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Abstract

In order for protein kinases to exchange nucleotide they must open and close their catalytic cleft.
These motions are associated with rotations of the N-lobe, predominantly around the ‘hinge
region’. We conducted an analysis of 28 crystal structures of the serine-threonine kinase, p21-
activated kinase 4 (PAK4), including three newly determined structures in complex with
staurosporine, FRAX486, and fasudil (HA-1077). We find an unusual motion between the N-lobe
and C-lobe of PAK4 that manifests as a partial unwinding of helix a.C. Principal component
analysis of the crystal structures rationalizes these movements into three major states, and analysis
of the kinase hydrophobic spines indicates concerted movements that create an accessible back
pocket cavity. The conformational changes that we observe for PAK4 differ from previous
descriptions of kinase motions, and although we observe these differences in crystal structures
there is the possibility that the movements observed may suggest a diversity of kinase
conformational changes associated with regulation.
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INTRODUCTION

Conformational movements in protein kinases are important for regulation of these
important signaling proteins. The protein kinase fold consists of two lobes (N- and C-)
which clasp ATP in a deep cleft between them. When phosphotransfer is complete, the
resulting ADP molecule is released and a new ATP molecule bound. This release and
binding of nucleotide is thought to be associated with a ‘hinge” motion between the N- and
C-lobes[1]. Most analysis for this motion has been conducted for the archetypal PKA, and
suggests both a shear/pivot of the N-lobe and a conformational movement in a loop termed
the glycine-rich-loop, are important for nucleotide cycling and kinase activity regulation[1-
4], however, kinase regulation is conformationally diverse, and there is the potential that
these PKA motions may not readily describe the whole kinase group.

The p21-activated kinases (PAKSs) are downstream effectors of Rho small GTPases and are
important for cell proliferation, survival, motility, and angiogenesis[5]. PAK4, PAK5 and
PAK®6 comprise the type Il sub-group and regulate key cellular substrates involved in
regulation of actin cytoskeleton structure and adhesion, including the LIMK, GEFH1,
integrin B5, B-catenin and paxillin[6]. These serine-threonine kinases are usually thought to
be constitutively phosphorylated on their activation loop[7, 8], and GTPase binding is
thought to be important for kinase targeting but not direct activation, at least for PAK4[9-
11], although caveats to these observations may exist in the cellular context[9]. Nonetheless,
regulation of kinase activity for the type Il PAKs is thought to be achieved by non-canonical
means, predominantly by interactions of the phosphorylated kinase with pseudosubstrate
motifs[10, 12, 13], although a complete understanding of activity regulation is yet to be
achieved.

Type Il PAKSs are drivers of oncogenic Rho-GTPase signaling, and their amplification and
dysregulated activity have been implicated in a range of cancers including colorectal, breast,
and pancreatic[5, 6]. The PAKs in general, and PAK4 in particular, are therefore thought to
hold promise as targets for small molecule therapeutics[6, 14, 15]. Multiple compounds have
been developed to target PAK4[16], but selectivity across the group has been difficult to
achieve, for example, PF-3758309 which went to clinical trials, has only limited selectivity
between the type | and type Il PAKs[16]. To improve this, targeting a large hydrophobic
pocket adjacent to the catalytic cleft, which is sometimes observable in type 1l PAK crystal
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structures, has been proposed, and demonstrated[17]. Many small molecule inhibitors bind a
specific kinase conformation[18] and inform on the natural conformational variability
accessible to the kinase. Therefore, for the type 11 PAKs the ability to target a large
hydrophobic pocket located directly beside the catalytic cleft represents a potentially
unusual state that occurs in the kinase’s normal repertoire of conformations.

In this study we have determined three co-crystal structures of PAK4 with small molecule
inhibitors from different scaffold classes, the large pan-specific inhibitor staurosporine, the
Rho kinase inhibitor fasudil (HA-1077), and FRAX486, a compound which rescues Fragile
X phenotypes in the Fmr/knockout mouse[19]. We analyze these structures in the context of
all previously published PAK4 structures. Using principal component analysis of the crystal
structures we find that PAK4 structures can be classified into distinct conformational groups,
and that these groups are associated with specific orientations of helix aA, aC, and the
hydrophobic kinase regulatory spine. Our study implies a diversity of conformational
movements for protein kinases.

Overall structures of PAK4 in complex with staurosporine, fasudil and FRAX486

We determined the co-crystal structures of PAK4 in complex with staurosporine, fasudil, and
FRAX486. The structures are in the same space group (~412412) with similar unit cell
parameters (Table 1) and were determined to 2.3 A, 1.75 A and 2.5 A resolution (for the
staurosporine, fasudil, and FRAX486 complexes, respectively). Each structure displays the
typical bi-lobed kinase fold, with a B-sheet dominated N-lobe and an a.-helical dominated C-
lobe. Juxtaposed between the lobes is the catalytic cleft that normally binds ATP, and in each
of the structures binds to the inhibitor in an ATP-competitive manner. The electron densities
of the small molecule inhibitors allow a clear definition of their pose (Figs 1, S1). As found
in all other structures of PAK4, the protein is phosphorylated on the activation loop (residue
pSer474) and the kinase is observed in the active, DFG-in, conformation.

Inhibitor poses in the catalytic cleft of PAK4

Staurosporine - The 2.3 A co-crystal structure of PAK4 with staurosporine recapitulates a
typical pose for staurosporine compared to 66 kinase-staurosporine co-crystal structures in
the PDB (Figs 1A, S2A). It shows an ATP-competitive mode of binding characterized by
hydrogen bonds between the O5 oxygen atom and the backbone nitrogen of Leu398, the N1
nitrogen atom and the backbone carbonyl of Glu396, and the N4 nitrogen atom with the
backbone carbonyl of Asp444 (Fig 1D,G).

Fasudil - The 1.75 A co-crystal structure of fasudil in complex with PAK4 shows the small
molecule located in the catalytic cleft in an ATP-competitive pose (Fig 1B). The structure
recapitulates some of the binding properties observed in the five previous crystal structures
of kinases in complex with fasudil, of ROCK1, ROCK2, MRCKa and PKA [20-24]. In the
PAK4-bound structure we observe that fasudil hydrogen bonds between its isoquinoline
nitrogen and the backbone nitrogen of PAK4 Leu398, however, the presence of only a single
hydrogen bond (Fig 1E,H) contrasts with the two or three observed in previous fasudil-

Biochim Biophys Acta. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 4

kinase complexes. Furthermore, PAK4 does not contain the phenylalanine residue conserved
in the C-terminal tail of the AGC kinases (Phe327 in PKA; Phe368 in ROCK1). This
phenylalanine inserts into the ATP pocket from the C-terminal tail of the kinase and makes
hydrophobic contact with fasudil[20-24]. In the AGC kinase family structures Phe327/
Phe368 packs against fasudil to push it deep into the catalytic cleft. An equivalent residue is
not contained in PAK4, consequently the isoquinoline ring of fasudil is displaced outwards
by up to 2 A compared to the ROCK or PKA structures (Fig S2B). In PAK4-fasudil, the
seven-membered isoquinoline ring also adopts a slightly different skew than observed in the
AGC kinase structures. The other major component of the small molecule, the
homopiperazine ring, can adopt two different conformations in AGC kinase-bound
structures, one is rotated closer to the glycine-rich loop, and a second rotated closer to the
hinge region[22] (Fig S2C). In the PAK4 bound structure the homopiperazine ring displays
poor electron density and higher B-factor, illustrating its flexibility, but is predominantly
located in the glycine-rich loop proximal conformation (Figs 1E, S2C).

FRAX486 - The 2.5 A structure of FRAX486 with PAK4 is the first reported co-crystal
structure of a type Il PAK in complex with a compound containing a pyrido[2,3-
dlpyrimidine-7-one core, from a series developed by Afraxis[16, 25, 26]. The molecule is
located in the catalytic cleft (Fig 1C) and stabilized by a two hydrogen bonds between to the
carbonyl oxygen and backbone nitrogen of hinge residue Leu398 (Fig 11). A 2,4-di-Cl-
phenyl ring places the halide atoms abutting the gatekeeper residue Met395 and the VAIK
motif Lys350 (Fig 1F,1). Three compounds based on the pyrido[2,3-d]pyrimidine-7-one core
have previously been determined in complex with PAK1 (FRAX597, PDB ID: 4EQC[25];
FRAX1036, PDB ID: 5DFP[27]; G-5555, PDB ID: 5DEY[27]), and the pose of the small
molecule core is similar in each (Fig S2D). FRAX486 displays selectivity for PAK1 over
PAK4 (IC5q PAKY, 8 nM; 1C5q PAK4, 779 nM), and it has been hypothesized that
pyrido[2,3-d]pyrimidine-7-one selectivity comes from the conformational preferences of the
gatekeeper residue (Met395 in PAK4, Met344 in PAK1) and the VAIK motif lysine (Lys350
in PAK4, Lys299 in PAK1)[16]. This is difficult discern from comparison of our structure
with the PAK1 structures, particularly as two of those are for kinase inactivating VAIK motif
K—R mutant proteins (PDB IDs: 4EQC, 5DFP).

Assessment of conformational orientation of PAK4

Including the three described here, there are 28 deposited crystal structures of the catalytic
domain of PAK4. We hypothesized that these structures should allow a better understanding
of the conformational diversity accessible to PAK4 so we began by conducting structural
superpositions. This illustrated two common themes of kinase structure, the stable
conformation of the a-helical C-lobe and movement of the B-strand-rich N-lobe with respect
to the C-lobe (Fig 2A). The three structures that we have determined fit broadly into the
range of conformational movement found in previous PAK4 structures (Fig 2A). However,
on closer examination of root-mean-square deviations (RMSD) between the structures, we
find potentially interesting conformational changes, particularly in the region of helix aC
(Fig 2B,C). We therefore conducted a cross correlation analysis where we observe some
positive correlations, (e.g. between the regions of the helix aC and the DFG-motif). As
expected, we also observe that the N-lobe as a whole seems to act as a correlated unit
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disunited with the rest of the kinase domain. The N-lobe shows positive correlation with
itself (Fig 2D, blue, approximate residues 300-400), and weak positive correlation with the
C-terminal portion of the domain comprising helices aF, aG and al (Fig 2D, approximate
residues 500-575), it also shows negative correlation with the middle third of the domain
comprising aD through aF and representing the middle layer of the domain (Fig 2D,
approximate residues 400-500). Because some regions within the N-lobe have
conformational differences that are more tightly correlated to one another compared to the
rest of the catalytic domain (Fig 2D), we conducted further analysis of the PAK4 N-lobes.

Assessment of conformational orientation of the N-lobe of PAK4

We superposed the N-lobes of the PAK4 structures and observed that while there is much
conformational stability over the structures (Fig 3A), three regions have increased flexibility.
The first is the N-terminal helix, helix a A, (residues ~301-307), a helix not conserved in the
canonical protein kinase fold, but in a location often important in kinase regulation. The
second is at the tip of the glycine-rich loop (residues 330-332), particularly for the backbone
of residue Ser331. Glycine-rich loop movements are canonically associated with nucleotide
binding and release[4], and with altered kinase conformations on inhibitor binding[28]. The
third region of conformational variance between the structures is at the C-terminus of the C-
helix (residues ~366-374). These ‘by-eye’ observations were confirmed by RMSD analysis
(Fig 3B,C). We next asked if these movements were correlated with one another. Cross
correlation analysis for the N-lobe alone showed positive correlation between helix a A, and
the p2-p3 and B3-a.C loops (Fig 3D), between the VAIK motif (in 3) and the GXGxxG
motif (B1-B2 loop), and negative correlations between the B2-p3, B1 and p4. Since these
correlations suggested concerted movements in the kinase N-lobe, we conducted further /n
sifico analyses of the PAK4 structures.

Principal Component Analysis

The PAKA4 structures display diversity in their conformations, but the above analyses suggest
that correlations may exist between specific regions that contribute to the shape of the
catalytic cleft. To better understand these correlations, we conducted Principal Component
Analysis (PCA) for the PAK4 structures. PCA is widely used as a technique to reduce multi-
dimensional data by linear transformation in order to describe the variance among a set of
data, and for macromolecular structures yields eigenvectors that most parsimoniously
separate the structures based on conformational changes, to allow rational structure-based
conformational classification. The vector that describes the maximal spread of the data is
termed principal component 1 (PC1), the second most variable vector is PC2, etc[29].
Although for macromolecular structures PCA is often used to analyze molecular dynamics
simulations or NMR ensembles, there are now multiple studies that treat crystal structures of
the same protein as an ensemble of conformations, thus allowing informative PCA based on
crystallographic data[30-33]. Overall, for the PAK4 kinase domain we find that the first
principal component explains 36% of the motions, the second 28% and the third 13%. The
first three PCs therefore describe 76% of motions between the structures (Fig S3A). For the
N-lobe alone (residues 301-399) we find that the first principal component explains 38% of
the motions, the second 15% and the third 11%, accounting for 65% of motions (Fig 4A).
We conducted two-dimensional mapping for the first three principal components (Fig 4B,
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S3B), and analyzed the contribution of each residue to each principal component (Fig 4C,
S3C). Predictably, for the catalytic domain as a whole the conformational movements of the
N-lobe dominate the analysis (Fig S3C). However, for the N-lobe, the by-residue analysis
(Fig 4C) indicates that much of the differences between conformations are derived from
different alternate states in and around helix a.C (residues 366-372), with Met370 providing
the biggest single contribution to PC1 (Fig 4C). Clustering of the structures based on the
PC1-PC2 principal component analysis for the N-lobe suggests four groups (Fig 4D), which
we interpret to represent different classes of N-lobe conformation.

Clustering of PAK4 conformations

The PCA clustering analysis indicates four groups that are broadly associated with
conformational movements of the N-lobe. When the structures are superposed on the core
residues and colored by group, the conformational differences between the clusters become
apparent (Fig S4A). The groups can be classified to (1) an ATP-bound-like conformation (in
green; PDBs: 2CDZ, 2QO0N, 4FIE, 4FIF, 4FIG, 4XBR, 5BMS), (2) a substrate-bound-like
conformation (in red; PDBs: 4FIH, 4FIl, 4F1J, 4JDH, 4JDI, 4JDJ, 4JDK, fasudil), (3)
inhibitor-accessible-only conformations (in grey; PDBs: 2X4Z, 4APP, FRAX486), and (4) a
conformation that opens up a back pocket cavity behind the gatekeeper residue (in purple;
PDBs: 2J0I, 4L67, 4NJD, 400V, 400X, 400Y, 4XBU, 5I0B, staurosporine).

The ATP-bound-like, substrate-bound-like and back-pocket cavity-associated conformations
each display typical poses unique to their group; in contrast, the inhibitor-accessible-only
conformations don’t easily fall into a common conformation. The differences between the
ATP-bound-like, substrate-bound-like and back-pocket cavity-associated groups are
highlighted by a conformational movement at the C-terminus of helix .C, which in the
context of the whole molecule manifest as a solenoid-like movement of helix aC of
approximately 3-4 A (Fig S4B). At the side-chain level this movement is associated with a
series of rearrangements of the van der Waals interactions between helix a.C, the p4 strand
and the DFG motif/activation loop. Specific residues are particularly affected: Phe459 and
Cys462 in the DFG-matif/activation loop, 11369 and Met370 in helix aC, and Met381 in
the B4 strand (Fig S4C). Comparison of just the substrate-bound-like and ATP-bound-like
states indicate that substrate binding might be associated with a more closed N-lobe
orientation which results in more rigid placement of multiple residues including helix a.C
residues Arg371 and Phe364, helix a A residues Leu308 and F304, and residues of the 33-
aC loop (Fig S4D)

Rigid core analysis

To investigate the basis for differences between the conformational clusters, we conducted
rigid core discovery for both the whole kinase domain and the N-lobe, based on root-mean-
square deviations of carbon alpha atoms. We find that for the N-lobe alone the rigid core is
comprised of the B-sheet (Fig 5A) but for the whole kinase domain the core encompasses
much of the C-lobe and an additional three residues in the N-lobe (Asn377, Val378, Val379)
between helix a.C and p4 (Fig 5B). Movement of the N-lobe with respect to the C-lobe do
not affect residues in the canonical hinge region (beginning at Glu399) or at the tip of the
aC-p4 loop. Therefore, movements of the N-lobe seem to create stresses within the kinase

Biochim Biophys Acta. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al. Page 7

domain that are relieved conformationally, particularly at the C-terminal region of helix aC
where there is an unwinding of the final helical turn (Fig 5C).

Hydrophobic spine rearrangement

A major impact of these hinge movements is on the orientation of the kinase hydrophobic
spines. For protein kinases two hydrophobic clusters of side-chains are thought to play
important roles in orienting residues for catalysis and regulation[3, 34, 35]. These two
‘hydrophobic spines’ are termed the C-spine and the R-spine. We observe few changes in the
C-spine between PAK4 structures, however, there are significant changes in the PAK4 R-
spine (regulatory spine), the positions of which are termed RS1-RS4 [3]. In each state, the
RS1 and RS2 positions are occupied by His438 and Phe549, respectively (Fig 6A).

However, the RS3 and RS4 positions are labile. The ATP-bound-like state is a canonical R-
spine with Met370 taking the RS3 position and Met381 taking the RS4 position. In contrast,
in the substrate-bound-like state the RS3 position is occupied by two residues, 11369 and
Met381, and RS4 by Met370. The back-pocket-accessible conformation is different again,
and displays a degraded R-spine with RS3 (Met370) making poor contacts with RS4
(Met381). There seems to be a pathway of movement between these classes of structure for
residues in the RS3 and RS4 positions and also outside of the R-spine (Fig 6B). The PCA
analysis therefore seems to indicate that the PAK4 structures have captured a trajectory of
conformational states (Fig 6C) that describe accessible conformations for the kinase, ranging
from a back-pocket-accessible inactive state, through a canonical conformation for a ATP-
bound kinase domain, to an ,,in the act™ kinase state typified by an unusual conformation of
the R-spine.

Discussion of the influence of crystal packing

Crystal structures can be subject to induced fit from crystal packing effects. As these can be
associated with conformational changes we analyzed the packing of the structures. 19 of the
PAK4 crystal structures are in the same crystal form with space group P412,2 and unit cell
parameters of a=b ~ 63 A, ¢ ~ 182 A. All four classes are found in this form: (5BMS), (2301,
4167, 4NJD, 400V, 400X, 400Y, 4XBU, 510B, staurosporine), (FRAX486), (4FIH, 4FII,
4F1J, 4)JDH, 4JDI, 4JDJ, 4JDK, fasudil). So, although the substrate-bound-like and back-
pocket cavity-associated conformations are only observed in this space group, the variety of
conformations suggest a wide range of conformational accessibility. Induced fit also has the
possibility to prevent canonical reorientation of helix a.C, perhaps by an interaction between
the N-lobe of PAK4 and an adjacent molecule. This interaction does occur in the P4,2,2
crystal form, potentially impacting the orientation of the C-lobe, however, we note that an
array of small molecule inhibitors have been rationally designed to target the back pocket of
PAKA4[17, 36, 37]. The ability of these small molecule inhibitors to bind the back pocket
accessible conformation shows that this conformation does occur in solution. Additionally,
similar crystallization conditions can yield multiple classes (Table S1). Therefore, the
conformational differences we observe between the structures may not be unduly influenced
by crystal packing effects.
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DISCUSSION

PAK4 is now a well-studied protein kinase, with crystal structures solved in various space
groups and in complex with an array of small molecule inhibitors, peptide substrates,
pseudosubstrates, and nucleotide. This has allowed us to conduct a detailed study of the
conformational accessibility of PAK4 in the crystalline environment. We find that the
movements of the N-lobe of PAK4 are unusual and seem to create torsional stresses that are
previously undescribed in protein kinases and manifest in partial unwinding of helix aC.
Our principal component analysis allowed us to rationalize these observed in crystal
differences into three major states which broadly cluster with different orientations of a
region of the kinase hydrophobic core, known as the ‘R-spine’[3, 34, 35]. In particular,
movements in the R-spine RS3 and RS4 positions are associated with unwinding of helix
aC. Notably, this degradation of the R-spine creates an accessible back pocket cavity behind
the kinase gatekeeper residue which can be targeted by small molecule inhibitors[17]. We
note that a comparison of R-spines for staurosporine-bound kinases (Fig S5) shows that
three structures of CDK2 (1aql, 4erw and 4ez7)[38, 39] have disrupted R-spines that create
a pocket accessible for allosteric inhibitors[38], illustrating the potential of this region for
targeting PAK4.

PAK4 is thought to be predominantly constitutively phosphorylated on its activation loop in
the cell[7, 8, 40]. Its regulation has therefore has been proposed to be restricted to
pseudosubstrate autoinhibition of the active-conformation kinase[7, 10]. Recently, a protein
inhibitor of PAK4 was discovered (called Inkal, PDB ID: 4XBU) and this is thought to use a
similar pseudosubstrate-like mechanism to inhibit kinase activity[41]. Our analyses find that
the Inkal-bound state, and also an autoinhibited conformation bound to a long
pseudosubstrate peptide (PDB ID: 4L67), both cluster in the degraded R-spine group. It is
attractive therefore to postulate that the back-pocket-accessible conformation arises from
additional structural changes to achieve complete restriction of catalytic activity. We propose
this to be a previously unrecognized inactive PAK4 conformation.

Protein kinases must open and close their catalytic cleft to allow binding and release of
nucleotide. These motions are associated with rotations of the N-lobe around the ‘hinge
region’ [1], a second region at the N-terminus of p4[2] and conformational flexibility in the
glycine-rich loop[4]. Although these observations were made for PKA, they are thought to
apply across the family. The conformational changes that we observe in our study of 28
PAK4 crystal structures differ from these previous observations, particularly in the
movements of helix aC, therefore our findings potentially support a diversity of kinase
conformational changes associated with regulation.

Materials and Methods

Protein expression and purification

Expression and purification of PAK4 catalytic domain has been previously described[10,
43]. Briefly, the catalytic domain of PAK4 (UniProt ID 096013-2) was expressed from a
modified pET28 vector with a hexa-histidine (6xHis) tag which was removable by TEV
protease. Following Ni-affinity HisTrap chelating column (GE Healthcare) chromatography,
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anion Exchange Resource S (GE Healthcare), and gel filtration Superdex 200 10/300GL
(GE Healthcare) the purified PAK4 catalytic domain was concentrated to 4 mg/ml for co-
crystallization.

Co-crystallization

Small molecule inhibitors fasudil (HA-1077) (Cayman Chemical), staurosporine (LC
Laboratories) and FRAX486 (Selleck Chemicals) were purchased and resuspended in
DMSO to concentrations of 5.5 mM, 20 mM and 100 mM respectively. The inhibitors were
mixed in 1:1 volume ratios with PAK4 and co-crystallization trials set up using hanging drop
vapor diffusion methodology. Optimized crystallization conditions for PAK4-cat were
obtained at 0.1 M Tris-HCI (pH 7.5) and 1.5 — 2.0 M Na acetate at room temperature. Before
flash-freezing in liquid nitrogen, the crystals were equilibrated using 2.5 M sodium acetate
as cryoprotectant.

Data collection and structure determination

X-ray diffraction data were collected at beamline 24-1D-E, Northeastern Collaborative
Access Team facility (NE-CAT), at Argonne National Laboratory. Integration and scaling
were performed using the HKL2000 package[44], and initial phases obtained using
Phaser[45] with a search for the PAK4 catalytic domain (PDB ID: 4F1J[10]) yielding TFZ
scores of 10.3, 8.5 and 65.3 for the FRAX486, staurosporine and fasudil-bound structures
respectively. The PAK4 protein components of the structures were refined using Phenix[46]
or Refmac[47] and model building performed using Coot[48]. Once extensive difference
density became visible in the catalytic cleft coordinates for the small molecules were
manually docked and refined. PDB coordinates and cif files for fasudil and staurosporine
were downloaded from the RCSB PDB website (www.rcsb.org), and generated for
FRAX486 using the PRODRG server[49]. The final structures show good model quality as
assessed by MolProbity [50] (Table 1). Crystallographic software compiled by SBGrid[51],
structural figures generated using CCP4mg [52] and PyMOL (Schrédinger, LLC).

Structure analyses, including PCA

The following crystal structures of PAK4 were used in the analysis: 2CDZ, 2J01 [53], 2QON,
4JDH, 4J)DI, 4JDJ, 4JDK [43], 2X4Z [54], 4APP [55], 4FIE, 4FIF, 4FIG, 4FIH, 4F1I, 4F1J
[10], 4L67 [12], 4NJD [36], 400V, 400X, 400Y [17], 4XBR, 4XBU [41], 5BMS [56], 5I0B
[37]. Analyses did not include 2BVA [53] because of excessive missing residues in that
structure. Primary amino acid sequences for each peptide chain were extracted using
Moleman2[57], aligned using Muscle[58] and maximum likelihood superposition and cross
correlations calculated using Theseus[59]. Analysis included chain A for structures with two
highly similar chains. For whole kinase domain analysis, all residues before His301 and
after Arg589 were removed from the PDB files, for N-lobe analysis all residues before
His301 and after Glu399 were removed from the PDB files. Rigid core identification was
conducted using the core.find() command in Bio3d[60] and for the whole kinase comprised
residues 377-379, 400-434, 436449, 452-457, 459, 462, 471-473, 475-487, 491-516,
518, 523-527, 530-533, 535 and 542-586. For the N-lobe the rigid core comprised residues
312-328, 333-341, 345-354 and 379-398. Per residue RMSD was calculated using
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Theseus. Principal component analysis was conducted using Bio3d with the pca.xyz()

co

mmand. PCA dendrograms were generated using the hclustplot() command.
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Refer to Web version on PubMed Central for supplementary material.
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AUTHOR SUMMARY

Protein kinases are key signaling proteins, and are important drug targets, therefore
understanding their regulation is important for both basic research and clinical points of
view. In this study, we observe unusual conformational ‘hinging’ for protein kinases.
Hinging, the opening and closing of the kinase sub-domains to allow nucleotide binding
and release, is critical for proper kinase regulation and for targeted drug discovery. We
determine new crystal structures of PAK4, an important Rho-effector kinase, and conduct
analyses of these and previously determined structures. We find that PAK4 crystal
structures can be classified into specific conformational groups, and that these groups are
associated with previously unobserved hinging motions and an unusual conformation for
the kinase hydrophobic core. Our findings therefore indicate that there may be a diversity
of kinase hinging motions, and that these may indicate different mechanisms of
regulation.
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HIGHLIGHTS

. Three crystal structures of PAK4 in complex with fasudil, FRAX486 and
staurosporine.

. Principal component analysis reveals structural classes for PAK4 crystal
structures.

. Disrupted R-spine indicated for inhibited state and an accessible back pocket
cavity.

. Implies a diversity of kinase conformational changes potentially associated

with regulation.
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Figure 1. Crystal structures of PAK4 in complex with staurosporine, fasudil and FRAX486.
AB,C

Overa)ll structures showing bound small molecule in stick format. Secondary structure
elements and kinase features are indicated. D,E,F) Detailed interactions of small molecules
with PAK4. Hydrogen-bonds shown as red lines. Residues of interest indicated. ~/0-/¢ map
for the final un-biased round of refinement before adding ligand shown in 2o (light green)
and 3o (olive). G,H,1) Schematic of small molecule-PAK4 Interactions shown in PoseView
format with van der Waals contacts indicated by a green line[61].
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Figure 2. Comparison of all deposited PAK4 structures. A)
Superposition onto the PAK4 C-lobe of the PAK4 catalytic domains described in this work

(staurosporine, orange; fasudil, red; FRAX486, green) and previously deposited in the
Protein Data Bank (PDB IDs: 2CDZ, 2J0I [53], 2QON, 4JDH, 4JDI, 4JDJ, 4JDK [43], 2X4Z
[54], 4APP [55], 4FIE, 4FIF, 4FIG, 4FIH, 4FIl, 4F1J [10], 4L67 [12], 4ANJD [36], 400V,
400X, 400Y [17], 4XBR, 4XBU [41], 5BMS [56], 510B [37] in blue. B, C) Root-mean-
square deviation (RMSD) by residue number across all PAK4 structures. Calculated using
Theseus[59] and shown using putty format on the structure of PAK4 with fasudil. D) Cross
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correlation matrix calculated using Theseus[59]. Positive correlation is colored blue,
negative correlation is colored red, and no correlation in white.
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Figure 3. Assessment of the N-lobe for all deposited structures of PAK4. A)
Superposition of the PAK4 N-lobe. PAK4 structures described in this work (staurosporine,

orange; fasudil, red; FRAX486, green) and previously deposited in the PDB (PDB IDs:
2CDZ, 2J01 [53], 2Q0N, 4JDH, 4JDI, 4JDJ, 4JDK [43], 2X4Z [54], 4APP [55], 4FIE, 4FIF,
4FIG, 4FIH, 4FII1, 4F1J [10], 4L67 [12], 4NJD [36], 400V, 400X, 400Y [17], 4XBR, 4XBU
[41], 5BMS [56], 510B [37] in blue. B, C) Root-mean-square deviation (RMSD) by residue
number, calculated using Theseus[59] and shown using putty format on the structure of
PAK4 with fasudil. D) Cross correlation matrix generated using Theseus[59]. Positive
correlation is colored blue, negative correlation is colored red, and no correlation in white.
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Figure 4. Principal component analysis for PAK4 N-lobes
Principal component analysis for the N-lobes (residues 301-399) of PAK4 structures PDB

IDs: 2BVA, 2J0I [53], 2QO0N, 4JDH, 4JDI, 4JDJ, 4JDK [43], 2X4Z [54], 4APP [55], 4FIE,
4FIF, 4FIG, 4FIH, 4FI1, 4F1J [10], 4L67 [12], 4NJD [36], 400V, 400X, 400Y [17], 4XBR,
4XBU [41], 5BMS [56], 510B [37]. A) Eigenvalue contribution of the first 20 principal
components from PCA. B) Mapping of the first 3 principal components, PC1, PC2 and PC3
for each structure. Left, PC2 vs PC1; center, PC3 vs PC1; right, PC3 vs PC2. Each dot
represents a structure. Colors are indicated by cluster in panel D. C) Each residue™s
contribution to the first three principal components. D) Dendrogram of distances of PC
space for principal components 1 and 2.
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Figure 5. Rigid core of PAK4 based on RMSD analysis. A)
Rigid core of the whole catalytic domain (residues 301-589) on left, and N-lobe (residues

301-399) on right. PAK4 in complex with fasudil shown. Structure colored in Jones rainbow
format. Cores shown as a transparent surface. B) Arrows indicate locations of N-lobe
residues that are part of the rigid core for the whole domain. Conformational movements of
the N-lobe do not affect these residues (in the hinge region and at the tip of the aC-p4 loop).
Backbone trace for typical examples of the back-pocket-accessible (left, purple, PDB ID:
4XBU), ATP-bound-like (middle, green, PDB ID: 4FIF), and substrate-bound-like (right,
red, PDB ID: 4JDJ) conformations. Selected secondary structure elements indicated. Rigid
core of the whole catalytic domain shown as a transparent surface. C) Close up showing
unwinding of helix aC and the location of residues Asn377, Val378 and Val379.
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Figure 6. A potential trajectory of conformational movement in PAKA4. A)
R-spine analysis for typical examples of the back-pocket-accessible (left, purple, PDB ID:

4XBU), ATP-bound-like (middle, green, PDB ID: 4FIF), and substrate-bound-like (right,
red, PDB ID: 4JDJ) conformations. Top row is overall view, bottom row is a close up. R-
spine positions RS1-RS4 are indicated. Structures shown B) Close up views of specific
residues indicated. C) Proposed trajectory plotted onto a map of the first two principal
components for the kinase N-lobe (as plotted in Fig 4B).
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Table 1

Data collection and refinement statistics.

Complex PAK4-staurosporine PAK4-fasudil PAK4-FRAX486

PDB accession code 5VED 5VEF 5VEE

Data Collection

Space group PA2,2 PA2,2 PA12,2

X-ray source APS, 24-1D-E APS, 24-1D-E APS, 24-1D-E

Number crystals 1 1 1

Cell a b c(A) 62.7,62.7, 177.2 61.9, 61.9, 182.7 63.0, 63.0, 183.5
a, B y(°) 90, 90, 90 90, 90, 90 90, 90, 90

Wavelength (A) 0.97919 0.97919 0.97919

Resolution range (&) *
No. unique reflections

Degrees of data (°)
Completeness (%) *
Roim (%)

1eal*

Redundancy *

Wilson B-factor (A2?)

50 - 2.30 (2.38 — 2.30)

16,575 (1,608)
180
100 (100)

8.9 (94.6)
8.0 (1.4)
12.8 (12.9)
432

50— 1.75 (1.81 - 1.75)

35,807 (3,297)
180
97.0 (91.4)

3.1 (70.9)
20.4 (1.6)
12.2 (10.4)

27.7

50 — 2.50 (2.59 — 2.50)

13,760 (1,313)
180
99.9 (100)

2.1 (83.5)
23.1(1.4)
20.1 (13.5)

88.0

Refinement

Resolution range (A) *

43.0 - 2.30 (2.45 - 2.30)

43.8-1.75 (1.80 - 1.75)

43.9 - 2.50 (2.57 - 2.50)

Rractor (%) 22.8 (34.9) 20.0 (29.9) 22.8 (46.8)
Free Rucor (%) 21.7(39.2) 23.9 (3L6) 27,6 (46.5)
No. Free R reflections ™ 886 (154) 1733 (118) 704 (45)
Residue range built 300-589 300-589 300-589
No. water molecules 15 136 0
Model Quality

RMSD bond lengths (A) 0.002 0.008 0.013
RMSD bond angles (o) 0.550 1.080 1.691
Overall B (all atoms) (A2) 52.4 42.6 115.6

B (A?) protein/water/ligand 52.6/42.4139.2 42.2/40.3/110.2 117.6/-/92.2
Ramachandran plot (%) favored/allowed/outliers 96.2/3.8/0.0 98.6/1.4/0.0 90.6/9.4/0.0
MolProbity score/percentile 3.19/100% 0.85/100% 4.06 / 99%

*
Parentheses indicate highest resolution shell
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