procedure in the absence of lysate. Aliquots of the
GST-coupled phosphorylated (a) or unphosphorylated (®) cdk5
samples were preincubated with GST-p25 for different times followed
by measurement of histone kinase activity as described in Experimental
Procedures.

lated cdkS is maximally activated without preincubation with
p25 before the 40-min kinase assay. When assayed without
preincubation, phosphorylated cdkS is about 8-fold more
active than unphosphorylated cdkS. In the experiment of Fig.
2, cdk5 was phosphorylated by the PC12 lysate for 1 h. We later
determined that maximal phosphorylation of cdk5 by this
lysate required 4 h (data not shown). Therefore, in the
experiment of Fig. 3, when we used maximally phosphorylated
cdkS, we found even more activation (8-fold). These data
suggest that a principal effect of cdk5 phosphorylation is to
markedly increase its rate of activation by p25, whereas its Viax
is not markedly changed.

Relevance of Ser'® to cdk5 Activation by Phosphorylation.
Activating phosphorylation of most cdks occurs on a con-
served serine/threonine residue in the T loop, which causes, in
the case of cdk2, further movement of the T loop. This
phosphoserine forms ionic interactions with several basic
residues in cdk2, thereby further stabilizing the T loop dis-
placement (6). Because cdk5 has very high sequence homology
with other cdks (=70%), it is reasonable to assume that the
structural basis of its activation may be similar.

We mutated Ser' to Ala (Fig. 44) to produce a cdk5 that
cannot be phosphorylated on its T loop (S159A-cdk5). The low
level of phosphorylation of S159A-cdkS compared with wild-
type cdk5 suggests that Ser' is the major site of cdk5
phosphorylation by a PC12 cell lysate (Fig. 4B).

As described earlier for wild-type enzyme, S159A-cdkS5 also
was tested for the effect of incubation with PC12 lysate on
histone kinase activity (Fig. 4 C and D). The apparent histone
kinase activity of the S159A/p25 incubated with the lysate and
ATP (lane 2) was similar to that of S159A/p25 incubated with
the lysate in the absence of ATP (lane 4). Correlating with the
lack of a phosphorylation site, S159A-cdkS activity is not
regulated by a cdk5-activating kinase in the lysate. A small
decrease in the activity of the SIS9A/p25 not incubated with
the lysate (lane 3) was observed. This statistically insignificant
decrease (Fig. 4D) may be due to the presence of some
endogenous cdk5/p25 complex in the PC12 lysate that bound
to the GST-cdk5/p25 and contributed to the slightly higher
levels of histone phosphorylation seen in lanes 2 and 4 (Fig.
4C). Phosphorylated cdk5/p25 exhibits much higher activity
than S159A/p25 (lanes 1 vs. lanes 2, 3, or 4), confirming that
phosphorylation of Ser'>® is essential for maximal catalytic
activity of cdk-5 in the 60-min histone kinase assay.
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FiG. 4. (A) Alignment of the activation-loop residues of various
cdk kinases showing conservation of the phosphorylatable regulatory
residue in boldface. (B) Effect on cdkS phosphorylation of mutation
of Ser’ to Ala. Equal amounts of GST-cdk5 (lane 1) or GST-S159A
(lane 3) mutant were subjected to phosphorylation by the PC12 cell
lysate and the modified proteins were recovered as described in Fig.
1. The GST-fusion tags were cleaved with thrombin and clarified by
using glutathione-Sepharose beads before SDS/PAGE analysis. The
radiolabeled products were detected by autoradiography. (C) Histone
kinase activity of S159A. Equal amounts of GST-cdk5 or GST-S159A
were preincubated with GST-p25 (molar excess) for 3 h before
incubation with (lanes 1 and 2) or without (lane 3) PC12 cell lysate in
presence (+) or absence (—) of nonradioactive ATP. Glutathione-
Sepharose beads were used to separate the fusion proteins and used
to phosphorylate histone. The radiolabeled histone was detected by
autoradiography. Lane 1 is the same experiment done with wild-type
GST-cdk5/p25 under similar conditions. (D) Quantitation of the data
for experiments described in Fig. 4C by densitometric analyses of the
32P-labeled histone bands. The histogram represents the average of
results obtained from two independent experiments (shown as bars)
expressed relative to the activity of wild-type cdk5/p25. Lane numbers
correspond to those in Fig. 4C. Statistical analysis by using the
two-tailed ¢ test did not reveal any significant differences between the
data for lanes 2 and lane 4 vs. lane 3 (P > 0.1 and P > 0.2, respectively).
The activity of wild-type cdk5 was taken as 1 (lane 1).

Actions of Casein Kinases on cdk5 in Vitro. The T loop Ser!>?
of cdkS is followed by alanine and glutamate residues (SAE,
Fig. 54). This motif is a potential target for both casein kinase
I and casein kinase II phosphorylation (20-22). Therefore, we
tested the ability of active recombinant CKI and CKII to
phosphorylate bacterially expressed cdkS in vitro. Although
CKII did not phosphorylate cdkS significantly, cdk5 is a good
substrate for CKI (Fig. 54, lane 1) with a stoichiometry of 0.6
pmol PO4/pmol of GST-cdkS5. In contrast to the GST-cdk5, no
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FiG. 5. CKI phosphorylates and activates cdk5 in vitro. (A) Equal
amounts of GST-cdk5 were subjected to phosphorylation by CKI (lane
1) and CKII (lane 3). GST-cdk5 was separated from the assay mix by
using glutathione-Sepharose beads. SDS extracts of these beads were
subjected to electrophoresis and autoradiography. Lanes 2 and 4 show
that cdkS5 is not phosphorylated in absence of CKI or CKII. (B) Equal
amounts of CKI were used to phosphorylate equal amounts of either
GST-cdk5 (lane 1) or GST-S159A (lane 2) and detected as above. (C)
Samples of GST-cdk5 (lanes 1 and 2) and GST-S159A (lane 4) after
phosphorylation by CKI (lane 1) (using nonradioactive ATP) each
were adsorbed onto glutathione-Sepharose beads and incubated with
GST-p25 for 10 min before performing histone phosphorylation
assays. Lane 3 represents a control without any GST-cdkS5. The
radiolabeled histone was visualized by autoradiography of the protein
gels.

significant phosphorylation of GST-S159A mutant was ob-
served (Fig. 5B). This suggested that Ser'>® is also the major
phosphorylation site for CKI on CDKS5. To see whether
CKI-mediated phosphorylation regulates its activity, GST-
cdkS was phosphorylated by CKI as described in Experimental
Procedures and separated from CKI by adsorption to gluta-
thione-Sepharose beads. Upon mixing with GST-p25, phos-
phorylated cdk5 was significantly more active than the un-
phosphorylated cdkS (Fig. 5C, lane 1 compared with lane 2).
Moreover, CKI phosphorylation did not activate the GST-
S159A mutant, suggesting that CKI mediates phosphorylation
at Ser' of cdk5 and is stimulatory (Fig. 5C, lane 4). Thus, CKI
can act as a cdk5-activating kinase in vitro.

DISCUSSION

Cyclin binding to cdk kinases results in some kinase activity,
but full activation is achieved only when cdks also are phos-
phorylated by a cdk-activating kinase (CAK) at a single
threonine residue on the T loop (reviewed in ref. 3). The
activities of complexes formed by cdc2 or cdk2 with cyclin A
or B are regulated both positively and negatively by phosphor-
ylation of the bound catalytic subunits (3). Some cyclin pairs,
such as human cdc2-cyclinB, cdk2-cyclin A, and cdk2-cyclin E,
interact with high affinity in the absence of other modifications
(19). In contrast, cdc2-cyclin A and cdk7-cyclin H do not bind
tightly unless the cdk subunit is phosphorylated at the T loop
threonine residue (18). Cyclin D binding to cdk4 is not
influenced by phosphorylation, but phosphorylation by a CAK
is required for catalytic activity (23).

The cdkS protein is widely expressed but cdkS activity occurs
principally in brain and few other tissues. This tissue specificity
has been attributed to the restricted expression of its cyclin-like
activators (7, 8). Because the cdk7/cyclin H complex (CAK),
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which phosphorylates most other cdk kinases, does not phos-
phorylate cdkS, it was suggested that phosphorylation does not
play a role in cdk5 activation (15). The present findings
demonstrate that phosphorylation dramatically increases cdkS
activation.

Cdk2 phosphorylated at the conserved phosphorylation site
(Thr'6%) is structurally similar, in this region, to phosphory-
lated PKA (6). This region shows a further movement of the
T loop toward the kinase C lobe as a result of interaction
between the phosphate and some acidic residues, and the
catalytic cleft opens even more, thereby increasing the kinase
activity. This regulatory phosphorylation site is well conserved
in cdks and other protein kinases. The lack of significant
phosphorylation of the cdkS S159A mutation suggests that this
serine residue is also the major phosphorylation target for
cdk5-activating kinases. It appears that cdkS follows a regula-
tory mechanism similar to other cdk kinases, although no
studies of the rates of cyclin binding to cdk kinases have been
reported.

We show here that CKI, but not CKII, can phosphorylate
and activate cdk5 in vitro. It is possible that the shape of the T
loop (containing Ser'>?) is more conducive for interaction with
CKI than with CKII. However, CKI phosphorylation and
regulation of cdkS in vivo remains to be established. CKI and
cdk5 have been found to be constituents of a multimeric
complex in squid axon (24). CKI also is associated with
neurofilaments (25) that are also substrates for cdk5 (1, 11, 17).

Clearly, these observations challenge the previously held
belief that phosphorylation does not play a role in cdk5
activation. It seems cdk5 requires both p35 binding and
phosphorylation at Ser!>® for maximal rates of activation. The
abnormal lethality of cdk5 “knockout” mice suggests impor-
tant functions of this kinase system (14). We currently are
investigating the identity of cdk5-phosphorylating kinase(s) in
neurons, which will be helpful in understanding the regulatory
mechanism of this kinase system at the cellular level.

We thank Dr. S. Fenella DasGupta for help in cell labeling
experiments and Drs. Ram Sihag, Phil Grant, and Hal Gainer for their
suggestions regarding the manuscript. DNA sequencing done by Jim
Neagle, DNA-sequencing facility, National Institute of Neurological
Disorders and Stroke, National Institutes of Health, is acknowledged.
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