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CDK5/p35 is a cyclin-dependent kinase essential for normal neuron
function. Proteolysis of the p35 subunit in vivo results in CDK5/p25
that causes neurotoxicity associated with a number of neurode-
generative diseases. Whereas the mechanism by which conversion
of p35 to p25 leads to toxicity is unknown, there is common belief
that CDK5/p25 is catalytically hyperactive compared to CDK5/p35.
Here, we have compared the steady-state kinetic parameters of
CDK5/p35 and CDK5/p25 towards both histone H1, the best known
substrate for both enzymes, and the microtubule-associated pro-
tein, tau, a physiological substrate whose in vivo phosphorylation
is relevant to Alzheimer’s disease. We show that the kinetics of
both enzymes are the same towards either substrate in vitro.
Furthermore, both enzymes display virtually identical kinetics
towards individual phosphorylation sites in tau monitored by
NMR. We conclude that conversion of p35 to p25 does not alter
the catalytic efficiency of the CDK5 catalytic subunit by using his-
tone H1 or tau as substrates, and that neurotoxicity associated
with CDK5/p25 is unlikely attributable to CDK5 hyperactivation,
as measured in vitro.
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CDK5/p25 was first identified as a tau kinase (1, 2) that dis-
played a CDK1 (formerly p34cdc2) -like substrate specificity

in brain (3, 4). Of particular interest, phosphorylation of normal
tau by CDK5/p25 could partially recapitulate several character-
istics inherent to PHF-tau associated with Alzheimer’s disease
(1, 2). The CDK5 catalytic subunit was homologous to other
CDKs and displayed ubiquitous expression (5), but p25 was ori-
ginally discovered as a unique protein expressed predominantly in
neurons, and generated by proteolytic cleavage of a larger protein
precursor, p35 (6–9). Whereas CDK5/p35 is associated with nor-
mal neuron development and function (10), endogenous cleavage
of p35 to p25 is associated with neuronal cell death, neuropathol-
ogy, and is implicated in the progression of Alzheimer’s disease
(11–18), Parkinson’s disease (19), and ALS (20). CDK5/p25, but
not CDK5/p35, is toxic when overexpressed in transformed cell
lines or when generated by cleavage of endogenous p35 in neu-
rons (11, 21, 22). The cellular mechanism by which cleavage
causes toxicity is not known, but in theory could relate to one
or more known key differences between these two enzyme forms,
including differences in subcellular distribution (11, 23), stability
of the protein (11, 24), and/or cellular substrate specificity
(11, 25).

There is common belief that the catalytic activity of CDK5/p25
is significantly elevated in comparison to CDK5/p35, and there-
fore that p25 causes “hyperactivity” of CDK5 compared to p35,
contributing to its toxicity (10). To rigorously demonstrate its
hyperactivity, however, it is necessary to show that the catalytic
parameters associated with steady-state phosphorylation of sub-
strates are different between the two enzymes. Hashiguchi et al.
(26) previously conducted such experiments, and concluded that
the intrinsic activity of CDK5/p25 was indeed significantly higher

than that of CDK5/p35. Their data, however, consisted of few
data points and was fraught with large errors.

We have reexamined the catalytic properties of CDK5 bound
to p25 versus p35 by detailed kinetic analysis of the steady-state
phosphorylation of histone H1 and human tau proteins. In con-
trast to the results of Hashiguchi et al. (26), we find that the ki-
netic parameters of both enzymes for the phosphorylation of
these substrates are the same within experimental error. In addi-
tion, we have examined the phosphorylation of individual target
sites in tau by two-dimensional NMR. Without exception, we find
that the steady-state kinetic parameters of CDK5/p25 and CDK5/
p35 toward individual sites are the same. We conclude that the
cellular toxicity of CDK5/p25 in vivo cannot be ascribed to
significant differences in the catalytic parameters between these
enzymes when measured in vitro.

Results
Initial Velocity Studies. The substrate that displays the highest cat-
alytic efficiency for phosphorylation by CDK5/p25 (or CDK5/
p35) in vitro is histone H1 protein (27). This, in large part, is
due to the target sequence in H1, KTPKKAKK, that conforms
to the optimal consensus sequence motif for phosphorylation
of substrates by this enzyme in general (27). To rigorously com-
pare the catalytic efficiencies of CDK5/p25 vs. CDK5/p35, we
sought to obtain values for KmðH1Þ, KmðATPÞ, and kcat for the phos-
phorylation of H1 histone for both enzymes. kcat was determined
from the Vmax value corrected for the concentration of CDK5
catalytic subunit (kcat ¼ Vmax∕½E�) that was determined by slot
blot analysis by using bacterially-expressed CDK5 of known con-
centration as a quantitative standard (Materials and Methods).
The steady-state kinetic parameters for the phosphorylation of
histone H1 were determined from initial velocity studies in which
the concentrations of H1 and ATP were simultaneously varied.

CDK5/p25 could be easily expressed and purified from E. coli.
However, expression of CDK5/p35 resulted in the p35 subunit
consistently undergoing proteolytic degradation that in our hands
could not be prevented. Thus, we could obtain kinetic informa-
tion for E. coli-expressed CDK5/p25 only. The steady-state
kinetic parameter values toward histone H1 were determined
to be: KmðH1Þ ¼ 30 uM, KmðATPÞ ¼ 70 uM, kcat ¼ 3 sec−1.

To compare CDK5/p25 to CDK5/p35, we employed baculo-
virus-expressed enzymes that were obtained from commercial
source. Initial velocity data was collected on both enzymes and
the model that best fit the data (Fig. S1) gave kinetic values
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shown in Table 1. No significant differences in the kcat value, nor
in the Km values for H1 or ATP, were found. Therefore, the over-
all catalytic efficiencies (kcat∕Km) of both enzymes for histone
phosphorylation appear to be similar. Furthermore, the kinetic
constants of the baculovirus-expressed enzymes were similar to
those of CDK5/p25 expressed in bacteria.

While H1 is catalytically the best substrate for several CDK/
cyclin complexes in vitro, it is not known if its phosphorylation
by CDK5 is physiologically relevant in neurons. Among sub-
strates believed to be in vivo targets of CDK5, phosphorylation
of the microtubule-associated protein, tau, has been of broad
interest, because the sites on tau that are targeted by CDK5/
p25 in vitro (1, 28–32) correspond to a subset of the specific sites
in PHF-tau that are believed to be abnormally phosphorylated in
AD brain (33–37). We, therefore, chose full-length human tau as
a physiologically significant model substrate by which to compare
the catalytic activities of CDK5/p25 and CDK5/p35.

Steady-state kinetic studies were conducted on both CDK5/
p25 and CDK5/p35 as described for the phosphorylation of
H1 but, instead, the longest isoform of human tau (441 amino
acids) was used as substrate. We found that tau displayed extre-
mely poor kinetics of phosphorylation catalyzed by either enzyme
(Fig. 1). Upon fitting, the KmðtauÞ values were found to be in the
500–800 uM range, and saturating levels of tau could not be
employed. Thus, the value for KmðtauÞ contained intrinsically large
standard errors, and it was not possible to determine KmðATPÞ by
global fitting (Table 2). To more accurately determine catalytic
efficiency (kcat∕KmðtauÞ), we measured the initial slopes of the
curves in Figure 1 and extrapolated to infinite ATP concentra-
tion. The resulting values suggest that the catalytic efficiency
of CDK5/p25 was no greater than that of CDK5/p35; if anything
it was lower (Table 2). The same analysis also revealed that the
Km values for ATP were the same (Table 2).

The observed poor kinetics of tau phosphorylation may be
somewhat expected, given the consensus sequence motifs that
surround each of the known CDK5/p25 phosphorylation sites

in the tau molecule, all of which are theoretically poor sites
for recognition (27). However, the poor catalytic efficiency in
our hands concerned us, because other laboratories have re-
ported significantly lower Km values for tau phosphorylation
by CDK5/p25 (26, 38, 39). We reasoned that the poor catalytic
efficiency could not be due to defects in the enzyme, because both
CDK5/p25 and CDK5/p35 each displayed high activity toward
histone H1. We investigated a number of parameters that may
influence catalytic efficiency, including the concentrations of
MgCl2 and NaCl, the affect of heparin, the pretreatment of
tau with heat, reduction by DTT, and the presence of the His6
tag. We also tested if the state of tau aggregation was important
by testing the efficiency of tau phosphorylation at various inter-
mediate time points during the time course of tau aggregation
into fibers. None of these parameters, nor different tau prepara-
tions carried out under non-denaturing versus denaturing condi-
tions, appeared to affect the efficiency of tau phosphorylation by
CDK5/p25 or CDK5/p35.

To conclusively demonstrate whether the poor kinetics was an
artifact of tau expression, purification or handling or, in contrast,
was a property intrinsic to tau itself, we engineered tau mutants in
which the consensus sequences surrounding several established
phosphorylation sites (40) were optimized for phosphorylation
by CDK5. The corresponding wild-type and optimized consensus
sequences are shown in Table 3. We reasoned that if the opti-
mized mutant displayed dramatically enhanced catalytic effi-
ciency, the poor efficiency of the wild-type substrate must
necessarily be an intrinsic property of the primary structure alone.
When we individually optimized the consensus sequences sur-
rounding Ser235, Ser202 and Thr205, the Km values decreased
between 6-25 fold over wild-type tau whereas the catalytic effi-
ciency (kcat∕Km) was increased 5-11 fold. The fact that the
wild-type and optimized mutants were overexpressed, purified,

Fig. 1. Steady-state kinetic analysis of tau phosphorylation by CDK5 bound to p35 or p25. A, B) SDS-PAGE analysis of baculovirus expressed His6CDK5∕GSTp35
(A) and His6CDK5∕GSTp25 (B). Enzymes were purchased from Millipore. (C, D) Kinetic analysis of tau phosphorylation by His6CDK5∕GSTp35 (8.5 nM) (C) and
His6CDK5∕GSTp25 (12 nM) (D). Initial rates were obtained in response to varying both tau and ATP concentrations. Data were analyzed by global nonlinear
regression fitting to give the best-fit parameters in Table 2. In both C and D, ATP concentrations are (from top to bottom): 1 mM -x, 500 -♦, 250 -□, 125 -▴,
62.5 -○, and 31 uM -▾

Table 1. Phosphorylation of kistone H1 by CDK5

p25 p35

kcat ðs−1Þ 2.4 (1.4)† 2.1 (0.9)
KmðH1Þ ðuMÞ 25 (4.4) 26 (4.7)
KmðATPÞ ðuMÞ 53 (10) 101 (17)

†Numbers in parenthesis are � standard deviation

Table 2. Phosphorylation of tau by CDK5

p25 p35

kcat ðs−1Þ 4.8 (2.4)† 4.6 (0.92)
KmðtauÞ ðuMÞ 835 (454) 549 (118)
kcat∕KmðtauÞ ðuM−1 min−1Þ‡ 0.37 (0.02) 0.47 (0.02)
KmðATPÞ ðuMÞ‡ 31 (9) 35 (6)

†Numbers in parenthesis are � standard deviation.
‡Determined bymeasurement of initial slopes from Fig. 1C andD (Materials &
Methods).
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and handled identically suggests that the dramatically different
kinetics must be due solely to the difference in primary sequence.

Phosphorylation of Individual Sites. Site-specific phosphorylation of
tau in vitro has previously been monitored by chemical sequence
analysis (1, 30), phosphoepitope-specific tau antibodies (28, 29),
and by mass spectrometry (31, 32). We monitored the phosphor-
ylation of all sites in the entire tau molecule simultaneously in
real time, by two-dimensional NMR. Tau phosphorylation by
CDK5/p25 or CDK5/p35 resulted in four newly appearing,
well-resolved resonance peaks in the 1H-15N-HSQC spectrum
of 15N-labeled tau over a 20 hr time course. These are labeled
as peaks one, two, three, and four in Fig. 2D and E. In both cases,
peaks one, two, and three displayed similar, if not identical, ki-
netics to one another whereas the time course of peak four was

appreciably slower (Fig. 2C and F). To identify the residues that,
upon phosphorylation, give rise to these peaks, we monitored the
phosphorylation of several tau mutants that were catalytically op-
timized at individual sites. We found that each mutant produced a
single, distinct, enhanced resonance peak corresponding to one
of the four peaks in wild-type tau (Fig. 3). We interpreted this
to mean that each resonance peak corresponded to the phosphor-
ylation of a specific site, and that the appearance of each peak
could serve as a site-specific reporter of phosphorylation. The
chemical shift of a given peak may directly correspond to that
of the actual phosphoamino acid or, alternatively, may be the re-
sult of a specific but indirect effect of phosphorylation. Peaks one,
two, three, and four correlated with the phosphorylation of
Ser235, Ser404, Thr205, and Ser202, resp. Each of the catalytically
optimized sites was phosphorylated significantly faster than the
corresponding wild-type site, demonstrating that the optimized
mutants were indeed catalytically more proficient (Fig. 3G and
H). Critically, the phosphorylation kinetics of any one of the four
sites in wild-type tau appeared similar, if not identical, when
catalyzed by CDK5/p25 versus CDK5/p35.

Cleavage of CDK5/p35 to CDK5/p25 By Calpain. To rigorously control
for the relative active site concentrations of CDK5/p35 and
CDK5/p25 when comparing their activities, we generated
CDK5/p25 by direct cleavage of CDK5/p35 with calpain, and
compared the tau kinase activity before and after digestion.
We performed these assays at low tau concentration, under which
conditions the initial velocity corresponds to the enzyme catalytic
efficiency (kcat∕Km) (41). Calpain digestion resulted in 80% clea-
vage of p35 at the highest calpain concentration used without de-
tectable proteolysis of CDK5. We found that the catalytic
efficiency of CDK5 was essentially unchanged in response to cal-
pain digestion in which p35 was progressively converted to p25
(Fig. 4). This supports the results of our kinetic determinations
on CDK5/p35 and CDK5/p25 when separately expressed and
purified, and demonstrates that both display the same steady-
state kinetic parameters toward human tau or histone H1, within
experimental error.

Table 3. Kinetic parameters for catalytically optimized tau
mutants

kcat ðs−1Þ Km ðuMÞ
Wild-type Tau 4.8† 835†
Optimized Tau
PKS235PKKAKS‡ 2.1 33
PKS235PSSAKS§

PGS202PKKPGS 5.8 143
PGS202PGTPGS
PGT205PKKRSR 2.4 80
PGT205PGSRSR
DTS404PKKLSN ND¶ ND
DTS404PRHLSN
Histone H1‖

PKT PKKAKK 2.4 30

†Kinetic parameters for wild-type tau are a composite of the kinetics for all
four sites.

‡Individual optimized tau concensus sequences are in bold.
§corresponding wild-type sequences are shown below the optimized se-
quences.

¶Could not be determined.
‖The best substrate consensus sequence for CDK5/p25 is found in histone H1
(27).

Fig. 2. 1H-15N-HSQC spectra of tau phosphorylated with CDK5/p35 or CDK5/p25. Region of new crosspeaks in response to phosphorylation by CDK5/p35 or
CDK5/p25 is shown: A, D) CDK5/p35 (11 nM); B, E) CDK5/p25 (11 nM); A, B) after 30 min phosphorylation; D, E) after 19 hrs phosphorylation. New crosspeaks are
labeled 1–4; C, F) Time courses of phosphorylation monitored by increase in volume of crosspeaks 1–4. 1 -○, 2 -▴, 3 -x, and 4 -▪. C) CDK5/p35 F) CDK5/p25. The
full NMR spectrum is shown in Fig. S2.
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Discussion
The link between p35 conversion to p25 and the incidence of
Alzheimer’s disease in humans remains controversial (11–17).
However, many studies have now clearly implicated p25 in neu-
rodegenerative disease in animal models (18–20, 42), and p25
causes neurotoxicity in cellular systems (11, 21, 22). The mechan-
ism of toxicity specific to p25 versus p35 may be due to differences
in a number of properties between CDK5/p25 and CDK5/p35
that have already been demonstrated, principally subcellular lo-
calization (11, 23) and stability (11, 24). In addition, there is com-
mon belief that CDK5/p25 is “hyperactive” compared to CDK5/
p35, implying that the catalytic activity of CDK5 bound to p25 is
enhanced compared to when bound to p35 (10, 11, 25, 26). This
was previously demonstrated in cells in culture by using exogen-
ously expressed tau as a substrate (11) and recently toward his-
tone H1 (25). Subsequently, Hashiguchi et al employed steady-
state kinetic methods to show that CDK5/p25 was catalytically
more efficient than CDK5/p35 toward both histone H1 (3.5-fold)
and human tau protein (6-fold) using purified components (26).
These authors also examined the site-specific phosphorylation of
tau by using phosphorylation site-specific antibodies, and found
that phosphorylation of Ser202∕Thr205 was significantly preferred
by CDK5/p25 compared to CDK5/p35 (26).

Herein, we have repeated the initial velocity studies of Hashi-
guchi et al. (26) and have employed NMR methods to monitor
the simultaneous specific phosphorylation of individual sites in
tau. In contrast to previous reports (26), we find that the catalytic
parameters governing the steady-state phosphorylation of histone
H1 and tau, and the phosphorylation of tau at specific sites, by
CDK5/p25 or CDK5/p35, are virtually identical.

Hashiguchi et al. (26) reported steady-state kinetic parameter
values that were associated with large errors in both cases of H1
and tau phosphorylation. We conducted the same experiments

but collected more extensive data and found that neither the
kcat nor the Km value for H1 or tau differed significantly between
CDK5/p25 and CDK5/p35. Both enzymes were obtained from
commercial sources by expression in baculovirus followed by
purification by affinity-tag chromatography. In our hands, these
enzymes displayed similar kinetic parameters to human CDK5/
p25 expressed in E. coli, and the catalytic turnover rates were
found to be similar to other CDKs using histone H1 as substrate
(43). Both CDK5/p35 and CDK5/p25 displayed high, specific
catalytic activity, as opposed to the possibility that they were com-
promised due to mishandling or trivial reasons.

We also monitored the phosphorylation of wild-type tau by
NMR that allowed the kinetics of each site to bemonitored in real
time as they are simultaneously phosphorylated, as would be ex-
pected to occur in vivo. The disadvantage of thismethod, however,
was that quantitative kinetic parameters could not be extracted
because the relationship between resonance peak volume and
phosphorylation stoichiometry could not be determined. Similar
NMRexperiments have recently been performed by Amniai et al.
(44) using CDK2/cyclinA3 that shows similar substrate sequence
specificity to CDK5/p25 (27, 45). They found Ser202, Thr205,
Thr231, and Ser235 as the major sites of tau phosphorylation by
CDK2/cyclinA3 (44). We found tau to be phosphorylated primar-
ily at Ser202, Thr205, Ser235, and Ser404 by CDK5/p25. Whereas
studies report as many as 25 sites capable of phosphorylation
by CDK5/p25 (34), our NMR studies confirm the early work of
Imahori et al. (40), who also demonstrated Ser202, Thr205,
Ser235, and Ser404 to be the major sites of tau phosphorylation
by CDK5/p25 (tau kinase II). Critically, we found no difference
in the kinetics of phosphorylation of each individual phosphoryla-
tion site—including Ser202∕Thr205—by CDK5/p25 or CDK5/p35,
in contrast to what Hashiguchi et al (26) have reported.

Fig. 3. CDK5/p25 phosphorylation-site optimization in tau. A–C) S235 The sequence S235PSS was optimized for phosphorylation by CDK5/p25 by changing to
S235PKK. 1H-15N-HSQC spectra of S235-optimized (Green) andwild type (Red) tau is shown afterA) 0, B) 2, and C) 19 hrs phosphorylation by CDK5/p25 (11 nM).G)
Relative change in peak volumes over time. Red—wild type; Green—mutant. D–F) S202 The sequence S202PGT was optimized for phosphorylation by CDK5/p25
by changing to S202PKK. 1H-15N-HSQC spectra of S202-optimized (Orange) and wild-type (Blue) tau is shown after D) 0, E) 2, and F) 19 hrs
phosphorylation by CDK5/p25 (11 nM). T205 is deleted; therefore peak 1′ is not seen. H) Relative change in peak volumes over time. Blue—wild-type;
Orange—mutant. Peaks 1, 2, 3, and 4—wild-type tau. Peaks 1′, 2′, 3′, and 4′—catalytically optimized tau. 1,1′,—pT205; 2,2′,—pS235; 3,3′,—pS404; and 4,4′,—pS202.

Peterson et al. PNAS ∣ February 16, 2010 ∣ vol. 107 ∣ no. 7 ∣ 2887

BI
O
CH

EM
IS
TR

Y



In conclusion, we find that the catalytic efficiency and turnover
rate of CDK5/p35 are not significantly changed towards either
histone H1 or human tau protein upon cleavage to CDK5/p25
when measured using purified components. This is consistent
with early work by Kusakawa et al,. who measured the activity
of immunoprecipitates of these enzymes (46), and Sakaue et
al., who tested both enzymes against several FTDP-17 mutants
of tau (47). Recently, Maestras et al. (48) reported that
CDK5/p25 is significantly more active than CDK5/p35 toward
the anaphase-promoting complex factor, cdh1, suggesting that
differential enzyme activity may be substrate-dependent. Alterna-
tively, it is possible that intracellular protein–protein, protein–
lipid interactions, or posttranslational modification may differen-
tially affect catalytic specificity in vivo. For example, CDK5 has
been reported to undergo phosphorylation at Tyr15 that increases
activity (49). Otherwise, the toxicity of CDK5/p25 is likely attrib-
uted to its specifically altered subcellular compartmentalization
and accessibility to different substrates. Our studies do not
support hyperactivity of purified CDK5/p25 towards histone
H1 or tau as a likely possibility.

Materials and Methods
Enzymes. Human CDK5/p25 and CDK5/p35 expressed in baculovirus were
purchased from Millipore (Temecula, CA) or ProQinase (Freiburg, Germany).
The purity of these enzymes is shown in Fig. 1. The concentration of CDK5
catalytic subunit was verified by quantitative Westernblot analysis. Briefly, a
human CDK5 (N-terminal GST) standard was prepared by expression in E. coli,
lysis by sonication (50% duty cycle, 60% power output), purification by
centrifugation (15 k × 30 min), chromatography on GSH-agarose followed
by Uno Q (0.5 ml∕min, 20 mM∕ml NaCl gradient elution), and excision from
a 10% SDS-PAGE gel and electro-elution from the gel chip by using an elu-
Trap electro-elution apparatus. The GST-CDK5 protein was then precipitated
with ethanol at −20° C and its concentration determined by UV absorbance
(ε280 ¼ 75; 010 M−1 cm−1 based on amino acid composition). The GST-CDK5
was used as a quantitative standard to determine the picomole quantities

of commercially obtained enzymes by slot blot analysis by using a CDK5-
specific antibody (J3, Santa Cruz). Western blot analyses in Fig 4 were
performed with anti-p25 (C19) and anti-CDK5 (J3) (Santa Cruz, CA). Calpain
(C6108) was from Sigma. ALLN (BML-P120) was from Enzo Lifesciences,
Plymouth Meeting, PA.

E. coli expression and purification of human CDK5/p25 was performed as
follows: Human CDK5 and p25 were co-expressed in E. coli BL21(DE3) as GST-
(pGEX2T) and His6- (pET28) N-terminal fusion proteins under ampicillin and
kanamycin resistance, resp. Cells were grown to OD600 0.6 to 0.8 at 37 °C in
LB, containing 50 ug∕ml kanamycin and 100 ug∕ml ampicillin, and then in-
duced with 0.4 mM IPTG for 18 hrs at 22 °C. The cell pellet from 1 L culture
was resuspended in 30 ml of lysis buffer (20 mM MOPS pH7.4, 500 mM NaCl
and 0.1 mM EDTA, 1 mM DTT), washed with lysis buffer and then stored at
−80° C until purification. Cellswere thawed in lysis buffer, then incubatedwith
lysozyme (2 mg∕mL, 15min on ice) in the presence of PMSF (1 mM), leupeptin
(0.5 ug∕ml) and pepstatin A (0.7 ug∕ml), aprotinin 2 ug∕ml), before sonica-
tion (Branson Sonifier 250, 6 × 20 sec at power setting five with 1min cooling
on ice between each sonication burst). The lysate after sonication was centri-
fuged (30 min at 15,000 rpm, Sorvall SS-34), supplemented with 0.5% Triton
X100, then batch loaded onto 2 ml of packed GSH agarose at 4° C × 45 min.
The resin was column washed with lysis buffer containing 0.5% Triton X100,
followed by lysis buffer alone, and protein was eluted with 15 mM GSH.

Thebound fractionwas supplementedwith 10mM imidizole, batch loaded
onto 2mLpackedNi-NTA resin at 4 °C for 45min,washed (20mMMOPSpH7.4,
100 mM NaCl, 10 mM imidazole, 1 mM DTT and 0.1 mM EDTA), and bound
protein eluted with 300 mM imidazole. The eluate was dialyzed against
20 mM MOPS pH7.4, 10 mM NaCl, 10 mM imidazole, 1 mM DTT and 0.1 mM
EDTA, and then resolved by FPLC UnoQ anion exchange with a NaCl gradient
(0–400mMNaCl/20mL). CDK5 kinase activity was assayed by using histone H1
protein as substrate. The corresponding GST-CDK5 protein was quantified by
western analysis using a quantitative GST-CDK5 standard, as described above.

Protein Substrates. Histone H1 was from Sigma (H5505). Full-length 14N and
15N human tau (441 amino acids) containing a hexahistidine tag fused to the
N terminus was overexpressed in E. coli and the protein purified according to
Peterson et al. (50). Catalytically optimized mutants were generated by site
directed mutagenesis by using QuickChange (Stratagene).

ATP.ATP (Sigma A2383) was dissolved in dilute NaOH such that the final pH of
the stock ATP solution was between pH 6-7. The amount of ADP present
was characterized by using a coupled, spectrophotometric assay (51), and
was typically less than 1% of the total ATP. In all assays, radiolabeled
½γ32P-ATP� (MP Biomed 35001-X01) was used at final specific radioactivity
of approximately 500 dpm∕pmol. The exact specific radioactivity was deter-
mined by scintillation counting.

Initial Velocity Studies. Phosphorylation reactions were carried out at 37 °C in
20 mM MOPS pH 7.4, 50 mM KCl, 10 mM free MgCl, 1 mM DTT, varied
γ32P-ATP, and varied protein substrate concentrations. Enzyme concentration
was in the 100 pM range, the precise concentration was adjusted to maintain
initial velocity conditions (defined by conversion of 10% or less substrate to
product). Reactions were terminated by addition of 25% (final concentra-
tion) acetic acid. γ32P-ATP was separated from 32P-labeled protein product
by ascending chromatograpy on Whatman P81 phosphocellulose paper
developed in 20 mM phosphoric acid (51). Radiolabeled product at the origin
was quantified by Cerenkov counting.

Data Analysis. Initial velocity data (fixed and saturating ATP, varied H1, or tau)
were fit to the Michaelis–Menten equation by simple nonlinear regression
analysis by using Kaleidagraph (Synergy Software). Matrices of data (both
ATP and H1 or tau varied) were analyzed by global nonlinear regression fit-
ting by using a two substrate sequential model using the software program,
Scientist (Micromath Scientific Software). Vmax and Km values were obtained
directly from regression analysis. kcat was calculated by dividing Vmax by the
CDK5 catalytic subunit concentration determined by Westernblot, as de-
scribed above.

To determine catalytic efficiency (kcat∕KmðtauÞ), each set of initial velocity
data (Fig. 1), at a given subsaturating ATP concentration, was individually
analyzed by hyperbolic nonlinear regression fitting. The initial slopes of each
curve were replotted as a function of ATP concentration by using a hyperbolic
model. The best-fit curve by nonlinear regression gave the catalytic efficiency
(kcat∕KmðtauÞ at infinite ATP) and KmðATPÞ.

NMR. NMR data were collected at 25 °C on a Bruker Avance II 800 Ultrashield
Plus NMR spectrometer by using either a 5 mm, four channel TCI

Fig. 4. Enzymatic activity of CDK5 upon conversion of p35 to p25 by calpain.
Aliquots of CDK5/p35 were incubated with varying amounts of calpain, the
reaction stopped with ALLN, and then assayed for tau kinase activity. A)
Western blot of p35. Markers are 95, 72, 55, 43, and 34 kDa (top-bottom).
B) Western blot of CDK5. C) Initial velocity of CDK5 (10 nM) after varied
degrees of cleavage of p35 to p25. Cleavage of p35 to p25 results in no
change in CDK5 catalytic efficiency.
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(1H∕15N∕13C∕2H) cryoprobe or a room temperature TXI H-C/N-D probe.
We preformed two-dimensional 1H-15N HSQC experiments on uniformly
15N-labeled protein samples of 250 uM full-length (441 amino acids) tau
wild-type or mutants —purified as previously described [Peterson et al.
(50)]— with 11nM CDK5-p35 or CDK5-p25 (ProQinase, Freiburg, Germany),
in 20 mM MOPS pH 7.4, 100 mM NaCl, 0.1 mM EDTA, 2 mM DTT, 10 mM
MgCl2,10%/90% D2O∕H2O, and 1 mM ATP. A 1H-15N HSQC spectrum was
collected before ATP addition. After ATP addition, a series of 1H-15N HSQC
spectra were collected continuously up to 20 h. Each spectrum was acquired
over 34 mins and was done with eight scans, 100 15N increments, a recycle

delay of 1 sec, and spectral width of 18.5 ppm for 15N and 16.0 ppm for 1H.
There was a 5 min dead time between addition of ATP and data collection.
Data processing was done with the nmrPipe program package (52). Data
analysis was done with a modified version of Assignment of NMR
Spectra by Interactive Graphics (53, 54) running under the Linux operating
system.
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