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Group I and IT mammalian PAKSs have different modes

of activation by Cdc42
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p21-activated kinases (PAKs) are Cdc42 effectors found in
metazoans, fungi and protozoa. They are subdivided into PAK1-
like (group 1) or PAK4-like (group II) kinases. Human PAK4 is
widely expressed and its regulatory mechanism is unknown. We
show that PAK4 is strongly inhibited by a newly identified auto-
inhibitory domain (AID) formed by amino acids 20 to 68, which is
evolutionarily related to that of other PAKs. In contrast to group I
kinases, PAK4 is constitutively phosphorylated on Ser474 in the
activation loop, but held in an inactive state until Cdc42 binding.
Thus, group Il PAKs are regulated through conformational
changes in the AID rather than A-loop phosphorylation.
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INTRODUCTION
There are six mammalian p21-activated kinases (PAKs), which
share conserved catalytic and Cdc42-Rac interaction/binding
(CRIB) domains, and are classified into two classes. Group | PAKs
(PAKs 1-3) are activated by Cdc42 or Rac1 interaction with their
CRIB domain [1-3], while the group Il PAKs (PAKs 4-6) are
supposedly not [4-6]. PAK4, the ubiquitous group Il kinase, may
be overexpressed in primary cancers and in cancer-derived lines
[7]. PAK4 amplifications have been identified in pancreatic
cancers [8], and a newly developed PAK inhibitor PF-3758309
is a potent antitumour agent in preclinical models [9]. Loss of
PAK4 in mice is embryonic lethal, which can be attributed to
multiple developmental defects including cardiac malformation
[10]. The kinase is required downstream of Cdc42 in endothelial
cell lumen formation [11], and is required for tight junction
stability in epithelial cells [12]. Although Cdc42 has never been
found to significantly regulate mammalian PAK4 activity, a CRIB
mutant of the fly PAK4 Mbt shows elevated activity [13], as does a
CRIB-deleted mutant of human PAK4 [4,14].

In this study we investigate PAK4 regulation in detail and come
to three surprising conclusions. First, PAK4 contains a bone fide
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auto-inhibitory domain (AID) that is conserved from flies to man,
and is evolutionarily conserved with the PAK1 AID. Second, the
activation loop Ser474, which is the only residue found to be
phosphorylated in the catalytic domain, is constitutively phos-
phorylated. Third, the binding of Cdc42 serves to activate PAK4,
but because kinase activation does not require additional
auto-phosphorylation, the kinase retains no covalent memory
of this state.

RESULTS AND DISCUSSION

Identification of a new smaller form of human PAK4
The 68-kDa PAK4 was first discovered by homology to the
conventional PAK1 kinase [4]. Although much has been revealed
regarding the expression and biological roles of PAK4 in
vertebrates [15], there are few clues as to its mode of regulation,
and the catalytic domain structure is unremarkable [16].
Molecular dynamic simulations based on this X-ray structure
suggest that the active form of PAK4 requires phosphorylation of
activation loop Ser474 to stabilize the position of the C-a helix,
much like PAKT [17]. Human PAK4 (591 residues) is a ubiquitous
kinase with orthologues in all metazoans, but is absent in plants,
fungi and protozoa. We detected an mRNA product encoding
a spliced variant lacking 154 residues (exon 4) termed PAK4b
(Fig TA) in HeLa and U20S cells, but not in mouse B16 cells (Fig 1B).
This is consistent with the absence of similar PAK4b mouse
sequences in public EST databases. A PAK4-specific antibody
raised against the N-terminal region revealed low levels of the
smaller PAK4b (Fig 1C, arrows) in HeLa and U20S, though absent
from B16 cells. The PAK4 in these cells was equally reactive
towards a more sensitive activation-loop pS474 antibody, which
does not react with kinase-inactive PAK4(K350M; Supplementary
Fig S1 online). Hela cells treated with PAK4 short interfering RNA
(directed to kinase domain) showed a loss of both PAK4 isoforms.
Knockdown of PAK4 but not Cdc42 reduced the corresponding
level of pS474 (Fig 1C, arrow). When cells were treated with the
staurosporine or the phosphatase inhibitor calyculin (Supplementary
Fig S1C online), we saw no change in the pS474 status, suggesting
relatively slow turnover of the A-loop modification in vivo.

The PAK4 Ser 474 is constitutively phosphorylated
Coexpressed Cdc42V12 marginally increased the activity of
immunoprecipitated Flag-PAK4a (Fig 1E, lane 2). Both Flag-PAK4a
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Fig 1|PAK4 activity is independent of Ser 474 phosphorylation. (A) Schematic of the PAK4 gene in chromosome 19q13.2 and the exon organization of
human PAK4. The PAK4b splice isoform lacks exon 4: identified domains include the nuclear localization signal (NLS, black), Cdc42-Rac interaction/

binding (CRIB, blue) and catalytic domain (red). Other conserved but undefined regions in group II PAKs are in green. The number of human EST
(expressed sequence tags) in the NCBI database is indicated. (B) Reverse transcriptase-PCR analysis (RT-PCR, 30 cycles) of mRNA isolated from
HeLa, U20S and mouse B16 cell lines. The position of the PAK4a and PAK4b ¢cDNA products are marked. (C) Western blots (WBs) of cell lysates
derived cell lines (40 pug) as indicated were probed with affinity-purified antibodies raised against PAK4(1-280) or a pSer 474 13mer peptide. The

PAK4 and Cdc42 targeted short interfering RNAs (siRNAs) have been described previously [12]. The asterisk marks a 72-kDa nonspecific band.

(D) Alignment of sequences surrounding known PAK4 substrate sites. (E) Flag-PAK4 constructs were immunoprecipitated (IP) and assayed in vitro
with [32-P]JATP with the Rafl $338/9 peptide substrate (see Methods). Autoradiograph on the top panel is a 2-h exposure. The A-loop phosphorylation
was probed using CS#3241. The red box highlights that PAK4-Cat does not undergo auto-phosphorylation. CA, constitutively active, PAK4(S445N);
Cat, PAK4(286-591); GST, glutathione S-transferase; HA, haemagglutinin; KD, kinase dead, PAK4(K350M); PAK, p21-activated kinase; PAK4c lacks

residues 121-285, under accession number AAH02921.1.

and Flag-PAK4b expressed in mammalian cells show very low
activity (lanes 1 and 3) compared with catalytic domain PAK4—Cat or
the full-length activated PAK4(S445N) [18]. The Rafl substrate
peptide used in these assays conforms to an ideal PAK4 target [19],
and has similar sequence to Bad (Fig 1D), which is phosphorylated to
a similar extent in vitro (Supplementary Fig S3B online). The fact that
the PAK4 N-terminal strongly suppresses kinase activity was not
appreciated [7]. In spite of their very different activities, we noted
that the PAK4 activation-loop residue (Ser474) was phosphorylated
to a similar level among these constructs, excepting catalytically
inactive PAK4a(K350M). The PAK4-Cat is fully phosphorylated at
Ser474 when isolated from mammalian cells, as is bacterially
expressed PAK4-Cat [16], and as a result does not show
auto-phosphorylation in vitro (Fig 1E, red box). The fact that PAK4
Ser474 A-loop phosphorylation does not correlate with kinase
activity contrasts starkly with the behaviour of PAK1 [20].
Most protein kinases rely on changes to A-loop phosphorylation
for activation [21], and it is currently thought that PAK4 pS474 levels
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are a marker of kinase activity [9,22]. Our data instead indicate
that an auto-inhibitory region of PAK4 controls kinase activity,
not by regulating A-loop phosphorylation, but by allosterically
modulating the constitutively phosphorylated kinase. A different
human PAK4 form lacking residues 121-285 (designated PAK4c)
is also auto-inhibited (Fig 1E). Taken together, the low activity
of PAK4b and PAK4c suggested that PAK4(1-68) contains an
AID that acts on the PAK4-Cat. Given the similarity of the PAK1
and PAK4 catalytic domains one might anticipate that their AlDs
are sequence related.

All PAKs have sequence-related AIDs

Mammalian PAKT possesses a functional AID adjacent to and
overlapping the CRIB motif [2]. Structural studies of auto-inhibited
human PAK1 indicate that the AID (Fig 2A, orange bar) inhibits in
trans at the dimerization interface PAK1 [1,23]. Both PAK1 and
PAK4 CRIB sequences form an almost identical fold when bound
to Cdc42 (pdb: TEOA and 20V2). In these structures the N termini
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Fig 2| Identification of a conserved PAK4 auto-inhibitory domain (AID). (A) An alignment of the AID (orange bar) comparing group I PAKs with
those from metazoan PAK4 and fungal and protozoan PAKs. The three a-helices in the PAK1 AID are marked (red bars). The A-loop binding motif
(KYMS/T, pink box) is not found in fungal or protozoan PAKs. Proline residues preceding helixes 1 and 3 are marked in grey. Conserved residues
involved in Cdc42 binding are in blue. Hydrophobic AID residues are highlighted in yellow, while those conserved only among group II PAKs are in
green. The position of the PAK4 AID mutations tested in this study are indicated by asterisk marks (potential phosphorylation sites) or underlined in
green (R48, R49). (B) Flag-tagged PAK4/5 and 6 expressed in COS7 were analysed for activation loop phosphorylation. (C) Schematic of a minimal
synthetic construct PAK4(s) comprising residues PAK4(1-68) joined to PAK4(286-591) with a 10-residue linker. (D) The various Flag-PAK4 were
used for in vitro kinase assays performed as described in Fig 1. The A-loop phosphorylation was probed using CS#3241. Cat, PAK4(286-591); CRIB,
Cdc42-Rac interaction/binding; GST, glutathione S-transferase; IP, immunoprecipitated; KD, kinase dead, PAK, p21-activated kinase; PAK4a(K350M);
WB, western blot; WT, wild type; A20, PAK4a(21-591) and A50, PAK4a(51-591).

of the PAK4 and PAK1 CRIBs bind, as a B-sheet, to Cdc42 strand
B2, and similar CRIB residues bind to switches | and Il of
Cdc42.GTP. The putative helix 1 of the PAK4 AID (marked on
Fig 2A) is indeed an a-helix when bound to Cdc42. The PAK1 AID
structure shows a core of two a-helices that pack against each
other (as we illustrate in Supplementary Fig S2A online) with
conserved hydrophobic residues largely buried (Fig 2A, in yellow).
The second long helix of the PAK1/2 AID is a target of the
Escherichia coli toxin espG [24] and Fragile-X proteins [25]. By
alignment of group Il PAKs from humans with PAK4 from diverse
metazoans, one can see that PAK4 contains motifs related to the
PAK1T AID (Fig 2A). Consistent with full-length group Il kinases
being fully phosphorylated in the activation loop (PRRKpSLVG),
which is different from the PAK1 sequence (SKRSpTMVG), we find
that human PAK5 and PAK6 (PKRKpSLVG) are equally reactive
using this anti-pS474 antibody (Fig 2B). The ~70kDa nonspecific
band observed with most cell lines (Fig 1C) is not likely to be
PAK6, which consistently runs higher on SDS-PAGE.

©2012 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

The group | metazoan PAKs have an KYMS/T motif not found in
protozoan PAKs (Fig 2A, pink box), which controls kinase activity
by inserting between the activation loop and the a-C helix, as
illustrated in the model shown in Supplementary Fig S2A online [1].
The KYMS/T motif, which is also not present in PAK4, prevents auto-
phosphorylation of PAK1 Thr423 by holding the A-loop well
away from its normal position. The absence of such a motif in PAK4
(Fig 2A) could allow constitutive A-loop auto-phosphorylation.
Conserved putative AID residues that are only found in group
Il PAKs (Fig 2A) are marked in green. N-terminal deletion of PAK4a
residues 1-20 (part of the CRIB region) had no effect on kinase
activity. However, PAK4a lacking residues 1-50 is extremely
active (Fig 2D) and also undergoes auto-phosphorylation, while
PAK4-Cat(286-591) does not because A-loop Ser474 is fully
phosphorylated. Thus, PAK4 residues 20-50 contain residues
essential for the functioning of the PAK4 AID: this region is
conserved among all the group Il PAKs, and related to AID
sequences found in other PAKs (Fig 2A).
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scientificreport

A Fusion protein

WD + + - - - Flag-Cdc42Vv12
a
= ,
66 | - s \WB: anti-PAK4
-
6o - - WB: anti-pS474
[3;_)2]' 29- M- < GST-Raf13

29 7 - T-Raf13
24

20 °

< Cdc42vi2

IP: anti-Flag

Flag-C-PAK4
Cdc42*(1-178)

kinase

Understanding the regulation of PAK4
Y. Baskaran et al

C
2 5.2
S 40 43
: l
8
3 30
8
>
s 2 1.0
: :
o 10 I
8
S 1 L
X
Cdc42 Cdc42- Flag- Flag-C- Flag-
(G12v) bound PAK4 PAK4 PAK4
PAK4 (KD)
D Flag-
PAK4a WT A50 Cat CA
66 — % —
~ WB: anti-Flag
45 _ -
o -—
29 —

L M e S \WB: anti-GFP
IP: anti-Flag-PAK4

o —— e ITDUE
GFP-GEFH1

Fig 3| Cdc42.GTP directly activates PAK4. (A) A schematic of the pull-down protocol from COS7 cell lysates is shown. The PAK4 proteins were
recovered as indicated, and assayed for activity towards glutathione S-transferase (GST)-Rafl3 (20 pug) in the presence of 10 uM [y32-P] ATP. The
pS474 was probed using CS#3241. (B) Schematic of the active Cdc42-Gly6-PAK4 chimaera (Flag-C-PAK4). (C) The relative in vitro kinase activity of
purified PAK4 tested in three independent experiments was calculated after subtracting PAK4 KD (that is, background value) and setting the Flag-
PAK4 value to 1. The bars represent the standard error for each measurement. (D) The efficiency of green fluorescent protein-GEFH1 binding to
various Flag-PAK4 constructs as indicated was tested by coimmunoprecipitation. CA, constitutively active; Cat, PAK4(286-591); CRIB, Cdc42-Rac
interaction/binding; GFP, green fluorescent protein; GST, glutathione S-transferase; HA, haemagglutinin; IP, immunoprecipitated; KD, kinase dead;
PAK, p2l-activated kinase; WB, western blot; WT, wild type; A50 = PAK4a(51-591).

Residues 1-68 are sufficient to inhibit PAK4

Is the putative PAK4 AID sufficient of itself to inhibit the kinase
domain, or do residues 69-285 have a supporting role? We
generated a short synthetic PAK4(s) by joining PAK4(1-68) with a
10-residue linker to the catalytic domain (286-591) as illustrated
in Fig 2C (total 384 residues). This synthetic PAK4s was fully auto-
inhibited as compared to PAK4a (Fig 2D, lane 2). This experiment
in combination with the deletion studies demonstrates that
residues 20-68 are necessary and sufficient for PAK4 inhibition.
As PAK5 and PAK6 contain the same related CRIB/AID (Fig 2A),
we suggest that these kinases have the same basic mechanisms
of regulation. Thus, PAK4 contains an AID positioned similarly
to the PAK1 AID, but it differs in its mechanism of action
because activation loop of PAK4 is constitutively phosphorylated.
Nonetheless, active A50-PAK4a undergoes auto-phosphorylation
on N-terminal sites (arrowheads).

PAK4 is directly activated by Cdc42.GTP in vivo
It was originally noted that Cdc42 coexpression fails to increase
PAK4 activity when subsequently tested in vitro [4]. Consideration
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of the sequence homology between PAKs suggested to us that
Cdc42 binding does indeed regulate PAK4. To test this we
immunoprecipitated haemagglutinin  (HA)-PAK4 indirectly
though its association with Flag-Cdc42 (G12V; as illustrated in
Fig 3A). Averaged across multiple experiments HA-PAK4 bound
to the Flag-Cdc42 was ~5 times more active than Flag-PAK4
(Fig 3C). The Cdc42-bound kinase does undergoes significant
auto-phosphorylation (Supplementary Fig S3A online) as for the
PAK4(S445N) mutant [18]. We also generated a chimaeric
Cdc42-Gly6-PAK4 (as illustrated in Fig 3B), allowing stoichio-
metric intramolecular activation but without Cdc42 membrane
interaction (the CAAX motif being missing). This construct was
~4-fold more active than wild-type Flag-PAK4. Finally, we
show that 6His—PAK4a purified from E. coli, which is phos-
phorylated on Ser474, is essentially inactive (Supplementary
Fig S3B online). That recombinant full-length PAK4(S474E)
is not active (lane 5) also indicating the phospho-mimetic is
similarly held in an inactive state. Taken together we conclude
that group 1l PAKs are bone fide ‘p21-activated kinases’
regulated by an AID.

©2012 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION
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Fig 4| An auto-inhibitory domain (AID) active mutant has reduced binding to Cdc42. (A) Constructs of wild-type or mutant PAK4a as indicated
were expressed in Cos7 cells, immunoprecipitated and assayed for activity in vitro. WT, wild type; AID**, RR48/49AE, T60E; Cat, PAK4(286-591).
(B) PAK4a, PAK4b and the active PAK4a-AID** were immunoprecipitated and tested for the presence of coexpressed HA-Cdc42V12. (C) HeLa cells
were serum-starved (16 h), treated with HGF and harvested at the times shown. Triton X-100 soluble cell lysates (30 pg/lane) were probed with new
antibodies directed to PAK4, and PAK4 pS474, or ERK1/2 and pERK1/2 (Cell Signaling). (D) This model summarizes our findings regarding the
alternate activation mechanisms for group I and II PAKs. Cdc42 binding in both cases results in relief from auto-inhibition, but through different

underlying mechanisms. In the case of PAKI, this requires new phosphorylation of Ser 144 and Thr 423. For simplicity we do not show the PAK1 as
a dimer. In contrast, PAK4 is constitutively phosphorylated on Ser 474, and requires Cdc42.GTP to induce and sustain an active kinase conformation
that allows substrate interaction. HA, haemagglutinin; HGF, hepatocyte growth factor; IB, immunoblot; IP, immunoprecipitated; PAK, p21-activated

kinase; WB, western blot; WT, wild type.

PAK4 AID kinase contacts are different to those in PAK1
The PAKT AID functions as an inhibitory ‘switch’, in which Cdc42
or Rac1 binding induces conformational changes to release some
contacts with catalytic domain [1]. Subsequent PAKT auto-
phosphorylation of Thr423 and Ser 144 sustains activity even in
the absence of bound Cdc42 [20]. Critical residues of the PAKT
C-lobe aG-helix contact the AID (illustrated in Supplementary Fig
S2A online) and when mutated prevent AID interaction and lead
to kinase activation [23]. The PAK4 aG-helix [16] was therefore
mutated at equivalent residues to those that are involved with AID
contact in PAK1 (Supplementary Fig S2B online): mutation of
PAK4 L521, K522 and K525 (Supplementary Fig S2C online) did
not increase the activity of the full-length PAK4 (Supplementary
Fig S2D online), as would be expected if the PAK4 aG-helix

©2012 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

bound the AID. We then tested if the PAK4 AID blocks substrate
access to GEF-H1, a validated PAK4 target [26]. The amount of
GEF-H1 bound to PAK4 correlated with the activity status of the
kinase (Fig 3D). Thus, the PAK4 AID defined in this study likely
controls substrate access. Proof of this model will require
structural analysis of the auto-inhibited kinase.

Activation does not require AID autophosphorylation

Does Cdc42 promote activation through auto-phosphorylation of
the PAK4 AID? This could provide the means of disinhibiting
PAK4, as already noted for PAKT via Ser144 [20]. Three
conserved PAK4 serine/threonine residues in the AID (541, S46
and T60) were mutated to phospho-mimetics and tested for their
in vitro activity. Only PAK4a(T60E) exhibited above basal activity

EMBO reports VOL 13 | NO 72012 657
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(Supplementary Fig S4A online), although still essentially inactive
compared with AN50-PAK4. Thus, covalent AID phosphorylation
probably does not drive PAK4 activation, which can explain why
immunoprecipitated PAK4 shows similar activity when coex-
pressed with Cdc42 (Fig 1E). We then mutated two conserved
basic AID residues (R48/49; Fig 2A, green bar), which we
suspected as being involved in contacting the kinase domain. This
full-length PAK4a mutant designated PAK4a—AID** (see Fig 4A
legend for details) was active. When tested for their ability to bind
Cdc42(G12V) in cells, we noted that both PAK4a and PAK4b
bind equally well to the GTPase (Fig 4B), however the PAK4a—
AID** did not. Given that the R48/49 residues lie well outside
the conventional CRIB region (that is, 10-35), we conclude that the
CRIB and AID domains are folded into a single unit, much like with
PAKT [1]. Mutations in the AID can therefore perturb the structure of
the CRIB. This is consistent with the observation that a Drosophila
Mbt (HH/LL) CRIB mutant yields a more active kinase [13], exactly
as seen with PAK1 [2].

PAK4 is constitutively phosphorylated at Ser474
Several studies have used A-loop Ser474 phosphorylation as
a marker of PAK4 activity [22,27,28]. However, as illustrated
in Supplementary Fig S1 online, commercial antibodies used in
these studies can react more strongly with irrelevant bands. Also
generic basic substrates such as histone H4 have significant
levels of nonspecific phosphorylation by contaminant kinases.
By contrast the glutathione S-transferase-Raf13 substrate is quite
PAK selective. Our anti-pS474 antibodies (characterized in
Supplementary Fig S1 online) were used to reinvestigate en-
dogenous PAK4 after hepatocyte growth factor treatment, where
PAK4 activity has a role in cell motility in response to this growth
factor [14,27]. There was no change in pS474 signal under these
conditions, although robust ERK activation was confirmed
(Fig 4C). Similarly immunoprecipitated PAK4 derived from LNCaP
cells treated with serum or sorbitol (Supplementary Fig S4C
online), which activates Cdc42 and p38 MAPK [29], showed
unaltered pS474 levels. Finally, we show that immunoprecipitated
PAK4 showed equivalent pS474 modification to recombinant
6His—PAK4 purified from E. coli (Supplementary Fig S4B online),
which has stoichiometric phosphate on Ser474 as confirmed by
mass spectrometry (data not shown).

In summary, we show for the first time that the prototype group
Il kinase PAK4 is strongly auto-inhibited by an AID, and is
activated by the binding of Cdc42 as illustrated in Fig 4D. The
presence of a number of residues of the PAK4 AID in common
with PAK1 suggest that the metazoan-specific PAK4 could have
coevolved from a protozoan Ste20p-like kinase. Unlike PAK1,
which is inhibited in trans [23], we find that PAK4 behaves as a
monomer by gel filtration analysis (data not shown). Why has
PAK4 dispensed with A-loop Ser474 phosphorylation as a
mechanism of kinase regulation? One idea is that rapid and
reversible response to changes to Cdc42.GTP levels are
transduced by tight spatial and temporal coupling with the PAK4
kinase. Active group | PAKs by contrast may function at sites not
accessible to the membrane-bound GTPase, for example, in
the nucleus. The group 1l PAKs, which are constitutively
phosphorylated in the A-loop, are thus regulated through
conformational changes in the AID. This is not unlike the
situation with PKAc, which becomes phosphorylated on Thr 197
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soon after synthesis in the cell, and responds primarily to changes
in the conformation of the regulatory subunits [30]. This paper
also highlights the pitfall of assuming that immunoprecipitated
protein kinases retain a ‘memory’ of their cellular activity state.

METHODS

Antibodies. Commercial anti-PAK4 antibodies (Cell Signaling, CS
#3242) and anti-PAK4 pS474 (CS #3241) were used as indicated
in the legends. Other panels used antibodies raised and purified
against human PAK4(1-350). Anti-PAK4 pS474 was generated in
rabbit using a synthetic 13mer phospho-peptide surrounding
the pSer474 site, and purified under standard conditions. Rabbit
anti-ERK (Cell Signaling) and pERK (Santa Cruz) were used to
confirm HGF treatment.

Cloning and mutagenesis. Constructs were introduced into
pXJ40-based vectors [31] contain N-terminal Flag-, HA- or green
fluorescent protein-fusion tags. Truncation mutants were
generated by PCR and point substitutions were generated by
QuikChange (Stratagene).

In vitro kinase assays. Mammalian constructs were immuno-
precipitated from COS7 cells using 20 pl of mouse M2 anti-Flag
agarose beads (Sigma-Aldrich). Kinase assays (30min at 30°C)
were performed in 50 ul buffer (with 5mM MgCly, 2 pCi [32-P]
YATP and 10 uM ATP) including 20 pg glutathione S-transferase—
Raf1(332-344). Other methods are provided in supplementary
information online.

Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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