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Six human PAK members are classified into groups I (PAKs 1-3) and II (PAK4-6). Previously, only group I
PAKs were thought to be auto-inhibited but very recently PAK4, the prototype of group Il PAKs, has also
been shown to be auto-inhibited by its N-terminal regulatory domain. However, the complete auto-
inhibitory domain (AID) sequence remains undefined and the mechanism underlying its auto-inhibition
is largely elusive. Here, the N-terminal regulatory domain of PAK4 sufficient for auto-inhibiting and bind-
ing Cdc42/Rac was characterized to be intrinsically unstructured, but nevertheless we identified the
entire AID sequence by NMR. Strikingly, an AID peptide was derived by deleting the binding-unnecessary
residues, which has a Kd of 320 nM to the PAK4 catalytic domain. Consequently, the PAK4 crystal struc-
ture complexed with the entire AID has been determined, which reveals that the complete kinase cleft is
occupied by 20 AID residuescomposed of an N-terminal a-helix and a previously-identified pseudosub-
strate motif, thus achieving auto-inhibition. Our study reveals that PAK4 is auto-inhibited by a novel
mechanism which is completely different from that for PAK1, thus bearing critical implications for design

of inhibitors specific for group II PAKs.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

By direct binding to a variety of “effector” protein kinases
including the p21-activated kinases (PAKs), the Rho-family GTPas-
es such as Rac and Cdc42 control many cellular functions, compris-
ingcytoskeletal organization, morphological change, cell motility,
and cell-cycle progression. PAKs function as hubs to interact with
multiple partners, and have been demonstrated to be extensively
involved in cancer, brain function, and virus infection. In human,
the PAK family is composed of six members, which share con-
served catalytic and Cdc42/Rac binding (CRIB) domains. They can
be further classified into groups I (PAK1, -2, and -3) and II (PAK4,
-5, and -6), based on the domain organizations and regulatory
properties [1-7]. Previously, only group I PAKs have been demon-
strated to be auto-inhibited and activated by Cdc42 or Rac binding.
However, very recently PAK4, the prototype of group Il PAKs, was
also shown to be auto-inhibited by the N-terminal region (20-
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68) [7]. Moreover, the N-terminal residues 9-68 which are highly
conserved in allthree group Il PAKs are sufficient for auto-inhibit-
ing PAK4 and binding Cdc42/Rac (Fig. 1A) [7].

Structurally, PAKs share with other non-PAK kinases the core
catalytic domain constituted by two subdomains called the kinase
lobes, namely N- and C-lobes, in between which is a long cleft
called the kinase cleft which accommodates the catalytic machin-
ery including substrate- and ATP-binding pockets [5,8,9]. Previ-
ously the crystal structure of the auto-inhibited PAK1 was
determined to be a homodimer with each kinase domain bound
to an N-terminal auto-inhibitory domain (AID), and consequently
the auto-inhibitory mechanism was established [5]. On the other
hand, the molecular mechanism underlying theauto-inhibition re-
mains largely elusive for group II PAKs. Only very recently, the
determination of PAK4 structures reveals that six residues
Arg49-Val54 of the N-terminal regulatory domain are bound to
the substrate-binding pocket of the kinase cleft as a pseudosub-
strate [9].

However, three key questions remain unanswered for PAK4: 1.
what is the solution conformation of the N-terminal regulatory do-
main in the free state? 2. What is the entire AID sequence? 3. How
does the entire AID complex and auto-inhibit the PAK4 catalytic
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Fig. 1. The N-terminal regulatory domain of PAK4 is predominantly unstructured. (A) Domain organization of PAK4 including the nuclear localization signal over residues 1-
8 (NLS, purple), Cdc42/Rac binding (CRIB, red) domain and auto-inhibitory domain (AID, blue) over residues 9-68, as well as catalytic domain (light brown) over residues
300-591. (B) Far-UV CD spectra of three peptides with a protein concentration of 25 uM, over residues 9-68 (blue), 29-61 (red) and 36-60 (green) at 25 °C in 5 mM
phosphate buffer (pH 6.3). (C) Two-dimensional "H-">N NMR HSQC spectra of three peptides with a concentration of 100 uM in 10 mM phosphate buffer (pH 6.3) over
residues 9-68 (blue), 29-61 (red) and 36-60 (green) at 25 °C on a Bruker 800 MHz NMR spectrometer. (D) Residue specific Ho chemical shift deviations (CSD) for the full-
length regulatory domain (9-68). Green bars are used for representing CRIB residues, red for AID residues, and blue for the rest. (E) NOE connectivity pattern of the full-length
regulatory domain (9-68) defining secondary structures. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

domain? Here we addressed these questions by a combined use of
CD, ITC, NMR spectroscopy and X-ray crystallography.

2. Materials and methods
2.1. Cloning, expression and purification ofproteins

Three peptides (9-68, 29-61, 36-60) derived from the N-termi-
nal regulatory domain of the human PAK4 with the nuclear local-
ization signal (1-8) deleted were cloned into pGEX-4T-1 vector
while the human PAK4 catalytic domain was cloned into pSY5M
vector. Detailed protocols for protein expression and purification
have been described in Supplementary material.

Isotope-labeled proteins for NMR studies were generated as we
usually conducted [10-12]. The purity of the protein samples was
verified by SDS-PAGE, and their molecular weights were con-
firmed using a Voyager STR matrix-assisted laser desorption ioni-
zation time-of-flight mass spectrometer (Applied Biosystems).

2.2. Circular dichroism (CD) spectroscopy and titration calorimetry
(ITC)

All circular dichrosim (CD) experiments were performed on a
Jasco J-810 spectropolarimeter as we previously described [10-12].

ITC was used to characterize the binding of three peptides with
the catalytic domain of PAK4 with a Microcal VP ITC machine (GE).
The catalytic domain was placed in a 1.4 ml sample cell while the
peptides were loaded into a 300 pL syringe. The titration data were
fitted by using the built-in software ORIGIN to obtain thermody-
namic binding parameters as we conducted on other proteins [12].

2.3. NMR experiments

All NMR experiments have been performed at 25°C on an
800 MHz Bruker Avance spectrometer. For sequential assignment,
a ®N-labeled NMR sample of the full-length regulatory domain
(9-68) at a protein concentration of 500 pM was prepared in
10 mM sodium phosphate buffer (pH 6.3) in the presence of
10 mM dithiothreitol (DTT) and 10% D,O for NMR spin-lock.
Three-dimensional NMR '’N-edited HSQC-TOCSY and HSQC-
NOESY spectra were acquired and the subsequent analysis led to
the sequential assignment. NOE connectivities were derived from
HSQC-NOESY spectrum.

For HSQC titrations, NMR samples of three '°N-labeled peptides
at protein concentrations of 200 M were prepared in 10 mM so-
dium phosphate buffer (pH 6.3) in the presence of 5 mM DTT
and the catalytic domain was dialyzed to the same buffer. The
two-dimensional NMR 'H-'>N HSQC spectra were collected for
three peptides in the absence and in the presence of the unlabeled
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catalytic domain at molar ratios of 1:0.5, 1:1, 1:1.5 and 1:2 (pep-
tide:catalytic domain). The disappeared/shifted residues were
identified by superimposing HSQC spectra as we performed previ-
ously [12].

2.4. Crystallization and structural determination

The catalytic domain was prepared at a concentration of 6 mg/
ml and mixed with the peptide at molar ratio 1:2 for crystalliza-
tion, using hanging drop method at room temperature. The crystal
was gained under the well with the reservoir solution 0.1 M TRIS,
pH 8.5, 12% (M/V) PEG8000 for 3 days. The X-raydiffraction data
for two crystals were collected with an in-house Rigaku/MSC FR-
E X-ray generator with a Saturn 944 CCD detector, with a resolu-
tion of 2.8 A. The details of structure determination and analysis
have been described in Supplementary material.

3. Results

3.1. Residue-specific solution conformation of the N-terminal
regulatory domain

We first characterized the solution conformation of the N-ter-
minal regulatory domain over Val9-Lys68 of PAK4, which is suffi-
cient to achieve the PAK4 auto-inhibition and to bind Cdc42/Rac
[7]. As judged from its far-UV spectrum with the maximal nega-
tive signal at 201 nm (Fig. 1B), the domain is predominantly
unstructured in the free state, without any stable secondary
structures [10,11,14]. Furthermore, it is also lacking of any tight
tertiary packing as evident from its HSQC spectrum which has
narrow spectral dispersions on both 'H and '’N dimensions
(Fig. 1C) [10,11,14].

Nevertheless, we succeeded in achieving its sequential assign-
ment by analyzing HSQC-TOCSY and HSQC-NOESY spectra.
Fig. 1D presents 'H chemical shift deviations (CSD) from their cor-
responding random-coil values, which represents a powerful probe
for detecting residual secondary structures in unfolded or partially
folded proteins [13]. Small 'H CSD values of all residues provide
residue-specific evidence that consistent with the above CD and
NMR results, this domain is indeed predominantly unstructured.
Nevertheless, many residues have negative CSD values, indicating
that these residues have weakly-populated helical/loop conforma-
tions, in particular over Asn16-Thr23 and Arg37-Lys51. The conclu-
sion is further supported by the NOE pattern defining secondary
structures (Fig. 1E). Strikingly, dnni+2) NOEs were also identified
over GIn38-Arg48, suggesting that dynamic helical conformation
is indeed populated over this region.

Recently a crystal structure (pdb: 20V2) was deposited for the
complex between the human Rac3 and the N-terminal regulatory
region (Glu10-Leu42) of the human PAKA4. In the structure, the res-
idues Ser15-Asp26 and GIn30-Thr33 form two B-strands which are
closely packed against the Rac3 structure. Based on the positive
CSD values for residues GIn30-Lys32 (Fig. 1D), it seems that even
in the free state, this region already has weakly-populated B-
strand/extended conformation. By contrast, residues Asnl6-
Phe25 assuming a long B-strand in the complex structure have
negative 'H CSD values in the free state, which is an unambiguous
indicator for a helical or loop conformation. This observation sug-
gests that the region over Asn16-Phe25 is a chameleon sequence
capable of forming different secondary structures in differential
contexts, as previously observed on other proteins [11]. It is also
worthwhile to point out that residues GIn38-Leu42 outside of the
CRIB region also bind Rac3 to form a short helix. In fact, these res-
idues have been previously shown to be part of AID [7].

3.2. Identification of the entire AID sequence

We subsequently attempted to identify the complete sequence
of AID by monitoring the shift/disappearance of HSQC peaks of the
15N-labeled regulatory domain (9-68) upon gradually adding the
unlabeled PAK4 catalytic domain. As the chemical shift and inten-
sity of NMR HSQC peaks are very sensitive to minor perturbations
in chemical microenvironment of the NMR sensitive atomic nuclei
(*H and "N here), HSQC titration can detect much weaker protein—
protein/peptide, protein-ligand interactions [12-14] than many
other biophysical methods such as ITC which gives thermodynamic
parameters of the binding under equilibrium by detecting the heat
change associated with the binding event [12]. While unaffected
HSQC peaks unambiguously indicate that their corresponding res-
idues are not affected by binding, the shift/disappearance of the
peaks could result from either direct binding contacts, or/and bind-
ing-induced conformational/dynamic changes of the correspond-
ing residues, or both. As seen in Fig. 2A and B, upon adding the
catalytic domain, many HSQC peaks of the '>N-labeled regulatory
domain were affected whose corresponding residues aremapped
to be all located in the speculated AID [7] except for Gly34-Leu35
in CRIB. On the other hand, ITC characterization failed to detect
any significant heat change during titrations (Fig. 2C). This phe-
nomenon results from small heat changes undetectable by ITC,
which is commonly observed for many binding interactions in-
volved in intrinsically-unstructured proteins [14], either due to
the weak binding, or/and despite being very rare, no significant
heat change associated with the binding.

We subsequently generated a 33-residue peptide (29-61) cov-
ering all affected residues and found it to be unstructured as the
full-length regulatory domain based on CD (Fig. 1B) and NMR
HSQC spectra (Fig. 1C). Subsequently we characterized its binding
with the catalytic domain by HSQC titrations, and the same set of
residue was involved in binding the catalytic domain (Fig. 2A and
D). Strikingly, ITC characterization detected a significant heat re-
lease and consequently its dissociation constant (Kd) could be fit-
ted out to be 1.23 uM (Fig. 2E). This result together with the ITC
result on the full-length regulatory domain (Fig. 2C) suggests that
the presence of unstructured and binding-unnecessary residues
would significantly reduce the binding affinity or/and attenuate
the heat change associated with the binding, as we previously ob-
served on other intrinsically-unstructured proteins [14]. To assess
whether the disappearance of the Gly34-Leu35 HSQC peak was due
to the direct contact or binding-induced conformational/dynamic
changes, we further generated a 25-residue peptide (36-60) with
Gly34-Leu35 and other unaffected residues deleted. Interestingly,
its solution conformation remains similarly unstructured as the
full-length one by CD and NMR spectroscopy (Fig. 1B and C).
NMR titrations indicate that despite the removal of Gly34-Leu35,
the remaining residues bind to the catalytic domain in the same
way (Fig. 2F and A). Remarkably, ITC characterization showed that
this peptide had a ~4-fold higher binding affinity than the 33-res-
idue peptide, with a Kd of 320 nM (Fig. 2G). These results imply
that the disappearance of Gly34-Leu35 peaks is most likely due
to the binding-induced conformational/dynamic changes as exten-
sively observed in other system [12,14]. Therefore, the 25-residue
peptide (36-60) most likely contains all residues required for bind-
ing the PAK4 catalytic domain.

3.3. Crystal structures of the catalytic domain in complex with the
entire AID

Previously, several forms of PAK4 with differentially-truncated
N-terminal regions have been subjected to crystallization and sub-
sequent structure determination [9], but the electron density could
only be observed for a 6-residue pseudosubstrate motif over



172 W. Wang et al./Biochemical and Biophysical Research Communications 438 (2013) 169-174

¢cVEISAPSNFEHRVHTGFDQHEQKFTGLPROQWQOSLIEESARRPKPLVDPACITSIQPGAPK 5

A
2EQRKFTGLPROQWOSLIEESARRPKPLVDPACITS
36 PROWQSLIEESARRPKPLVDPACIT;,
109—
» B &y D ° F
- 5‘ W b & P & ')
Tl 1o ‘o B
g 17 T80cs8 ]
o R48°  oK51 e o ¢
G0
= @ V54 ,
a7 qp1f %f o 9 ; ] B ¥
H R o @, ¢
L53pa® €059 fo o o
R49e71 35 . % e  w® e
125 o $ ° D
% » ° ¢ o ®
®
83 79 75 7 6. 83 79 75 7 G. 83 79 7.5 7. 6.
Time (min)
- 0 10 20 30 40 50 60 70 80 90 100110120130140 0 10 20 30 40 50 60 70 80 90 100110120130140 0 10 20 30 40 50 60 70 80 90100110120130140
C ‘ 0.08 G ]
000 A o n I f’*“ 00 Y /’1(", . ﬂ/"L,—*r'{‘lr’U’ULLUJ""‘ 3‘-—U‘ HMJ—U— 0.00 WMMHM
007yt M ki (M [v | j i
¢ | TSt [T o] T __
© 0.2+ ‘ 4 -017 4
% -0.05 - l l 4 4
-0.25 o =
Peptide (9-68) 0.4 Peptide (29-61) 4 03] Peptide (36-60) ]
0018 T T T T T v T | B B S | LN BN EN A B -0.42 ] T T T T T T T T T ]
1 T SpEEEgn® 0.84 - -
- n = .l LI | 0 .-.-l- ULy ] | ]l -.-...---l....--...-.-.- |
£ 02+ .- o . m - " 0.00 | - i
‘g DL I R LI u - 78 - ]
=04 "™ u s " mg -~ = -
- = 24 n E
b - mn=1.00+0 167 1 n=100+0 1
S 06 8 ® Ka=813x10°+032x10° M1 _251__ - Ka=3.11x10°+0.23x 10° M ]
= o Kd=1.23uM ] Kd =0.32 uM ]
§ 0.8 1 #47 & AH=-3.93+0.22 kcal/mol 335 W AH =-0.85 £ 0.07 kcal/mol .
" AS = 13.9 cal/mol*K aro ] AS =26.9 cal/mol*K 1
6 ‘Il é il3 :l é 0‘.0 0!5 1‘.0 1!5 2?0 2{5 3!0 3‘,5 4!0 415 ’ (I) 1I é fli Jl EIS EI3 ; é

Molar Ratio

Fig. 2. Identification of the entire AID sequence. (A) Amino acid sequences of three peptides with binding-involved residues underlined. The CRIB residues are colored in red,
AID residues in blue, pseudosubstrate residues in green and the rest in black. HSQC titrations of the unlabeled PAK4 catalytic domain into the '>N-labeled peptides 9-68 (B),
29-61 (D) and 36-60 (F). For clarity, only HSQC spectra of the peptides in the absence of (blue) and in the presence of the catalytic domain (red) at a molar ratio of 1:2.0
(peptide:Cat) are superimposed. Some significantly affected HSQC peaks are labeled with their corresponding residues. ITC profiles of the binding reactions (top) of the PAK4
catalytic domain with the peptides 9-68 (C), 29-61 (E) and 36-60 (G), and integrated values for reaction heats with subtraction of the corresponding blank results normalized
by the amount of ligand injected vs the molar ratio of the catalytic domain/peptide (bottom). The thermodynamic binding parameters obtained from fitting the data are
shown. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Arg49-Val54. So how is it possible that many more residues have
been identified here to be required for binding the PAK4 catalytic
domain but on the other hand, only six residues were visible in
the complex structures? We believe that this is mostly due to
the facts that in theprevious constructs, there still existed a large
portion of unstructured and binding-unnecessary residues, or/
and some AID residues were deleted, either of which would result
in the reduction of the binding affinity, or/and intervention in crys-
tallization/diffraction.

Indeed, we co-crystallized the PAK4 catalytic domain in com-
plex with the 25-residue peptide. The crystal was identified as
belonging to the space group P4,2,2 with a=65.175, b =65.175,
c=184.567, o.= =7 =90° and the structure has been determined

at a resolution of 2.8 A by molecular replacement with the previ-
ously-determined structure (4FIJ) [9]. The electron density is visi-
ble for the backbones of 20 residues Trp39-Cys58 as well as side
chains of Arg48, Arg49, Pro50, Pro52, Leu53 and Asp55. Supple-
mentary Table S1 presents the refinement statistics for the struc-
ture determination and the structure was deposited in the RCSB
Protein Data Bank with the RCSB ID code rcsb080231 and PDB ID
code 4L67.

Fig. 3A presents the complex structure at a 2.8 A resolution, in
which residues 300-589 are visible for the PAK4 catalytic domain
and 20 out of 25 residues can be seen for AID. Like all structures
previously determined for thePAK4 catalytic domain, Ser474 is also
phosphorylated in the present structure. Strikingly, the present
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Substrate-binding
Pocket

Fig. 3. Crystal structures of the PAK4 catalytic domain in complex with the entire
AID. (A) Crystal structure at 2.8 A of the PAK4 catalytic domain (blue) in complex
with the entire AID with the helix over Trp39-Arg48 in pink and rest in yellow.
Phosphorylated Ser474 is displayed in spheres. (B) Superimposition of the present
structure (blue) with 4FII [9] (light brown) containing a 6-residue pseudosubstrate
motif Arg49-Val54 (green). (C) The electrostatic potential surface of the PAK4
catalytic domain in complex with the 20-residue AID residues displayed in sticks,
with cyan to indicate the backbones of 6-residue pseudosubstrate motif previously
observed (4FII), and rest in yellow. (D) The PAK4 catalytic domain displayed in
brown surface in complex with AID in the electrostatic potential surface. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

structure of the PAK4 catalytic domain including the activation
loop with phosphorylated Ser474 is almost identical to that in
the fully active state (pdb: 4FI]) [9], with a backbone RMS deviation
of only 0.60 A; in complex with the pseudosubstrate motif (pdb:
4FII) [9], with a backbone RMS deviation of only 0.61 A; the full-
length PAK4 (pdb: 4FIE) [9], with a backbone RMS deviation of only
0.69 A, as well as in complex with aspecific PAK4 inhibitor PF-
3758309 (pdb: 2X4Z) [15], with a backbone RMS deviation of only
0.79 A. This observation strongly suggests that no significant struc-
tural changes occur for the PAK4 catalytic domain to transform
from the inactivated to activated states.

The most striking feature observed in the present structure is
that upon binding the PAK4 catalytic domain, the unstructured
AID residues insert into the kinase cleft and transform into an N-
terminal a-helix over residues Trp39-Arg48 and a pseudosubstrate
motif over residues Arg49-Val54. Interestingly, the pseudosub-
strate motif which has been previously observed to occupy the
substrate-binding pocket [9], has a conformation very similar to
the corresponding residues in the present AlDstructure (Fig. 3B).
Moreover, in the present structure, four extra residues Asp55-
Cys58 are observed at the C-terminus of the pseudosubstrate mo-
tif, which have a hydrogen bond between the backbone CO atom of
the AID Asp55 and guanidinium atom of Arg359. Moreover, the
guanidinium atom of the AID Arg49 forms salt bridges with car-
boxylate atoms of both Glu507 and Asp444. As such, the side chain
of the AID Arg49 deeply inserts into a very negatively-charged
pocket in the kinase cleft (Fig. 3C). Remarkably, the N-terminal
10 residues Trp39-Arg48, which is highly unstructured with only
a weakly-populated helical conformation in the free state (Fig. 1),

fold into well-formed a-helix upon inserting into the kinase cleft.
This transformation is usually called the binding-induced/coupling
folding, which is characteristic ofintrinsically unstructured pro-
teins [16]. This characteristic AID helix has close contacts with
the glycine-rich loop of the catalytic domain, which is critical for
binding ATP. For example, there are hydrogen bonds between the
sidechain O atom of the AID Ser46 with the backbone NH atom
of Lys326. Furthermore, the hydrophobic side chains of the AID
Leu42 and Ile43 closely contact the hydrophobic patches over the
ATP-binding pocket (Fig. 3C). Interestingly, as shown in Fig. 3D,
the 20-residue AID has a complimentary electrostatic potential
surface which occupies the complete kinase cleft including sub-
strate- and ATP-binding pockets, thus physically rendering the ki-
nase cleft to be inaccessible to both substrate and ATP.

4. Discussion

Recently, PAK4 including other group Il PAKs has been emerg-
ing as key targets for design of anti-tumor drugs [7-9,15,17,18]. In-
deed, a specific PAK4 inhibitor (PF-3758309) has shown efficacy in
mouse models of cancer [15]. These results suggest a promising
potential for developing group II PAK inhibitors for treating tu-
mors. Therefore, a mechanistic understanding of how group II
PAK activity is auto-inhibited represents an essential and critical
step for delineating their roles in physiology as well as for further
developing potent and specific therapeutics.

In the present study, we first experimentally demonstrate that
the N-terminal regulatory domain sufficient for auto-inhibiting
PAK4 and binding Cdc42 isintrinsically unstructured. Nevertheless,
NMR HSQC titrations lead to the identification of the entire AID se-
quence and subsequently by removing unstructured and binding-
unnecessary residues, we obtained a 25-residue AID peptide which
shows a high binding affinity, with a Kd of 320 nM, to the PAK4 cat-
alytic domain. Most strikingly, this success allowed our determina-
tion of the crystal structure of the PAK4 catalytic domain in
complex with the entire AID, which reveals that the AID residues
occupies the complete kinase cleft by a newly-observed N-terminal
helix as well as a previously-identified pseudosubstrate motif, thus
achieving the auto-inhibition.

Our results clearly decipher that the auto-inhibition mecha-
nisms for PAK4 and PAK1 are completely different in three ways.
Firstly, although the N-terminal regulatory domain of PAK1 is also
unstructured [5,18], upon binding the PAK1 catalytic domain, it
folds into a well-packed structure in the dimeric form (Fig. 4A),
composed of both AID and CRIB regions [5]. By contrast, upon bind-
ing the PAK4 catalytic domain, only the AID residues of the N-ter-
minal regulatory domain of PAK4 wundergo structural
rearrangements characteristic of the formation of a N-terminal he-
lix (Fig. 4C), while most CRIB residues remains unaffected and
unstructured as evidenced by the NMR characterization. Secondly,
for PAK1, the N-terminal domain is mostly packed against the C-
lobe of the catalytic domain and only an inhibitory tail Ser139-
Asp147 occupies the substrate-binding pocket of the kinase cleft
as a pseudosubstrate (Fig. 4B), which also displaces the activation
loop into a disorder state. By contrast, the PAK4 AID appears to
auto-inhibit the kinase by physically blocking the complete kinase
cleft which has no significant perturbation on the structure of the
activation loop, with a 6-residue pseudosubstrate motif occupying
the substrate-binding pocket and a 10-residue helix binding the
rest of the cleft, including the ATP-binding pocket (Fig. 4D). Thirdly,
upon activation, significant structural rearrangements occur for
the PAK1 catalytic domain, in particular over the activation loop
[5]. By contrast, no significant structural difference has been ob-
served for all available structures of the PAK4 catalytic domain in
the activated and inhibited states. Therefore, the PAK4 auto-inhibi-
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Fig. 4. Different auto-inhibition mechanisms for PAK1 and PAK4. (A) The bound
structure of the PAK1 N-terminal regulatory domain in the monomeric form
isolated from the crystal structure 1F3M [5]. (B) Surface representation of the PAK1
catalytic domain (blue) in complex with its N-terminal regulatory domain (pink) in
the monomeric form. (C) The bound structure of the PAK4 AID as determined in the
present study. (D) Surface representation of the PAK4 catalytic domain (blue) in
complex with its AID (pink). (E) Schematic representation of the PAK4 catalytic
domain (cyan body) auto-inhibited by its AID composed of a characteristic helix
over Trp39-Arg48 (red cylinder) and a pseudosubstrate motif (yellow ellipsoid) in
the N-terminal regulatory domain which is anchored onto the membrane by NLS.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

tion appears to be mostly achieved by the physical occupancy of
the complete kinase cleft with AID, thus blocking the substrate
and ATP to access the catalytic machinery hosted inthe kinase cleft
(Fig. 4E). Intriguingly, in the crystal structure of the human Rac3 in
complex with the PAK4 CRIB domain (2V02), the PAK4 residues
GIn38-Leu42, which also constitute the N-half of the characteristic
AID helix occupying the PAK4 kinase cleft as disclosed here, form a
short helix and are closely packed against the Rac3 structure. This
implies that Cdc42/Rac and PAK4 catalytic domain may compete in
binding this characteristic helix. Therefore, in the future, it would
be of significant interest to define that to which degree Cdc42/
Rac-binding affects the auto-inhibition of PAK4.

As three group II PAKs share high sequence homology and func-
tional similarity [7-9], it is highly likely that PAK5 and PAK6 may
also be regulated by the similar mechanism observed here for
PAK4. Our study reveals that PAK4 and PAK1 have differentmech-
anisms for their auto-inhibition, thus implying a strategy to design
specific inhibitors for PAK4 starting from the entire AID sequence,
namely to chemically modifying AID to transform it to non-peptide
molecules but in the meanwhile to retain, or even enhance the

affinity and specificity towards PAK4, as previously conducted on
the PAK1 AID [18] and thrombin inhibitors [19].
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