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ABSTRACT: The p21-activated kinases (PAKs) play important roles in diverse cellular processes. In the
present study, we provide an in-depth kinetic analysis of one of the PAK family members, PAK2, in
phosphorylation of a protein substrate, myelin basic protein (MBP), and a synthetic peptide substrate
derived from LIM kinase, LIMKtide. Steady-state kinetic analysis of the initial reaction velocity of PAK2
phosphorylation of MBP is consistent with both randomly and compulsorily ordered mechanisms. Further
kinetic studies carried out in various concentrations of sucrose revealed that solvent viscosities had no
effect onkcat/Km for either ATP or MBP whilekcat was highly sensitive to solvent viscosity, indicating
that the enzymatic phosphorylation by PAK2 can be best interpreted by a rapid-equilibrium random bi-bi
reaction model, andkcat is partially limited by both phosphoryl group transfer (31 s-1) and the product
release (19 s-1). In the phosphorylation of LIMKtide, bothkcat and kcat/Km were insensitive to solvent
viscosity, and the product release (86 s-1) was much faster than the phosphoryl group transfer step (19
s-1). These studies suggest that the release of phospho-MBP product is likely partially rate determining
for the PAK2-catalyzed reaction since the dissociation rate of products from the PAK2 active site for
LIMKtide phosphorylation differs from that of MBP significantly. Such a mechanism is in contrast to the
previously established kinetics for the phosphorylation of peptide substrates by cAMP-dependent kinase,
in which this process is limited by the release of ADP but not the phospho-peptide product. These results
complement previous structure-function studies of PAKs and provide important insight for mechanistic
interpretation of the kinase functions.

Protein phosphorylation is one of the major posttransla-
tional modification mechanisms that cells utilize to regulate
various signal transduction pathways. The enzymes respon-
sible for catalyzing this reaction are protein kinases. In
protein phosphorylation reactions, the terminal (γ) phospho-
ryl group of ATP is transferred to specific serine and
threonine residues by one class of protein kinases and to
specific tyrosine residues by another. Protein phosphorylation
creates novel recognition motifs for protein-protein interac-
tions, controls protein stability, and regulates enzyme activity.
The protein kinases constitute a very diverse set of enzymes.
It is predicted that the human genome will encode more than
1000 protein kinases (1). Because of their central role in
signal transduction, the regulation and function of protein
kinases have been the subject of intense interest. Some major
insights for cellular signaling have been derived from studies
of protein kinases, and certain signaling pathways have been
established as cascades of protein kinase reactions.

The p21-activated kinases (PAKs)1 are members of a
family of serine/threonine protein kinases defined by their
ability to interact with the small GTPases, Cdc42 and Rac

(2, 3). This interaction relieves autoinhibition and stimulates
autophosphorylation and activation of PAKs (4-6). At pres-
ent, six major members of the PAK family have been identi-
fied in mammalian cells, which seem to fall into two cate-
gories based on their structures. The first category includes
the closely related human PAK1, human PAK2, and mouse
PAK3 and the corresponding rat homologuesRPAK, γPAK,
andâPAK, respectively (7-9). Recently identified members
of the PAK family, PAK4, PAK5, and PAK6, fall into a
second category. Like other members of the PAK family,
PAKs 4-6 contain an N-terminal regulatory domain and a
C-terminal kinase domain. Within the regulatory domain is
a GTPase binding domain (GBD) that mediates binding to
Cdc42 and Rac. PAK4, PAK5, and PAK6 are highly related
to each other but show only about∼50% identity to the GBD
and kinase domains of PAKs 1-3. Outside of the GBD
domain and the kinase domain, PAKs 4-6 are entirely
different in sequences from PAKs 1-3 (10-12).
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PAKs play an important role in diverse cellular processes,
including cytoskeletal dynamics, growth/apoptotic signal
transduction, and regulation of transcription factors (4-6,
13). Cytoskeletal rearrangements are triggered via phospho-
rylation of key cytoskeletal associated components by PAKs
(14). PAK1 phosphorylates and down-regulates myosin light
chain kinase activity (15) and phosphorylates and activates
LIM kinase (16). PAK kinase activity has been shown to
induce activation of JNK/p38 kinase pathways (17-19), and
a catalytically inactive PAK1 mutant was shown to block
JNK/p38 activation in several cell types. Signaling via the
ERK MAP kinase pathway is enhanced by phosphorylation
of the upstream regulatory kinases Raf and MEK by PAKs
(20, 21). PAKs also appear to be involved in apoptosis regu-
lation. For example, constitutively active PAK1 was shown
to stimulate Bad phosphorylation; thus, cytochromec release
is inhibited, and cell survival is protected by such an effect
(22-24). Additionally, PAK2 is a substrate of caspase and
may be cleaved and activated by it (25). The activated PAK2
is able to induce some of the morphological and biochemical
changes characteristic of programmed cell death (26, 27).
PAKs phosphorylate the p47phox component of the phagocyte
NADH oxidase in vitro at physiologically relevant sites (28),
implicating an important regulatory role in the inflammatory
response. The involvement of PAK kinase activity in these
diverse processes underscores the importance of understand-
ing the molecular basis of PAK functions.

While significant effort has been placed on understanding
the structure-function relationship and the mode of regula-
tion of PAKs, little is known about the kinetic processes that
occur at the active site of this class of signaling enzymes. A
thorough understanding of these processes is germane to
informative interpretation of the structure and dynamics of
PAKs. In this study, we have employed steady-state kinetic
and solvent viscosometric techniques to characterize the
catalytic reaction mechanism of PAK2 with respect to its
phosphorylation of a protein substrate, myelin basic protein
(MBP), and a peptide substrate derived from LIM kinase.
Our results indicate that the enzymatic phosphorylation
reaction of PAK2 can be best interpreted by a rapid-
equilibrium random bi-bi reaction model and thatkcat is
partially limited by both the phosphoryl group transfer and
the product release steps. In addition, our studies also reveal
kinetic similarities and differences between PAK2 and other
signaling kinases such as ERK2 and cAMP-dependent
protein kinase A in terms of their catalytic mechanisms.

EXPERIMENTAL PROCEDURES

Materials.Adenosine 5′-triphosphate (ATP), bovine brain
acetone powder, phospho(enol)pyruvate (PEP), nicotinamide
adenine dinucleotide, reduced (NADH), lactate dehydroge-
nase (LDH), pyruvate kinase (PK), urea (ultrapure), and
glutathione Sepharose were purchased from Sigma. Sucrose,
bovine myelin basic protein (MBP), fetal bovine serum,
Grace’s insect cell culture medium, and yeastolate solution
were purchased from Gibco-BRL. Ficoll 400 and SP
Sepharose were purchased from Pharmacia. 3-(N-Morpholi-
no)propanesulfonic acid (MOPS) and Tris were purchased
from Boehringer Mannheim. Other reagents were local
products of analytical grade used without further purification.
Double-deionized water was used throughout.

Expression and Purification of Proteins.GST-fusion
human PAK2 was generated in a baculovirus system. The
full length PAK2 cDNA was cloned into the pVL1392
baculovirus transfer vector together with the cDNA encoding
GST, and the recombinant virus was produced by using the
BaculoGold kit from Pharmingen. At 2-3 days after
infection, cultured Sf9 cells expressing GST-PAK2 were
pelleted and resuspended in a lysis buffer containing 50 mM
Tris, pH 8.0, 100 mM NaCl, 2 mM EDTA, 0.2% Triton
X-100, 10 mM 2-mercaptoethanol, 0.5 mM phenylmethyl-
sulfonyl fluoride (PMSF), 5µg/mL Aprotinin, 5 µg/mL
Leupeptin, 2 mM DTT, and 10% glycerol. The lysate was
homogenized and centrifuged at 12 000g for 15 min. The
supernatant was applied onto a glutathione Sepharose
column, and bound GST-PAK2 was eluted with buffer
containing 50 mM Tris, pH 8.0, 100 mM NaCl, 2 mM
EDTA, 10 mM 2-mercaptoethanol, 10% glycerol, and 10
mM reduced glutathione. The purity of GST-PAK2 was
examined by Coomassie Blue staining following SDS-
PAGE and was judged at least 95% pure. The enzyme was
stored at-70 °C in aliquots. Protein concentrations were
determined according to the method of Bradford with bovine
serum albumin (BSA) as a standard. If necessary, the GST
moiety of the fusions was cleaved by thrombin digestion,
followed by incubation withp-aminobenzamidine immobi-
lized on agarose beads (Sigma) to remove the thrombin. The
constitutively active Cdc42, GST-Cdc42L61, was expressed
in E. coli and purified according to standard procedures using
the affinity matrix Glutathione Sepharose 4B (Amersham
Pharmacia Biotech). The protein purity was judged to be
over 95% by SDS-PAGE. The purified protein was stored
in 20% glycerol at-70 °C. The myelin basic protein (MBP)
was isolated from brain acetone powder based on a published
protocol (29). Protein concentration determination was based
on an extinction coefficient calculated from the amino acid
composition of bovine MBP,ε280 ) 10 800 cm-1 M-1 (30).

Real-Time PAK Kinase ActiVity Assay.The enzymatic
activity of PAK2 was determined with MBP as a substrate
using a coupled spectrophotometric assay (31). The standard
assay for PAK2, except where indicated, was carried out at
25 °C in 1 mL of reaction mixture containing 100 mM
MOPS buffer, pH 7.4, 100 mM KCl, 10 mM MgCl2, 200
µM NADH, 1 mM phospho(enol)pyruvate, 20 units/mL
lactate dehydrogenase, 15 units/mL pyruvate kinase (buffer
A), and different concentrations of substrates. Reactions were
initiated by the addition of PAK2 to the reaction mixture.
Progress of the reactions was monitored continuously by
following the formation of NAD+ at 340 nm, on a Shimadzu
UV2501PC14 spectrophotometer. Initial rates were deter-
mined from the linear slope of progress curves obtained with
an extinction coefficient for NADH of 6220 cm-1 M-1 at
340 nm. The concentrations of substrates and PAK2 are given
in the text or in the figure legends. LIMKtide, a synthetic
peptide derived from the PAK phosphorylation site of LIM
kinase (residues 500-514, KPDRKKRYTVVGNPY), was
synthesized using standard protocol, purified by reverse-
phase preparative HPLC chromatography, and characterized
by MALDI-TOF mass spectrometry by ADI Inc. The
concentration of LIMKtide was determined by turnover with
the GST-PAK2 under limiting peptide.

SolVent Viscosometric Studies.Steady-state assays were
carried out as described above in buffer A containing varied
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sucrose or Ficoll 400. Relative solvent viscosities (ηrel) were
determined from the following equation:

where ηrel is the solvent viscosity relative to the buffer
containing no viscosogen,t is the solvent transit time
measured by an Ostwald capillary viscometer (32), andF is
the solvent specific gravity (33). Superscript 0 indicates
conditions of the buffer with no viscosogen. All solvent
viscosity measurements were performed in triplicate and did
not deviate by more than 2% in values.

RESULTS

Autophosphorylation and ActiVation of GST-PAK2.Re-
combinant human PAK2 was expressed in insect cells as a
GST-fusion and was purified using affinity chromatography
on glutathione-Sepharose. The purified GST-PAK2 was an
inactive enzyme and can be activated by autophosphorylation
in the presence of constitutively active Rho family small G
proteins, Cdc42 or Rac. A comparison of the phosphorylation
profile and the kinase activity ofγPAK showed that
autophosphorylation is through a bipartite mechanism with
the regulatory domain autophosphorylated at multiple resi-
dues, and the enzymatic activation coincides with autophos-
phorylation of the catalytic domain at Thr-402 (34). In this
study, autophosphorylation and activation of GST-PAK2 was
carried out in a reaction mixture containing 100 mM MOPS
(pH 7.4), 10 mM MgCl2, 2 mM DTT, 1 mM ATP, 15µM
GST-Cdc42L61, and 3µM GST-PAK2 at 30°C. At defined
time intervals, an aliquot was taken from the reaction mixture
and assay for enzyme activity. When GST-PAK2 was
examined in our assay system with MBP as a substrate, we
observed a maximum activation after 3 min of incubation
with 1 mM ATP and 15µM Cdc42L61. Autophosphorylation
of GST-PAK2 was analyzed by SDS-PAGE on a 10%
polyacrylamide gel. The autophosphorylation and activation
of GST-PAK2 correlated with a major electrophoresis band
shift as shown in Figure 1. The GST moiety did not serve
as a substrate of PAK2 since it was not phosphorylated under
similar conditions (data not shown). Cdc42L61 was removed
by gel filtration (Sepharcryl-S100 column, Pharmacia LKB)
after PAK2 autophosphorylation, and the active GST-PAK2
preparation was used for further kinetic study.

Steady-State Kinetics of the PAK2-Catalyzed Reaction.To
characterize the steady-state kinetic properties of PAK2, we

first sought to measure the kinase activity of PAK2 by
following ADP formation using an enzyme-coupled spec-
trophotometric assay. Because PAK2 displays a significant
ATPase activity in the absence of any added protein
substrate, we were able to obtain the kinetic parameters for
the ATP hydrolyzing activity of PAK2 from a catalytic
amount of the phosphorylated PAK2. The experimental data
fit the Michaelis-Menten equation with aKm of 150 ( 10
µM and akc of 0.26 ( 0.01 s-1.

To determine the kinetic parameters of PAK2 kinase
activity, MBP was used as a protein substrate. Figure 2 shows
a reaction time course of the MBP phosphorylation by PAK2.
The time-dependent phosphorylation of MBP was monitored
by following absorbance changes at 340 nm, and the
absorbance units (A340) were converted to the NADH
concentration by using the extinction coefficientε340 ) 6.22
× 103 cm-1 M-1. Since the spontaneous ATP hydrolysis by
PAK2 occurs in parallel to the phosphorylation reaction, the
assays were corrected for the ATPase effect that is taken as
the observed absorption changes in the absence of MBP.
X-ray crystallographic study has suggested that the PAKs
exist as a dimer (35). Thus, it would be of interest to know
whether the enzyme activity obtained for PAK differs as a
function of PAK concentration. The inset of Figure 2 shows
that the initial velocity of the PAK2-catalyzed reaction is
proportional to the enzyme concentration. The linear rela-
tionship between velocity and enzyme concentration suggests
that under the conditions used in the present study, either
no dimerization occurs in the range of enzyme concentration
used, or dimerization could occur without any activity
changes. As seen in Figure 2, although the phosphorylation
of MBP by PAK2 has been mapped to a single site
previously (36), the amount of NAD+ produced exceeded
the initial concentration of MBP by 2-fold, suggesting that
at least two sites are available for PAK2 modification when
a large amount of the substrate is consumed. Therefore, we
pursued the kinetic studies using the continuous kinase assay
under the conditions in which the initial portion of the
reaction profile was linear. The initial rate phase of the

FIGURE 1: SDS-PAGE of unphosphorylated and phosphorylated
GST-PAK2. Lane 1, phosphorylated GST-PAK2 and GST-
Cdc42L61. Lane 2, unphosphorylated GST-PAK2. Lane 3, molec-
ular mass markers of 97.4, 66.2, and 43 kDa, respectively.

ηrel ) (t/t0)(F/F0) (1)

FIGURE 2: Reaction time course of MBP phosphorylation by PAK2.
The time-dependent phosphorylation of MBP was monitored by
measuring the absorbance changes at 340 nm using a coupled
spectrophotometric assay as described in Experimental Procedures.
The concentration of PAK2 was 100 nM; the concentration of MBP
was 10µM; and the concentration ATP was 1 mM. Inset: Plot of
initial velocity of the PAK2-catalyzed reaction against varying
concentrations of enzyme.
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PAK2-catalyzed reaction typically persists for 30-60 s.
Additional experiments were carried out with GST-cleaved-
PAK2 to see if the GST moiety in GST-PAK2 fusion may
affect the kinetics of the reaction. Essentially identical values
of kcat andKm were obtained in the presence of 1 mM ATP,
indicating that the GST portion of the fusion does not
interfere with the PAK2-catalyzed reaction. Thereafter, we
used GST-fused PAK2 for further investigation.

Scheme 1 describes the minimal kinetic mechanism for
the phosphorylation of a protein substrate by a protein kinase,
wherek3 is the rate constant for the phosphoryl group transfer
step, andk4 is the rate constant for products release, E
represents enzyme, and A and B represent ATP and the
protein substrate, respectively. The exact steady-state solution
for this mechanism could be very complicated. However, as
pointed out by Laidler and Bunting (37, 38), the general
ternary-complex mechanism may lead to a simple rate
equation if one of the following conditions is satisfied:
(1) When there is an equilibrium among the E, EA, and EB
species. The rate equation can be simplified by

(2) When the rate of the formation of the ternary complex
EAB from one of the binary complexes is negligible as
compared with the rate of its formation from the other binary
complex. If the ternary complex EAB can be formed from
only EA, and B is not allowed to form the complex EB, the
steady-state rate equation is given by

The first condition corresponds to a partial rapid-equilibrium
random ternary-complex mechanism, and the second one
corresponds to an ordered ternary-complex mechanism.
These two mechanisms give rise to the equation of the
general form

If the entire random segment is assumed to be at equilibrium,
the final equation is identical to eq 4. In this case, the rate
constant compositions of several kinetic constants change.

To define the basic kinetic mechanism of the PAK2-
catalyzed reaction, a data set of initial velocities was obtained
over a wide range of ATP and MBP concentrations. Figure
3 shows that double reciprocal plots of the initial velocity
versus either ATP or MBP concentration are linear and
display a pattern of intersecting lines above the abscissa at
a common vertical coordinate. This is consistent with both
randomly and compulsorily ordered mechanisms. The ex-
perimental data were fitted to eq 4, and the kinetic parameters
determined are summarized in Table 1.

Effects of Viscosogens on the Steady-State Kinetic
Parameters.The kinetic parameters described in eq 4 are a
composite of microscopic rate constants combined in a
manner dependent upon the order of substrate addition. The
steady-state kinetic data obtained for the PAK2-catalyzed
reaction could not distinguish between a randomly ordered
and a compulsorily ordered mechanism. However, if the

Scheme 1

FIGURE 3: Steady-state kinetic analysis of MBP phosphorylation
by PAK2. The initial velocities at various concentrations of MBP
and ATP were determined by a coupled spectrophotometric assay.
(A) Double-reciprocal plots of PAK2 activity versus the MBP
concentration at increasing concentrations of ATP (as indicated on
the graphs in mM). (B) Double-reciprocal plots of PAK2 activity
versus the ATP concentration at increasing concentrations of MBP
(as indicated on the graphs inµM). The concentration of PAK2 in
the reactions was 15 nM. The Michaelis-Menten model describing
two-substrate sequential binding was globally fit to the data by
nonlinear regression analysis. The optimized kinetic parameters
obtained from the regression analysis are described in Table 1.

V )
k3k4

(k3 + k4)
[E]0[A][B]

(k-2 + k′-2 + k3)(k-1k′-1k4 + k1k′-1k4[A] + k′1k-1k4[B])

(k3 + k4)(k′1k-1k′2 + k1k2k′-1)
+ [A][B]

(2)

V )
k3k4

(k3 + k4)
[E]0[A][B]

k-1k4(k-2 + k3)

k1k2(k3 + k4)
+

k4(k-2 + k3)

k2(k3 + k4)
[A] +

k3k4

k1(k3 + k4)
[B] + [A][B]

(3)

V )
Vmax[A][B]

KiAKmB + KmB[A] + KmA[B] + [A][B]
(4)
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kinetic mechanism of PAK2 is ordered, it has to be ordered
with ATP binding first since PAK2 displays measurable
ATPase activity in the absence of MBP. To analyze the
kinetic mechanism further, we next carried out the solvent
viscosometric studies of the PAK2-catalyzed reactions.
The effect of solvent viscosity on the rate parameters for
enzyme-catalyzed reactions has been given a substantial
amount of theoretical and experimental consideration
(39-42). For a simple bimolecular process in solution,
the association and dissociation constants are inversely
proportional to the relative microviscosity of bulk solvent
at constant temperature (39). Consequently, solvent viscos-
ity studies have been classically used to isolate those
processes within an enzymatic reaction pathway that are
subject to diffusion control. The minimal kinetic mechanism
for the PAK2-catalyzed ATP hydrolysis reaction can be
written as

By using Cleland’s method of net rate constants (43), the
kinetic parameters,kcat andKm, are given by

and

Combining eqs 5 and 6, we obtain

Since k1, k-1, and kd are presumed to represent diffusion
controlled processes, these rate constants will be dependent
on the relative viscosity of the solvent. The relative solution

viscosity (ηrel) can be equated to the ratio of the microscopic
rate constants

By taking separately the ratio of eqs 5 and 7 in the absence
and presence of viscosogen according to eq 8, two linear
equations are derived upon plottingkcat

0 /kcat and (kcat/Km)0/
(kcat/Km) as a function ofηrel. The slopes of these lines are
given by

and

wherek-1
0 andkd

0 are the dissociation rate constants of sub-
strate and product, respectively, whenηrel ) 1. Thus, (kcat)η

and (kcat/Km)η can vary between 0 and 1, the limit of
diffusion-control. When the phospho-transfer step is much
slower than product release (i.e.,kc , kd

0), (kcat)η approaches
the limiting value of zero. Likewise, when the substrate is
nonsticky (i.e.,kc , k-1

0 ), (kcat/Km)η approaches the limit of
zero.

Figure 4 shows the effect of viscosogens on the ATPase
activity of PAK2. Both kcat and kcat/Km appear to be
insensitive to the relative solvent viscosity. The lack of a
viscosity effect on bothkcat and kcat/Km supports a kinetic
scheme in which ATP is in rapid equilibrium with the
Michaelis complex, whose breakdown to form the reaction
product is entirely limited by the ATP hydrolysis step. In
such a model, the true affinity of ATP to form the binary
complex is given by itsKm value (i.e.,Km ) k-1/k1 ) 150
µM). Furthermore, these data suggest that viscosogen has
no measurable influence on the structure of the enzyme and
the orientation of active-site residues.

Table 1: Kinetic Constants and Viscosity Effects for Phosphorylation of MBP by PAK2a

kinetic parameter value method of determination

kcat 12 ( 0.3 s-1 measured
Km(MBP) 17 ( 1 µM measured
Km(ATP) 71 ( 7 µM measured
Ki(ATP) 147( 20 µM measured
(kcat)η 0.62( 0.02 measured
(kcat/Km(MBP))η -0.07( 0.01 measured
(kcat/Km(ATP))η 0.09( 0.01 measured
kcat/Km(MBP) 0.68( 0.05µM-1 s-1 kcat/Km(MBP)

kcat/Km(ATP) 0.16( 0.02µM-1 s-1 kcat/Km(ATP)

Ki(MBP) 35 ( 7 µM Ki(ATP)Km(MBP)/Km(ATP)

k2(MBP) g7.5( 0.7µM-1 s-1 (kcat/Km(MBP))(k-2(MBP)+ k3)/k3

k-2(MBP) g306( 11 s-1 k3(1 - (kcat/Km(MBP))η)/(kcat/Km(MBP))η

K′2(ATP) 1.9( 0.2µM-1 s-1 (kcat/Km(ATP))(k ′-2(ATP) + k3)/k3

K′-2(ATP) 330( 35 s-1 k3(1 - (kcat/Km(ATP))η)/(kcat/Km(ATP))η

k3 31 ( 1 s-1 kcat/(1 - (kcat)η)
k4 19 ( 1 s-1 kcat/(kcat)η

a The kinetic parameters were measured in 50 mM MOPS (pH 7.4) buffer at 25°C using a coupled enzyme assay. [PAK2]) 15 nM, [ATP] )
0.03-1 mM, and [MBP] ) 5-80 µM, 10 mM MgCl2. kcat, Km(ATP), Km(MBP), and Ki(ATP) were directly measured from the steady-state kinetic
analysis. (kcat)η, (kcat/Km(MBP))η, and (kcat/Km(ATP))η are the slope values for plots of the steady-state kinetic parameters as ratios in the absence and
presence of sucrose versus the relative solvent viscosities. Negative value of (kcat/Km(MBP))η was treated as zero.

kcat )
kckd

kc + kd
(5)

Km )
k-1 + kc

k1

kd

kc + kd
(6)

kcat

Km
)

k1kc

k-1 + kc
(7)

ηrel ) k1
0/k1 ) k-1

0 /k-1 ) kd
0/kd (8)

(kcat)
η )

kc

kc + kd
0

(9)

(kcat

Km
)η

)
kc

k-1
0 + kc

(10)
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Saturating ATP and Varying MBP Concentrations.We
next attempted to define the diffusion-controlled steps in the
catalytic reaction of PAK2 by examining the steady-state
phosphorylation of MBP in the presence of sucrose. Under
the condition of saturating ATP concentration (1 mM), the
mechanism of PAK2-catalyzed MBP phosphorylation can
be written as

In this scheme, the substrate MBP combines with the
enzyme-ATP complex to form the active ternary complex
by the second-order association rate constant,k2, and the
dissociation rate constant,k-2. The slopes ofkcat

0 /kcat and
(kcat/KmB)0/(kcat/KmB) versusηrel are given by

and

Figure 5 shows the effect of increasing solvent viscosity
on the steady-state kinetic parameters for the phosphorylation
of MBP by PAK2. The initial velocities for the phosphory-
lation of MBP by PAK2 were measured under different
viscosogen concentrations. The dominant effect of the vis-
cosogen appears to be onkcat with little or no significant
effect on the second-order rate constant,kcat/KmB. The value
of kcat decreased from 12 to 3.8 s-1 in 40% sucrose. The
slope of a plot ofkcat

0 /kcat versusηrel, (kcat)η, which indicates
the sucrose effect on MBP phosphorylation, was determined
to be 0.62( 0.02. From these values, the rates of product
release and phosphoryl group transfer can then be calculated
ask4

0 ) kcat
0 /(kcat)η ) 19 s-1 andk3 ) kcat

0 /[1 - (kcat)η]) 31
s-1, respectively. The dissociation of products, ADP and

phospho-MBP, is combined ink4
0, and the viscosity method

cannot discern which product release step controlsk4
0 with-

out other kinetic experiments. The lack of a viscosity effect
on kcat/KmB predicts that the value ofk-2

0 is at least 10-fold
greater than that ofk3 (i.e., k-2

0 g 306 s-1. Therefore, the
lower limit of the association rate constant of MBP with the
PAK2-ATP complex can be estimated ask2

0 ) (kcat/KmB)0

× (k-2
0 + k3)/k3 g 7.5 × 106 M-1 s-1. Moreover, when the

concentration of ATP was doubled at the highest relative
viscosity, the rate of MBP phosphorylation did not change
(data not shown), confirming that under these conditions
initial velocity measurements represent truekcat values.

There are two classes of additives that markedly change
the viscosity of aqueous solution: (a) monomeric polyhy-
droxylated molecules such as sucrose or glycerol and (b)
polymeric species such as polyacrylamide or ficoll. In
general, the addition of polymeric viscosogenic agents affects
the measured viscosity of the solution but has no effect on
the diffusion behavior of small molecules or on the rates of
diffusion-controlled reactions. On the other hand, the addition
of small-molecule viscosogens affects both the measured
viscosity and the rates of diffusive processes (42). To test
whether the observed reaction rate changes are due to
changes in the macroviscosogenic properties of sucrose, we
examined the kinetics of MBP phosphorylation in the
presence of a macroviscosogen, Ficoll 400. Such high
molecular weight polymers are expected to result in altered
macroviscosogenic properties of the solvent without affecting
the diffusional rates of small molecules in solution (44). We
observed no viscosity effect on eitherkcat or kcat/KmB when
Ficoll 400 was the viscosogenic agent (Figure 5). Evidently,
the viscosity effects observed using sucrose are due to the
altered diffusional rates but not due to changes in the
macroviscosogenic properties of this cosolvent.

Saturating MBP and Varying ATP Concentrations.We
next tested the effect of increased solvent viscosity on the

FIGURE 4: Solvent viscosity effects onkcatandkcat/Km of the ATPase
activity of PAK2. Viscosity effects onkcat or kcat/Km were
determined as a function of increasing concentrations of sucrose.
kcat

0 /kcat (b) and (kcat/Km)0/(kcat/Km) (O) are the ratios of the
observedkcat and kcat/Km values in the absence and presence of
viscosogen, respectively.ηrel is the relative solvent viscosity. The
dashed line has a slope of 1.

(kcat)
η )

k3

k3 + k4
0

(11)

( kcat

KmB
)η

)
k3

k-2
0 + k3

(12)

FIGURE 5: Dependence of the steady-state kinetic parameters for
the MBP phosphorylation on the relative viscosity of solvent at
saturating concentration of ATP.ηrel represents the ratio of solution
viscosity in the presence of viscosogen (sucrose or Ficoll 400) over
that in the absence of viscosogen.kcat

0 /kcat and (kcat/KmB)0/(kcat/KmB)
are the ratios of the observedkcat andkcat/KmB values in the absence
and presence of viscosogen, respectively. ATP was at 1 mM with
varying MBP concentrations. (b) kcat

0 /kcat in the presence of
sucrose; (O) (kcat/KmB)0/(kcat/KmB) in the presence of sucrose; (9)
kcat

0 /kcat in the presence of Ficoll 400; (0) (kcat/KmB)0/(kcat/KmB) in
the presence of Ficoll 400.
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catalytic reaction mechanism when the concentration of ATP
was varied and the amount of MBP was fixed. The effect of
increasing solvent viscosity on the steady-state kinetic
parameters for the phosphorylation of MBP by PAK2 is
shown in Figure 6. At saturating MBP concentration (200
µM), the viscosity effect onkcat was identical within error
((kcat)η ) 0.6) to that observed when the MBP concentration
was varied under saturating ATP. Identical results were
obtained at 1 mM MBP. By comparison, a small viscosity
effect onkcat/KmA at high MBP concentrations was observed
((kcat/KmA)η ) 0.09( 0.01). If an ordered mechanism (with
ATP binding first) is assumed, when [B] is very large, eq 3
becomes

The value forkcat/KmA in such a mechanism would be equal
to k1, and the viscosity effect on the parameter would be
predicted as (kcat/KmA)η ) 1 at saturating concentrations of
MBP. Our viscosity data, apparently, conflicts with such an
ordered binding mechanism. On the other hand, if the
mechanism is assumed to be random, under the condition
of saturating MBP the mechanism of PAK2-catalyzed MBP
phosphorylation can be written as

In this scheme, the substrate ATP combines with the
enzyme-MBP complex to form the active ternary complex
by the second-order association rate constant,k ′2, and the
dissociation rate constant,k ′-2. The slope of a plot of (kcat/
KmA)0/(kcat/KmA) versusηrel is given by

Since the value ofk3 is known, from the slope of (kcat/KmA)0/
(kcat/KmA) versusηrel, (kcat/KmA)η ) 0.09, the dissociation rate
constant of ATP from the enzyme-MBP complex can then
be estimated ask ′-2

0 ) k3[1 - (kcat/KmA)η]/(kcat/KmA)η ) 330
s-1. The association rate constant of ATP to the enzyme-
MBP complex can be calculated ask ′2

0 ) (kcat/KmA))0

(k ′-2
0 + k3)/k3 ) 1.9 × 106 M-1 s-1.

Phosphorylation of LIMKtide.Small synthetic peptides can
serve as efficient substrates for a number of protein kinases
(45, 46). To study the PAK2-catalyzed reaction in the context
of a different substrate, we used a synthetic peptide derived
from LIM kinase (LIMKtide) that contains a PAK2 phos-
phorylation site Thr-508 (16). The phosphorylation kinetics
of LIMKtide in 0, 25, and 36% sucrose are shown in Figure
7A as a plot of the observed initial rate versus LIMKtide
concentration. Typical Michaelis-Menten behavior was
observed in the absence and presence of the viscosogen.
Figure 7B shows the effect of increasing solvent viscosity
on the steady-state kinetic parameters for the phosphorylation
of LIMKtide by PAK2. The slope ofkcat

0 /kcat versusηrel

((kcat)η), for the sucrose effect on LIMKtide phosphorylation,
was determined to be 0.18( 0.01. From this value, the rates
of product release and phosphoryl group transfer can be
estimated ask4

0 ) kcat
0 /(kcat)η ) 86 s-1 and k3 ) kcat

0 /[1 -
(kcat)η] ) 19 s-1, respectively (Table 2). The dissociation of
products, ADP and phosphorylated peptide, is combined in
k4

0. In the case of protein kinase A, the ADP release rate is
rate limiting with respect to substrate processing, andk4

0

refers to the dissociation rate constant of ADP alone (47,
48). Assuming the same for the PAK-catalyzed reactions,
the value ofk4

0 so-determined should be independent of
protein substrate species. A comparison of thek4

0 values in
Tables 1 and 2 indicates thatk4

0 for LIMKtide is more than
4-fold larger than that for MBP, suggesting that the release
of phospho-MBP product is likely partially rate determining
in PAK2 catalysis. Similar to the case of the phosphorylation
of MBP, little or no significant effect on the second-order
rate constant,kcat/KmB, was observed. Thus, the dissociation
rate of LIMKtide must be sufficiently faster than the
phosphoryl transfer step. The slope of the plot of (kcat/KmB)0/
(kcat/KmB) versusηrel was determined to be (kcat/KmB)η ) 0.03
( 0.01. From this value, the dissociation and association
rate constants of LIMKtide can be calculated ask-2

0 ) k3[1
- (kcat/KmB)η]/(kcat/KmB)η ) 708 s-1 andk2

0 ) (kcat/KmB)0(k-2
0

+ k3)/k3 ) 31 × 106 M-1 s-1, respectively (Table 2). Since
the dissociation rate of protein substrate from the enzyme is
about 10-fold greater than that of phosphoprotein product,
the slower release rate of product from the PAK2 active site
implies that phosphoprotein binds better than the substrate
protein if the phosphorylation of protein substrate does not
affect the association rate constant significantly.

GST Pull-Down Assays.To further confirm the random
binding mechanism and examine whether GST-PAK2 and
MBP interact directly, a pull-down assay was performed in
the absence of ATP. The purified GST-PAK2 was activated
by autophosphorylation in the presence of constitutively

FIGURE 6: Dependence of the steady-state kinetic parameters of
the MBP phosphorylation on the relative viscosity of solvent at
saturating MBP concentration.ηrel represents the ratio of solution
viscosity in the presence of sucrose over that in the absence of
sucrose.kcat

0 /kcat (b) and (kcat/KmA)0/(kcat/KmA) (O) are the ratios of
the observedkcat andkcat/KmA values in the absence and presence
of viscosogen, respectively. The MBP concentration was at 200
µM with varying ATP concentrations.

V )

k3k4

(k3 + k4)
[E]0[A]
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k1(k3 + k4)
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)
kcat[E]0[A]
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active GST-Cdc42L61 as described before. The phospho-
rylated active GST-PAK2 (∼100 µg) was immobilized on
glutathione-coupled Sepharose and incubated in protein
binding buffer (50 mM Tris, pH 7.4, 100 mM NaCl, 2 mM
EDTA) with 400µg of MBP for 30 min at room temperature.
The samples were then washed completely (more than 10
times) with binding buffer and boiled in SDS sample buffer.
The GST-PAK2, GST-Cdc42L61, and any associated protein
were resolved by SDS-PAGE gel and analyzed by Coo-
massie Blue staining. The result shows that a complex that
contained MBP protein was released from the Sepharose
beads (Figure 8). When GST-Cdc42L61 was examined under
similar conditions, neither Cdc42L61 nor GST was able to
pull down a detectable amount of MBP, indicating that MBP
was unable to form the binary complex with Cdc42L61 or
GST. Therefore, the immobilized GST-PAK2 fusion protein
was shown to bind specifically to MBP in the absence of
ATP.

DISCUSSION

Complete Kinetic Scheme of PAK2-Catalyzed Reaction.
Since protein phosphorylation reactions involve the partici-
pation of ATP in addition to the protein substrate, a number
of mechanisms are possible for these two-substrate reactions.
A rapid-equilibrium random mechanism was found to be
involved in the phosphorylation reaction of rabbit muscle
myosin light chain kinase (49), while a steady-state kinetic
analysis of the EGF receptor tyrosine kinase using a synthetic
peptide suggested that catalysis occurs by an ordered reaction.
In this model, the peptide substrate binds to the catalytic
site first, followed by ATP binding (50). In the case of
cAMP-dependent protein kinase A (cAPK), there have been
some inconsistent reports concerning the kinetic mechanism
(31, 47, 48, 51-55). Whitehouse et al. analyzed the reaction
mechanism using MgATP, peptide substrate, substrate
analogues, and protein kinase inhibitor and concluded that

FIGURE 7: Dependence of the steady-state kinetic parameters of
the LIMKtide phosphorylation on the relative viscosity of solvent.
(A) Plot of initial rate versus LIMKtide concentration in the
presence of 0 (2), 25 (O), and 35% (b) sucrose. The kinase
reactions were carried out in a reaction mixture containing the
standard assay buffer (pH 7.4), GST-PAK2 (7.5 nM), and the
indicated concentrations of LIMKtide at 25°C. The concentration
of ATP was at 1 mM. (B) Solvent viscosity effects onkcat and
kcat/KmB for the LIMKtide phosphorylation. The ATP concentration
was at 1 mM, and LIMKtide concentration was varied.ηrel

represents the ratio of solution viscosity in the presence of sucrose
over that in the absence of sucrose.kcat

0 /kcat (b) and (kcat/KmB)0/
(kcat/KmB) (O) are the ratios of the observedkcat andkcat/Kmvalues
in the absence and presence of viscosogen, respectively. The dashed
line has a slope of 1.

Table 2: Kinetic Constants and Viscosity Effects for
Phosphorylation of LIMKtide by PAK2a

kinetic parameter value method of determination

kcat 16 ( 1 s-1 measured
Km(LIMKtide) 19 ( 3 µM measured
(kcat)η 0.18( 0.01 measured
(kcat/Km(LIMKtide))η 0.03( 0.01 measured
kcat/Km(LIMKtide) 0.8( 0.1µM-1 s-1 kcat/Km(LIMKtide)

k2(LIMKtide) 31 ( 9 µM-1 s-1 (kcat/Km(LIMKtide))
(k-2(LIMKtide)+ k3)/k3

k-2(LIMKtide) 708( 168 s-1 k3(1-(kcat/Km(LIMKtide))η)/
(kcat/Km(LIMKtide))η

k3 19 ( 1 s-1 kcat/(1 - (kcat)η)
k4 86 ( 5 s-1 kcat/(kcat)η

a The kinetic parameters were measured in 50 mM MOPS (pH 7.4)
buffer at 25°C using a coupled enzyme assay. [PAK2]) 7.5 nM,
[ATP] ) 1 mM, and [LIMKtide] ) 2-85 µM, 10 mM MgCl2. kcat and
Km(LIMKtide) were directly measured from the steady-state kinetic analysis.
(kcat)η and (kcat/Km(LIMKtide))η are the slope values for plots of the steady-
state kinetic parameters as ratios in the absence and presence of sucrose
versus the relative solvent viscosities.

FIGURE 8: Interaction between GST-PAK2 and MBP in the absence
of ATP. GST-PAK2 and MBP proteins interact in vitro in a GST
pull-down assay. Phosphorylated GST-PAK2 and GST-Cdc42L61
were immobilized on glutathione-coupled Sepharose prior to
incubation with MBP (lane 1). The immobilized sample was
incubated with MBP for 30 min at room temperature and then
washed with binding buffer completely until no MBP was detected
in the buffer (lane 3). Bound proteins, released from the Sepharose
by boiling in SDS sample buffer, were resolved by 12% SDS-
PAGE (lane 5). In a control experiment, immobilized GST-
Cdc42L61 was incubated with MBP for 30 min at room temper-
ature. The GST-Cdc42L61 and any associated protein were analyzed
by 12% SDS-PAGE after extensive wash (lane 4). The purified
MBP ran as a single∼20 kDa band on a 12% SDS-PAGE gel
(lane 2). The molecular mass markers of 97, 66, 45, 30, and 20
kDa are indicated on the right (lane 6).
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the steady-state kinetics of cAPK follows an ordered mech-
anism in which ATP binds first (55). However, Kong and
Cook (47) and Adams and Taylor (48) have shown,
definitively using isotope partitioning and viscosity-depend-
ent kinetic experiments, that cAPK conforms to a random
kinetic mechanism, and there is a preferred binding order
under limiting amounts of peptide with ATP binding first.

As mentioned above, the form of the steady-state rate
equations cannot discriminate between the rapid-equilibrium
random and ordered ternary-complex mechanism, nor, if the
mechanism is an ordered one, can the order of substrate
addition be determined on the basis of the equations.
Therefore, it is essential to employ alternative procedures
for differentiating these mechanisms. Enzyme inhibition
studies and isotopic exchange have been successfully used
for this purpose before. To access the microscopic rate
constants of the partial reactions within the enzymatic
mechanism of PAK2, we employed a steady-state solvent
viscosometric method, which allows separation of the
diffusive from nondiffusive steps. In practice, viscosogens
could have nonspecific effects on enzymatic reactions. Such
nonspecific effects may be related to changing the structure
and/or reactivity of the substrates, enzyme, or other com-
ponents of reaction media. Interpretation of viscosity effects
as diffusional must be based on controlling for these
interactions. In our case, the observed viscosity effects on
both kcat and kcat/Km of PAK2-catalyzed reactions can be
attributed specifically to the microviscosogenic properties
of the cosolvent and not to the solvent macroviscosity for
the following reasons: (1) No viscosity effects on the kinetics
of MBP phosphorylation were observed in the presence of
a macroviscosogen, Ficoll 400. (2) No viscosity effect on
the maximal ATPase rate for PAK2 were observed in the
presence of sucrose. (3) No viscosity effects in sucrose were
observed onkcat/Km for MBP, suggesting that the decrease
in kcat is not a result of substrate competition by sucrose.

The steady-state kinetic data and the effects of solvent
viscosity on the phosphorylation of MBP can be combined
to outline a complete kinetic mechanism for the PAK2-
catalyzed reaction. When a data set of initial reaction
velocities obtained under conditions of varying MBP con-
centrations at several fixed ATP concentrations was analyzed,
double reciprocal plots show linearity over a wide range for
both MBP and ATP, and intersecting line patterns were
observed. The interaction patterns of the reactants were
compared with the patterns of frequently observed bisubstrate
reaction models described in (56). A ping-pong mechanism
(where a parallel line pattern is characteristic) can be
excluded from such analysis. By examining the effects of
increased solvent viscosity on the catalytic reaction mech-
anism when the concentration of ATP was varied with
saturating MBP, a compulsorily ordered bi-bi mechanism
can be excluded. Note that the lack of deviation from linearity
of double reciprocal plots is consistent with, but not a proof
of, a rapid-equilibrium random mechanism. In this mecha-
nism, association and dissociation of both ATP and MBP
are fast as compared to the catalysis, and there is no obligate
order of binding of the substrates. Further supporting
evidences for the rapid-equilibrium random mechanism come
from viscosity experiments. Since no significant viscosity
effects on kcat/Km were observed, both ATP and MBP
dissociate much faster than the phosphoryl group transfer

of ATP to the MBP. (i.e.,k-2, k ′-2 . k3). This implies that
both substrates are in rapid-equilibrium with PAK2. In
addition, the fact that the value ofKiA determined from the
steady-state kinetics is similar to the dissociation constant
between ATP and free PAK2 is also consistent with the
rapid-equilibrium random mechanism. The final step in
Scheme 1 (k4) describes the net bimolecular rate constant
for the release of both products, and the viscosity measure-
ments cannot distinguish between the dissociation rate
constants for the phosphorylated MBP and ADP. Taken
together, our data are consistent with the fast random addition
of ATP and MBP to the PAK2 active site. The kinetic
constants derived for the overall phosphorylation of MBP
are shown in Scheme 2.

Comparison of PAK2 with Other Serine/Threonine Protein
Kinases.The increasing database on protein kinase structures
now permits a comparative analysis of their catalytic
functions. One of the better-characterized protein kinases is
the catalytic subunit of cAMP-dependent protein kinase
(cAPK). In the absence of the second messenger, cAMP,
cAPK exists in an inactive tetramer composed of two
catalytic subunits and a regulatory dimer. The binding of
cAMP to the regulatory portion induces a conformational
change that leads to the immediate breakdown of the tetramer
into its constituent catalytic and regulatory subunits. The
catalytic subunit can then bind and phosphorylate protein or
peptide substrate in an ATP-dependent manner. Viscoso-
metric studies indicated that the maximal rate constant,kcat,
is diffusion limited (i.e., the release of one of the products
controls maximum turnover rate). The rate of phosphoryl
group transfer is predicted to be at least 10-fold larger than
kcat (48, 57).

Another set of well-studied protein kinases are the mito-
gen-activated protein kinases (MAP kinases). This family
of enzymes comprises the ERK, JNK, and p38 protein kinase
subfamilies. Among members of the protein kinase super-
family, the MAP kinases display unique biochemical proper-
ties in terms of both their mechanism of regulation and also
their substrate specificity. While the activation of most, but
not all, protein kinases requires the phosphorylation of a
single site within a structurally conserved segment termed
the activation loop, the MAP kinases are activated by dual-
phosphorylation on a conserved threonine phosphorylation
site and an additional neighboring tyrosine residue (58).
Phosphorylation of both residues is essential for full catalytic
activity (59) and is mediated by a dual-specificity MAP
kinase kinase (60). Prowse et al. employed steady-state
kinetic and solvent viscosometric techniques to characterize
the catalytic reaction pathway of the MAP kinase ERK2 with
respect to the phosphorylation of MBP and a synthetic
peptide substrate, ERKtide (29). Extensive mechanistic
studies have shown that this enzyme will phosphorylate
threonine-containing peptides with a random kinetic mech-

Scheme 2

Kinetic Mechanism of PAK2 Biochemistry, Vol. 42, No. 4, 20031137



anism. In contrast to cAPK, the substrate processing occurs
via slow phosphoryl group transfer followed by the faster
release of products in the case of ERK2.

The data presented herein permits a detailed comparison
of the catalytic properties of PAK2 with these kinases by
evaluating the individual steps in their respective mecha-
nisms. Scheme 3 lists the rate constants for the phosphory-
lation of Kemptide and MBP by the catalytic subunit of
cAPK, ERK2, and PAK2, respectively.

Two similarities among the three protein kinases are
apparent in Scheme 3. The binding rates of the substrate and
the net release rates of the products are similar despite that
the substrates and products differ in size, charge, and amino
acid composition. While ADP release has been shown to be
rate limiting in protein kinase A catalysis (61), our studies
suggest that the release of phospho-MBP product is likely
partially rate determining for the PAK2-catalyzed reaction
since the dissociation rate of products from the PAK2 active
site (k4) for LIMKtide phosphorylation differs from that of
MBP by more than 4-fold. One major difference between
the kinetic mechanisms of cAPK and PAK2 lies in the more
than 10-fold faster rate of phosphoryl group transfer in
cAPK-catalyzed reaction as compared to PAK2. Since the
phosphoryl group transfer rate is only 7-fold slower than the
dissociation rate of the substrate from the enzyme (k-2/k3 )
6.7), the phosphorylation of Kemptide by cAPK proceeds
with near rapid-equilibrium binding of substrate (48, 57).
The most unique feature for ERK2 is the dramatically slower
dissociation rate of MBP from the ERK2 active site in
comparison to the release rate of MBP and Kemptide from
the active sites of their respective enzymes, PAK2 and cAPK.
The physical basis for the slow dissociation rate of MBP
from ERK2 is not clear at present. The observed differences
in the individual steps for these three enzymes have only a
small effect on the maximal rate constant,kcat (21 s-1 in
cAPK, 10 s-1 in ERK2, and 12 s-1 in PAK2) but have a
relatively large effect onkcat/Km. Thekcat/Km value for cAPK
is about 3× 105 M-1 s-1, while that for ERK2 is 2.4× 106

M-1 s-1.
In summary, we present a detailed kinetic analysis of

recombinant human PAK2 in the current study. We dem-
onstrate that PAK2 employs a rapid-equilibrium random
kinetic mechanism in substrate phosphorylation. By steady-
state kinetic and solvent viscosometric techniques, we have
assigned the rate constant values, or limits thereof, to each
step in the overall kinetic scheme for the phosphorylation
of MBP and LIMKtide by PAK2. These results allow a direct

comparison of the kinetic properties of a PAK family
member with that of cAPK and ERK and provide important
insight for future structural and mechanistic interpretation
of the kinase functions.
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