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p21-activated protein kinases (PAKs) are involved in signal transduction processes initiating a variety of
biological responses. They become activated by interaction with Rho-type small GTP-binding proteins Rac and
Cdc42 in the GTP-bound conformation, thereby relieving the inhibition of the regulatory domain (RD) on the
catalytic domain (CD). Here we report on the mechanism of activation and show that proteolytic digestion of
PAK produces a heterodimeric RD-CD complex consisting of a regulatory fragment (residues 57 to 200) and
a catalytic fragment (residues 201 to 491), which is active in the absence of Cdc42. Cdc42-GppNHp binds with
low affinity (Kd 0.6 mM) to intact kinase, whereas the affinity to the isolated regulatory fragment is much higher
(Kd 18 nM), suggesting that the difference in binding energy is used for the conformational change leading to
activation. The full-length kinase, the isolated RD, and surprisingly also their complexes with Cdc42 behave as
dimers on a gel filtration column. Cdc42-GppNHp interaction with the RD-CD complex is also of low affinity
and does not dissociate the RD from the CD. After autophosphorylation of the kinase domain, Cdc42 binds
with high (14 nM) affinity and dissociates the RD-CD complex. Assuming that the RD-CD complex mimics the
interaction in native PAK, this indicates that the small G protein may not simply release the RD from the CD.
It acts in a more subtle allosteric control mechanism to induce autophosphorylation, which in turn induces the
release of the RD and thus full activation.

GTP-binding proteins of the Ras superfamily are molecular
switches which cycle between the GDP-bound off and GTP-
bound on states. In the on state, they interact with effectors
which are defined as molecules interacting more tightly with
the GTP-bound form than with the GDP-bound form. By in-
teracting with effectors, they mediate downstream biological
effects. The switch returns to the GDP-bound off state by the
GTPase reaction which is catalyzed by GTPase-activating pro-
teins (4, 5).

Recently, it has become clear that many of the GTP-binding
proteins interact with an array of different effectors and thus
are involved in more than one signal transduction pathway
(26). Many of these effectors are protein kinases that become
activated in the course of this interaction. A prominent exam-
ple are the different Raf kinases (three isoforms) which inter-
act with activated Ras in the course of growth regulation and
become activated via a mechanism that involves translocation
to the plasma membrane and most likely further allosteric
regulatory events which are still incompletely understood.

In the case of the Rho subfamily members Rho, Rac, and
Cdc42, a number of Ser/Thr-specific protein kinases have been
identified, such as protein kinase N and the Rho kinases for
Rho. The first kinases to be identified as downstream targets

were the Tyr-specific ACK (activated Cdc42-associated kinase)
(23) and the Ser/Thr-specific PAK (p21-activated kinase) (24).
PAK constitutes a large family of related protein kinases. The
most prominent members are mammalian PAK1 to -4, the
PAK homologues Ste20 and Cla4 from Saccharomyces cerevi-
siae, and the myotonic dystrophy-related kinases, which are
involved in cell cycle control, dynamics of the cytoskeleton,
apoptosis, and transcription (for reviews, see references 2 and
9).

PAK1 to -3 are 60- to 65-kDa proteins that contain an
N-terminal regulatory domain (RD) and a C-terminal kinase
domain, the former of which is inhibitory to the latter. The RD
contains a conserved CRIB (CDC42/Rac interactive binding
region) or GBD (for GTPase-binding domain), and polypep-
tides encompassing this region are sufficient to bind to the
GTP-bound form of Rac and Cdc42 (7, 39). The binding al-
losterically induces activation of the kinase activity, which in
contrast to the Ras-Raf interaction (38) can be demonstrated
convincingly with purified components in the test tube (21, 25).
Using point mutations in the regulatory region which relieve its
inhibitory action (6, 51), it was postulated that the RD directly
interacts with the kinase domain. Such a direct interaction has
been shown using recombinant fragments (49) and yeast two-
hybrid analysis (43). The binding of Cdc42 has been postulated
to induce a conformational change, which relieves the inhibi-
tory effect on the kinase domain and opens the kinase struc-
ture. The structures of an autoinhibited aPAK fragment (20)
and of complexes between Cdc42 and a CRIB-containing frag-
ment (27, 28) seemed to support the model (Fig. 1). In this and
other such models, it is postulated that the regulatory and
kinase domains dissociate from each other, allowing the latter
to become activated by transphosphorylation (9).
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Since the conformational changes during kinase activation
by GTP-binding proteins are poorly understood, and since
PAK activation could serve as an apt structural model, we have
investigated the biochemical and structural implications of the
model. The results are discussed in the context of the structure
of inhibited aPAK (PAK1) (20).

MATERIALS AND METHODS

Protein expression and purification. The expression clone for rat aPAKL404S

in the pGEX-2T vector was a gift of Ed Manser. The glutathione S-transferase
(GST) fusion protein was expressed in Escherichia coli BL21 from a slightly
modified vector pGEX2T, where, to improve the cleavage with thrombin, a
linker sequence (an immunoglobulin A protease cleavage site [33]) was inserted
immediately downstream of the thrombin cleavage site. Cells grown to optical
density at 600 nm of 0.8 in Luria-Bertani medium with 100 mg of ampicilin per
ml were induced at 20°C with 0.1 mM isopropyl-1-thio-b-D-galactopyranoside
(IPTG) and cultivated for 7 to 10 h. After homogenization of the cells with a
fluidizer (Microfluidics, Newton, Mass.), the suspension was centrifuged at
30,000 3 g for 30 min. GST fusion proteins of PAK, PAKK298A, PAK fragments,
and Cdc42 (the G12V mutant was always used) were purified on glutathione
(GSH)-Sepharose (Pharmacia). After application, the column was washed ex-
tensively with buffer A (50 mM Tris-HCl [pH 7.5], 100 mM NaCl, 5 mM dithio-
erythritol [DTE]), with buffer B (50 mM Tris-HCl [pH 7.5], 500 mM NaCl, 5 mM
DTE), and again with buffer A. After cleavage with thrombin overnight on the
column, the proteins were eluted with buffer A. Thrombin was removed by
chromatography on benzamidine-Sepharose 6B (Pharmacia), and the proteins
were further purified by gel filtration chromatography (Superdex 200; Pharma-
cia).

Digestion of aPAK. aPAK was digested with either trypsin, chymotrypsin,
papain, or V8 protease at an aPAK/protease ratio of 1,000:1 (wt/wt). The cleav-
age reaction was carried out on ice in buffer A. Reactions were stopped after
various incubation times by adding 1 ml of protease inhibitor cocktail solution
(Complete; Boehringer GmbH, Mannheim, Germany). The reaction products

were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), electrospray mass spectrometry, and N-terminal sequencing.

Protein kinase assay. Kinase activity was measured by assaying the phosphor-
ylation of myelin basic protein (MBP). The reaction was carried out by incubat-
ing aPAK (0.1 mg/ml), GST-Cdc42-GppNHp (0.2 mg/ml), and MBP (1 mg/ml)
in buffer C (40 mM HEPES-NaOH [pH 7.5], 100 mM NaCl, 5 mM MgCl2, 5 mM
DTE) with 3.3 mM [g-32P]ATP (1 nCi/ml) at 30°C for 15 min (21). The reactions
were stopped by addition of SDS sample buffer. Reaction products were run on
SDS-PAGE, and radioactivity on the dried gels was quantified using a phosphor-
imager.

Fluorescence studies. Fluorescence measurements were done on a Fluoromax
spectrofluorimeter (SPEX Instruments S.A., Inc., Edison, N.J.). Fluorescence of
39-methylanthraniloyl nucleotides was followed at 25°C with lex 5 366 nm and
lem 5 435 nm in buffer C. To determine the affinity of Cdc42 for intact aPAK,
the isolated recombinant regulatory fragment, or the RD-catalytic domain (CD)
complex, Cdc42 (the G12V GTPase-negative mutant) bound to the appropriate
fluorescent 39-methylanthraniloyl nucleotide was titrated with increasing concen-
trations of the kinase proteins in buffer C. The resulting fluorescence intensity
was recorded, and the data were fitted to a quadratic equation describing a
bimolecular association model assuming a 1:1 stoichiometry. To determine the
affinity of the autophosphorylated RD-CD fragment, fluorescence intensities
were recorded in the presence of 1 mM ATP, giving sufficient time for a kinase
reaction (10 min).

The affinities between RD (aPAK residues 57 to 200) or the full-length (FL)
aPAK and Cdc42-GppNHp were also determined by stopped-flow measure-
ments. The association rate constants were measured with 0.5 mM Cdc42-
mGppNHp and increasing (2.5 to 25.0 mM) concentrations of effector in a
stopped-flow apparatus (Applied Photophysics, Leatherhead, United Kingdom)
in buffer C at 25°C, with an emission cutoff filter of 408 nm. Dissociation of the
labeled Cdc42-mGppNHp complexes was measured by rapid mixing with 100-
fold excess (0.2 mM) unlabeled Cdc42-GppNHp and following the fluorescence
transient in real time. All kinetic data were fitted to single exponentials in the
case of the RD and double exponentials (see below) in the case of FL aPAK,
using the program Grafit (Erithacus Software, Staines, United Kingdom). With
FL aPAK, the association rate contains a second component whose rate and

FIG. 1. Structural model of aPAK, using as a guideline the X-ray structure of a complex between a regulatory fragment from residues 70 to
175 and the complete CD (residues 249 to 545) from human aPAK (18). The regulatory part of the molecule is in dark blue structural elements
not included in the three-dimensional structure are in light blue. Approximate locations of residues relevant to the results presented in this report
are indicated. It was previously assumed that inhibition by the inhibitory switch (IS) domain and dimerization via the Di motif is relieved by binding
of Cdc42 to the CRIB region. KI, kinase inhibitory linker.
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amplitude are independent of the concentration. It was neglected, as was a
second, faster component of the dissociation rate. We have no explanation for
the second component, but since the ratio of rates for the first components gave
an equilibrium dissociation constant consistent with the one obtained by direct
titration, we did not consider it significant.

Pull-down assay. GST-Cdc42-GppNHp (30 mg) was bound to GSH-Sepharose
beads equilibrated in buffer C. Then 20 mg of the RD-CD complex were added;
the reaction mixture was incubated for 30 min on ice, either with no nucleotide
or with 1 mM ATP or AppNHp together with 5 mM MgCl2, and washed twice
with buffer C to remove unbound proteins. The wash eluates together with the
contents of the beads (obtained by boiling in SDS sample buffer) were analyzed
by SDS-PAGE and stained with Coomassie blue.

RESULTS

Low-affinity binding of PAK to Cdc42. It has been shown
that expression of FL native aPAK (PAK1) is lethal to E. coli,
whereas an aPAK construct with the point mutation L404S can
conveniently be kept in bacteria and used to express large
amounts of protein. aPAK with the L404S mutation has a
lower basal activity but can still be stimulated by the Rho-type
GTP-binding protein Cdc42, albeit not to a similar degree (21,
22). In the three-dimensional structure of autoinhibited human
PAK1, the corresponding Leu405 is situated in the b8 strand
immediately preceding the activation loop, which according to
the structure interacts with the kinase inhibitory segment from
the regulatory region (20) (Fig. 1). The side chain points into
a hydrophobic pocket but is close to the His387 side chain
(Nε-to-Cg distance of 3.7 Å). The L405S mutation could thus
possibly bridge these two residues and thereby impede rear-
rangement of the autophosphorylation loop and positioning of
the catalytic machinery containing the essential catalytic
Asp389. We confirm that the kinase activity of purified protein,
measured either as an autokinase activity or as the phosphor-
ylation of MBP, is absolutely dependent on the presence of
activated Cdc42 (Fig. 2). This is further documented in Fig. 5C
(see below). The kinetic analysis of the reaction shows a rapid
phosphorylation of MBP in the presence of Cdc42-GppNHp,
whereas in the absence of Cdc42 (or the presence of Cdc42-

GDP), the reaction reaches a much lower level of phosphory-
lation.

The interaction of Rac and Cdc42 with effector fragments
has been analyzed under equilibrium conditions in solution
using fluorescence, scintillation proximity assay, and isother-
mal calorimetry, with CRIB-containing fragments of various
lengths from the regulatory region of Wiscott-Aldrich syn-
drome protein (WASP), ACK, and PAK (30, 36, 42). Fluores-
cence intensity decrease (35, 42) as well as increase (30) have
been observed to occur, and equilibrium dissociation constants
in the nanomolar region for PAK fragments have been mea-
sured, also with other techniques (37, 50). Here we measured
the interaction of FL aPAK with Cdc42-GppNHp under equi-
librium conditions. The fluorescence emission intensity of
Cdc42-bound mGppNHp decreases about 50% on addition of
FL aPAK (Fig. 3A), in accordance with the results obtained
with WASP (35) and PAK (42) fragments. Under these con-
ditions (0.2 mM), Cdc42-mGDP does not show a fluorescence
decrease (not shown), confirming the specificity of the inter-
action and indicating that the affinity to Cdc42-GDP is much
lower, as suggested previously by overlay and pull-down tech-
niques (24, 25). Titration of Cdc42-mGppNHp with increasing
amounts of aPAK and fitting the resulting fluorescence inten-
sity decrease to a binding equation assuming 1:1 (or 2:2 [see
below]) stoichiometry (Fig. 3B) gives an equilibrium dissocia-
tion constant of 0.61 mM. This is much higher than what is
usually found for CRIB or GBD fragments of PAK, WASP,
and ACK (30, 31, 36, 42).

Activation of aPAK by proteolysis and formation of an
RD-CD complex. It has been shown before that limited prote-
olysis of gPAK (PAK2) induces activation of the kinase activ-
ity, as it has been found as an autokinase activity in pig brain
and liver (46, 47) or in rabbit reticulocytes (40). Furthermore,
it has been shown that gPAK, but not a or bPAK, is cleaved by
the cysteine protease caspase 3 in response to apoptotic stimuli
(18, 34). gPAK has also been isolated as an inactive precursor
kinase which is activated in vitro by mild trypsin digestion (3).
In those studies, similarly sized fragments containing the reg-
ulatory and the catalytic parts of the kinase have been de-
tected. The question of whether or not the proteolysis products
separate from each other has not been addressed. However,
judging from the available literature, it has tacitly been as-
sumed that they do. To see if aPAK can also be activated
similarly and to investigate the structure-function relationship
of the cleavage products, we digested aPAK with proteases
such as elastase, trypsin, chymotrypsin, and V8. Although all of
these enzymes cleave the protein into similar fragments, most
of the enzymes eventually degrade the protein during pro-
longed incubation. In the case of chymotrypsin, however, two
proteolysis-resistant, stable fragments are obtained (Fig. 4). By
mass spectrometric analysis and N-terminal sequencing, these
fragments can be identified as the N-terminal residues 57 to
200 and the C-terminal residues 201 to 491 from aPAK, which
we call the RD and CD, respectively (Fig. 1). It should be
mentioned that in the presence of Cdc24-GppNHp, proteolysis
with chymotrypsin is much faster (not shown), indicating a
conformational change of the kinase, as postulated from the
structural and biochemical studies.

Since the N- and C-terminal fragments of native PAK have
been shown to bind to each other (43, 49), we wanted to see if

FIG. 2. Intrinsic and Cdc42-stimulated protein kinase activity of
aPAK. aPAK (1.7 mM) was incubated in kinase buffer in the presence
of 3.3 mM [g-32P]ATP and 54 mM MBP, in the absence and presence
of Cdc42, in the GDP- or GppNHp-bound conformation. The reaction
mixture was incubated at 37°C, and samples from the indicated time
points were analyzed for phosphorylation in arbitrary units as de-
scribed in Materials and Methods.
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this property is retained with the proteolyzed product. The RD
and CD fragments indeed coelute on a calibrated size exclu-
sion chromatography column (Fig. 4B). The elution volume
corresponds to an apparent molecular mass of 77 kDa that is
intermediate between the masses of a monomer and a dimer
(calculated mass of 48.5 kDa). This indicates that the complex
may retain the tendency to dimerize, as shown previously for
native aPAK and PAK(70-545) (20). The experimental value
may also indicate rapid equilibrium between monomer and
dimer (see also below).

The RD-CD complex is postulated to be catalytically inac-
tive, as the binding of the regulatory subunit to the catalytic
subunit has been shown to inhibit the kinase activity (43, 49).

However, contrary to expectation, the complex is catalytically
active, as evidenced both by autophosphorylation of the kinase
domain and phosphorylation of MBP (Fig. 5A). The kinetics of
MBP phosphorylation appear to be similar to those of FL
native aPAK in the presence of Cdc42-GppNHp (compare
Fig. 2 and 5B), but in contrast to native PAK, activation is
uncoupled from the presence of Cdc42 (Fig. 5). This might
indicate that activated forms of gPAK obtained by caspase or
trypsin digestion (3, 18, 34), just like the activated kinases
observed in cell extracts (40, 46, 47), may in fact be similar
RD-CD complexes. Mass spectrometry analysis of the CD do-
main after in gel tryptic digestion (data not shown) indicates
that the fragment encompassing Thr422 cannot be found any-
more after treatment with ATP, suggesting that this residue in
the autophosphorylation loop is the target of modification, as
shown by other authors before (8, 49).

The RD (residues 57 to 200). To show that the RD-CD
complex can also be formed from the two isolated subunits, we
tried to express the two domains independently in E. coli as

FIG. 3. Equilibrium measurement of the PAK-Cdc42 interaction.
The fluorescence emission spectrum of 0.2 mM Cdc42-mGppNHp in
buffer C (upper trace) decreases upon treatment with (from top to
bottom) 0.5, 1.0, 1.5, 2.0, and 2.5 mM aPAK. (B) Cdc42-mGppNHp
(0.2 mM) was treated with increasing amounts of aPAK as indicated,
and the decrease in fluorescence was fitted to a binding equation with
1:1 stoichiometry.

FIG. 4. Proteolytic digestion of aPAK. (A) aPAK (66 mM) was
digested with chymotrypsin (1,000:1; wt/wt). At the indicated time
intervals, aliquots of the reaction mixture were treated with protease
inhibitors and analyzed by SDS-PAGE as described in Materials and
Methods. (B) The reaction mixture from chymotrypsin digestion was
applied to a Superdex 75 (10/30) gel filtration column equilibrated in
buffer B, and the eluted fractions were analyzed by SDS-PAGE.
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recombinant proteins. Whereas the RD comprising residues 57
to 200 could be expressed and purified as a stable protein, we
were not able to obtain the CD (comprising residues 201 to
491) by similar protocols. This is somewhat surprising con-
sidering that other, albeit different catalytic fragments have
been isolated (20, 49). The dissociation constant of 3.7 nM
(not shown) determined for the binding of the RD to Cdc42-
mGppNHp is somewhat low to be accurately determined by
the equilibrium method (see below) but is clearly much lower
than that for full-length PAK and also comparable to those for
other CRIB domain fragments from either ACK, PAK, or
WASP (36, 42).

Recently the structure of a complex between the regulatory
fragment (residues 70 to 149) and the complete CD (residues
249 to 545) of aPAK has been solved by X-ray crystallography
(20). The N-terminal fragment was shown to contain a motif

which mediates dimerization (Di motif) and an inhibitory
switch domain which abuts the large lobe of the kinase domain.
It also contains a short kinase inhibitory linker that sterically
prevents access to the active site and directly interacts with
catalytic residues (Fig. 1). The RD-CD complex described here
contains all of these regulatory elements plus the PIX (p21-
interacting exchange factor) binding motif also involved in the
regulation of PAK. The activation model deduced from the
crystal and nuclear magnetic resonance (NMR) structures (12,
20, 27) would predict that the regulatory fragment unfolds and
forms a monomer due to the interaction with Cdc42 and that
its inhibitory interaction with the CD is released. Using size
exclusion chromatography, we find that the regulatory frag-
ment (residues 57 to 200) elutes with an apparent higher mo-
lecular mass, arguing that the fragment may still form a pos-
sibly rapidly interconverting dimer via the Di motif (Fig. 6A
and B). The elution profile of the RD-Cdc42 complex also
suggests an apparent molecular mass higher than expected for
a monomer, not in line with the proposed activation model and
with NMR data showing smaller CRIB fragments in complex
with Cdc42 to be monomers (12, 27). Since the fragments used
for the NMR studies were rather small, they might not contain
all of the motifs necessary for dimerization.

FIG. 5. Proteolyzed PAK is catalytically active. (A) Autoradiogram
showing the results of protein kinase assay of the RD-CD complex
without Cdc42, with either Cdc42-GDP or Cdc42-GppNHP, using
conditions as described in the legend to Fig. 2 and Materials and
Methods. Lane 1, kinase assay with FL aPAK in the presence of
Cdc42-GppNHp; lane 2, the same reaction in the absence of aPAK.
Note that the CD is phosphorylated, whereas RD phosphorylation
cannot be detected in the background on MBP. (B) Time course of
MBP phosphorylation in (arbitrary units) by the RD-CD complex in
the presence or absence of Cdc42-GppNHp. (C) Control incubation
with FL aPAK. MBP phosphorylation and autophosphorylation are
observed only in the presence of Cdc42-GppNHp.
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FIG. 6. Dimerization of PAK and the RD-CD complex in the pres-
ence of Cdc42 and its affinity to Cdc42. (A) Elution profile of the
isolated RD fragment and its complex with Cdc42-GppNHp on a gel
filtration (Superdex 75 (26/60)) column with buffer C, which elute with
the indicated volumes, plotted against the log of the molecular mass on
a calibration curve (B) obtained from marker proteins. The column
was equilibrated with a standard where reference proteins 1 to 11 have
molecular masses of 81, 67, 43, 35, 29, 25, 17.6, 13.7, 12, 7 and 6.5 kDa,
respectively. Calculated elution volume for a Cdc42-RD monomer or
dimer complex is indicated. (C) Elution profiles with buffer C on a
Superdex 200 (10/30) column of aPAK alone and complexed with
Cdc42-GppNHp before and after incubation with 5 mM ATP. The
affinity of the RD-CD complex (D) is determined by fluorescence
titration with Cdc42-mGppNHp as shown in Fig. 3, giving the indi-
cated affinity of 0.16 mM for the RD-CD complex.
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The PAK-Cdc42 complex is a tetramer. Various techniques
have been used to show that FL inactive aPAK as well as the
crystallized RD(70-149)-CD(249-545) complex form dimers
and tetramers, respectively (20). Figure 6C shows size exclu-
sion chromatography on a calibrated column of FL aPAKL404S

which also elutes with a calculated molecular mass of 120 kDa.
In the presence of Cdc42, a small amount of complex which
runs with a higher molecular mass than the PAK dimer is
formed. The small amount of complex formed is most likely
due to the only micromolar affinity of FL PAK, but the dy-
namic nature of complex formation can also be demonstrated
from the elution volume of the Cdc42 which is retarded due to
complex formation; Cdc42 alone elutes with the expected elu-
tion volume (not shown). Higher amounts of complex are
formed after incubation of PAK with ATP, in line with a higher
affinity expected for an activated kinase. But again the complex
shows a higher molecular weight than calculated, suggesting
that complex formation with Cdc42 does apparently not disso-
ciate the FL PAK dimer under these conditions. For the af-
finity measurements between PAK (or the RD-CD complex)
and Cdc42, we thus have to assume a 2:2 stoichiometry with
two independent binding sites since from the titration curves
we have no indication for any other behavior.

Low-affinity binding of Cdc42 to the RD-CD complex. To see
whether binding of Cdc42 to the RD-CD complex resembles
the low- or high-affinity interaction of the intact PAK or the
isolated CRIB region, we measured the equilibrium dissocia-
tion constant. Figure 6D shows that the RD-CD complex forms
a low-affinity complex with Cdc42-mGppNHp with an inter-
mediate dissociation constant of 0.16 mM, which is 3.8-fold
lower and approximately 10- to 40-fold higher than that of
native aPAK and the isolated RD, respectively. This suggests
that the RD, or at least the Cdc42-binding site represented by
the CRIB region, is not in the high-affinity (4 to 18 nM)
conformation found for the isolated RD. This suggests that
there are contacts between the CD and RD which modify the
interaction of Cdc42 with the latter.

Kinetics of the Cdc42-PAK interaction. To find the basis for
the large difference in affinity between the isolated RD and the
full-length protein or the RD-CD complex, we measured the
kinetics of interaction between PAK and Cdc42 by stopped-
flow analysis. Figure 7A shows that the association between the
isolated RD and Cdc42-mGppNHp is fast. Plotting the ob-
served pseudo-first-order rate constants against the concentra-
tion of RD (Fig. 7B), an association rate constant (kass) of
1.2 3 106 M21 s21 is obtained. Together with the dissociation
rate constant (kdiss) of 0.02 s21 (Fig. 7C) and using the relation
Kd 5 kdiss/kass, an equilibrium dissociation constant of 17.6 nM
can be calculated. This is similar to and probably more accu-
rate than what has been found by equilibrium titration due to
the high affinity. The association and dissociation rate con-
stants for full-length aPAK are more difficult to interpret be-
cause the association and dissociation reactions are not single
exponential and contain an extra component (see Materials
and Methods). A complex kinetic pattern for the Cdc42-FL
PAK interaction may not be too surprising considering the
large conformational change of the CRIB domain which has to
be postulated considering that in the autoinhibited structure it
is not available for binding (20). Neglecting the second step, we
get a dissociation rate constant (0.026 s21) very similar to that

FIG. 7. Kinetics of interaction between RD and Cdc42. Increasing
concentrations of RD were mixed with Cdc42-mGppNHp in a
stopped-flow apparatus, and the fluorescence change due to complex
formation was recorded. The primary fluorescence transients, of which
panel A is an example, were fitted to a single exponential to give kobs.
The latter was plotted against the concentration of RD (B) to give the
kass, 1.2 3 106 M21 s21. The kdiss of 0.02 s21 was obtained by mixing a
preformed RD-Cdc42-mGppNHp complex with excess unlabeled
Cdc42-GppNHp as described in Materials and Methods.
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of the isolated RD, whereas the association rate constant is
only 9.3 3 103 M21 s21, which indicates that a process is
extremely slow and orders of magnitude slower than a diffu-
sion-limited process. Thus, the much lower association rate
between Cdc42-mGppNHp and full-length aPAK (and pre-
sumably also the RD-CD complex) may be mostly responsible
for the low-affinity binding (.400-fold) compared to the iso-
lated RD fragment.

Autophosphorylation but not Cdc42-GppNHp dissociates
the RD-CD complex. Since the activation model predicts that
the binding of the triphosphate form of Cdc42 dissociates the
two domains, thereby relieving the inhibition, the chymotryptic
digestion product is a valuable tool to test this prediction, as
the two domains should separate from each other after bind-
ing of Cdc42-GppNHp. We thus coupled GST-Cdc42 in the
GppNHp-bound form to GSH-Sepharose beads and incubated
them with the RD-CD complex. After the beads were washed,
proteins eluted and bound to the GSH-beads were analyzed by
SDS-PAGE. The two polypeptide chains are bound to GST-
Cdc42 but, due to the low affinity of the RD-CD complex (0.16
mM), are coeluted from the beads in approximately the same
1:1 ratio as was applied to the column (Fig. 8A). Complete
elution is mediated by SDS, indicating that the two domains
stay bound to each other even after binding to the triphosphate
form of Cdc42.

We have shown above that the RD-CD complex becomes
phosphorylated and activated upon incubation with ATP. To
test whether phosphorylation changes the affinity of interaction
between the two domains, the RD-CD complex was incubated
with ATP before application to the GST-Cdc42-GppNHp-
loaded beads. In this case, the CD is no longer retained on the
beads but is eluted as a single band with a slightly higher
molecular weight, presumably due to phosphorylation as
shown in Fig. 5A. Upon incubation with the nonhydrolyzable
ATP analogue AppNHp, the elution behavior is similar to that
of the control, supporting the idea that the release of the CD
is indeed due to phosphorylation.

If indeed the autophosphorylation reaction separates the
RD from the CD, and since the isolated RD has a high-affinity
conformation as shown above (Fig. 6A), treatment of the
RD-CD complex (or the mixture of polypeptides) with ATP
should induce high-affinity binding. Figure 8B shows this to be
the case. The affinity is 14 nM, similar to that of the isolated
RD and 11.4-fold higher than that of the unphosphorylated
RD-CD complex. To determine whether incubation with ATP
influences the affinity of aPAK for Cdc42-GppNHp, the pro-
tein was incubated with ATP for 30 min. The affinity is reduced
only 3.5-fold, to 0.21 mM, very different from what is found for
the RD-CD complex.

To further show that release of the CD from the beads is
indeed due to phosphorylation, the experiment was repeated
with a kinase-inactive (K298A) (20) version of the RD-CD
complex, which could also be prepared from the full-length
kinase by chymotrypsin. Here elution from matrix-bound GST-
Cdc42-GppNHp is not modified by prior incubation with ATP
(Fig. 8C).

DISCUSSION

Reversible protein phosphorylation plays a central role in
the regulation of many cellular processes, and the protein

FIG. 8. Autophosphorylation but not Cdc42-GppNHp interaction
dissociates the RD-CD complex. (A) GSH-beads were loaded with 30
mg of GST-Cdc42-GppNHp and incubated with 20 mg of the RD-CD
complex. The beads were incubated for 30 min at 4°C with buffer
(control) or with 1 mM ATP or AppNHp in the presence of excess
Mg21 as indicated, and washed twice with buffer C (wash 1 and 2), and
then washed with SDS sample buffer to remove all bound proteins
(fraction bound). The starting materials (lanes 1 to 3) and the contents
of the washes were analyzed by SDS-PAGE as indicated, together with
a molecular weight marker (M). (B) The RD-CD complex in buffer C
was incubated with 1 mM ATP, and the affinity to Cdc42-mGppNHp
was determined as in Fig. 3. (C) Pull-down assay as in panel A, but with
the RD-CD fragment from kinase inactive (K298A) mutant of aPAK.
Dots indicate unidentified impurities.
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kinases necessary for the reaction constitute the second-most-
frequent type of proteins in a higher eucaryotic cell. The orig-
inal estimation of 1,001 protein kinases (14) may well be an
underestimation, as 411 full-length proteins and some frag-
ments have been identified in Caenorhabditis elegans alone
(32). The large diversity in the number of protein kinases is
almost rivaled by the large number of regulatory mechanisms
for this kind of protein. Regulation may involve second mes-
sengers such as cyclic AMP, cGMP, Ca21, diacylglycerol, and
allosteric control, intrasteric inhibition through pseudo-sub-
strate sequences (17), and positive and negative phosphoryla-
tion events (15). One important aspect of kinase regulation
involves the interaction with GTP-binding proteins. A large
number of bona fide or presumed effectors of the Ras-related
proteins are protein kinases, such as c-Raf-1 and Byr2 as ef-
fectors of Ras, and Rho kinases and protein kinase N as ef-
fectors for Rho proteins (26). PAKs constitute a large family of
related kinases, some (but not all) of which interact specifically
with the GTP-bound form of Rac and Cdc42. While the mech-
anism of Raf activation by the interaction with Ras is highly
controversial, with the discussion concentrating around Ras
being involved in targeting and/or allosteric activation (26), the
interaction between Cdc42-GTP and PAK appears to be much
more straightforward, as the direct interaction between the
purified components leads to phosphorylation of PAK and
activation of its kinase activity (2, 9).

Models whereby the binding of the GTP-bound form of
Cdc42 or Rac relieves the tight interaction between the RD
and CD have been proposed to explain the activation mecha-
nism (2). Here we show that proteolytic digestion of aPAK
produces a cleavage of the polypeptide chain between the RD
and CD and activates the kinase, even in the absence of Cdc42.
Activated forms of PAK have been observed in cell extracts
(40, 41, 46, 47), and it has also been shown that trypsin and the
apoptotic protease caspase cleave gPAK but not aPAK be-
tween the RD and CD and that this leads to activation of the
kinase activity (3, 19, 34, 45, 52). Here we show that aPAK is
also similarly cleaved and activated by chymotrypsin. We do
not understand the nature of the activation process. In light of
the recently determined structure of the autoinhibited aPAK
consisting of a regulatory fragment from residues 70 to 157 and
the complete kinase domain (residues 249 to 545) (20), residue
200 is located away from the active site, and cleavage at this
residue is thus unlikely to effect catalytic activity. While the
location of the N-terminal residues is not included in the struc-
ture, the C-terminal helix ending at residue 540 is rather close
to the active site (Fig. 1). The removal of this helix may well be
involved in the Cdc42-independent activation mechanism,
which is seen with the chymotryptic and previously found pro-
teolytic fragments.

Contrary to what is expected from the conventional activa-
tion model for PAKs, the interaction of the chymotryptic reg-
ulatory and the catalytic fragments is sufficiently tight even in
the presence of Cdc42-GppNHp such that they are coeluted
from a GST-Cdc42-GppNHp-bound GSH-Sepharose column.
The two fragments separate from each other only after treat-
ment with ATP, which leads to autophosphorylation of the
kinase. Figure 5A shows that the kinase domain is phosphor-
ylated, and its mobility on an SDS-gel is retarded (Fig. 8A)
after phosphorylation. This is presumably due to a conserved

Thr in the activation loop, as demonstrated before for Thr422
of aPAK (8, 49) and Thr402 in gPAK (3, 10, 48), similar to
activation of many other protein kinases (15). The RD has
been reported to be phosphorylated on residues such as on
Ser144 and Ser149 in the autoinhibitory domain of aPAK (8,
22). It is fairly well established by those findings and our results
that phosphorylation in both the kinase and regulatory do-
mains is required for the conformational switch and for acti-
vation, although it is not yet clear how the mechanism observed
for the RD-CD complex investigated relates to that of the
intact kinase, just as it is unclear from the crystal structure of
another type of RD-CD complex how the missing parts of the
regulatory region of aPAK contribute to the regulation (20).

The CRIB/GBD motif whose sequence is conserved in many
Cdc42 and Rac effectors such as PAK, ACK, and WASP has
been shown to be rather unstructured (1, 12, 16, 26, 28), con-
trary to what has been found for the Ras-binding domains of
Raf kinases and other effectors, which have no sequence ho-
mology but show the same stable ubiquitin fold (11, 29, 44).
Small fragments containing the CRIB/GBD region of PAK
adopt a fixed structure only when bound to the effector region
of Cdc42 (12, 27). The structure of an autoinhibited confor-
mation of aPAK (20) showed that the regulatory region forms
a dimer which involves part of the CRIB domain and which has
to undergo a large conformational change to adopt the con-
formation found in the Cdc42-CRIB complexes. It was con-
cluded that the interaction with Cdc42 causes dissociation of
the dimer and disruption of the contacts between the regula-
tory and kinase domains, thus leading to an open monomeric
active kinase. In their scheme, these and other authors (13)
conclude that phosphorylation is a late event in this activation
mechanism, which stabilizes the open conformation. We dem-
onstrate here that FL aPAK, the RD-CD complex, as well as
the regulatory fragment from residues 57 to 200 alone behave
as dimers on a gel filtration column, in agreement with the
results of Lei et al. for FL PAK and a different RD-CD com-
plex (20). The regulatory domain in our RD-CD complex is
presumably in a conformation similar to that found in the
structure of the autoinhibited kinase determined by crystallog-
raphy, again presumed to be similar to that of intact kinase,
which we would biochemically define as binding with low (mi-
cromolar) affinity to Cdc42-GppNHp. It was however surpris-
ing that the RD-Cdc42 complex apparently does not dissociate
into monomers, as judged from size exclusion chromatography.
This prompted us to investigate the elution behavior of the
PAK-Cdc42 complex. Figure 6C indicates that the complex
with FL PAK also elutes with an apparent molecular mass
higher than that calculated for a monomer and that complex
formation is increased after treatment with ATP and thus
autophosphorylation. This is unexpected considering previous
activation models and NMR studies which show that (albeit
smaller) CRIB region fragments are monomeric when bound
to Cdc42.

Furthermore, we show that the phosphorylation but not
binding of Cdc42 alone induces the release of the regulatory
domain and the activation switch, as monitored by induction of
the kinase activity and transition from low- to high-affinity
binding of Cdc42. Although quantitative differences might ex-
ist between our RD-CD complex and native PAK, we would
nevertheless conclude from our experiments that the low-af-
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finity binding of Cdc42 (in the triphosphate conformation) to
PAK modifies the closed conformation in a way that the acti-
vation loop becomes available for autophosphorylation but the
inhibitory interactions between the RD and CD are preserved.
This would be in line with the three-dimensional structure
where the activation loop is rather flexible and situated on the
side of the interface between the RD and CD (only residue
Thr423 is determined in the structure) and might become
available for transphosphorylation prior to complete release of
the regulatory region. Recent studies of aPAK have shown
that Ser144 in the regulatory region, which is located directly in
the cleft between the two lobes of the kinase domain, has to be
phosphorylated for full activation (8), in line with our data. It
was discussed there that this phosphorylation is required to
allow release of the RD, full activation, and, as our results
show, the formation of a high-affinity complex with Cdc42.
According to our data, proteolysis of the polypeptide chain
thus assumes the role of Cdc42, allowing autophosphorylation
by a mechanism—not understood from the present structural
data—which then induces the conformational switch leading to
high-affinity binding of Cdc42.
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