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The Rho family small GTP-binding proteins such as Cde42, Rac, and Rho participate in
regulation of actin cytoskeleton and cell adhesion through specific target proteins. Rho-binding
domains of these cffector proteins have been classified into at least two motifs, class 1 and 2. The
class 1 motif is characterized as a polybasic region followed by a leucine-zipper-like motif. The
other motif, class 2, has a putative coiled-coil motif. To understand the molecular mechanisms of the
Rho effector recognition, I determined the crystal structure of RhoA bound to the N-terminal
effector domain of human protein kinase N (PKN) which has a class | Rho-binding motif. In
addition, to obtain insights into the class 2 of Rho-binding motifs, I also determined the crystal
structure of the Rho-binding region from Rho-kinase.
The crystal structure of the RhoA/PKN complex reveals that PKN has a novel effector domain for
Rho, which is distinct from the other effector domains such as the CRIB domains for Cdc42 and
Rac. The PKN effector domain binds to RhoA at switch I, B-sheet B2/B3, and the C-terminal o-helix

AS5. These binding regions are different from those for Cdc42 and Rac.




The interactions between switch I of RhoA and the effector domain of PKN shows how RhoA binds
PKN in a GTP dependent manner. Thus, the present structure shows the various ways that the Rho
family members interact with their effector proteins. Moreover, the present structure suggests that
multiple effector domains may interact different molecular surfaces on the G protein.

The structure of the Rho-binding domain from Rho-kinase reveals parallel coiled-coil motif with
long consccutive helices extending to about 97 A. The presence of long coiled-coil motil suggests

that Rho-kinase is present in an oligomerization form in solution.
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I. Introduction

Rho is a small GTP-binding protein (small G protein) that has been identified as the gene
product of the ras homologous gene. The Rho family of small G proteins, which have been
purified from both mammalian tissue membrane (Yamamoto et al., 1988) and cytosol (Morii
ct al., 1988) fractions, have emerged as key regulators of several events in cukaryotic cells
(Van Aelst and D'Souza-Schorey, 1997; Hall, 1998; Kaibuchi et al., 1999). Three members of
the mammalian Rho family, Rho, Rac and Cdc42, have been well characterized in the context
of cytoskeleton, cell adhesion and cytokinesis. Rho is implicated in the cytoskeletal responses
to extracellular stimuli such as lysophosphatidic acid and bombesin, which result in the
formation of stress fibers and focal adhesion in fibroblast cells (Ridley and Hall., 1992). Rac
and Cdc42 are also involved in regulating the organization of actin cytoskeleton, whereas the
cell morphological effects induced by these members are clearly different in appearance.
Activation of Rac by platelet-derived growth factor, epidermal growth factor, or insulin leads
to lamellipodium formation and membrane ruffling (Ridley et al., 1992), Cdc42 activated by
bradykinin regulates filopodium formation (Kozma et al., 1995; Nobes and Hall, 1995)
(Fig.1).

Rho has three mammalian isoforms, RhoA, RhoB and RhoC, that exhibit high sequence
homology with 83% identities. Rac and Cdc42 share a significant homology with ~68%
identities and, actually, bind to some common effector proteins for activation. However Rho

exhibits relatively little similarity to both Rac and Cdc42 (~45% identities). These differences




in similarity are thought to be essential for the specific activation of several downstream

effector proteins by each small G protein, although we do not yet understand the molecular
mechanism defining the specificity.

Like other small G proteins, the Rho family members function as molecular switches,
cycling between an inactive GDP-bound form and an active GTP-bound form. At least 10
candidate effector proteins for Rho have been identified so far. These proteins bind to Rho in
a GTP-dependent manner. The Rho-binding domains of the effector proteins consist of less
than 100 residues and have been classitied into at least two motifs (Fujisawa et al.. 1996:
Bishop and Hall, 2000). The class 1 of the Rho-binding motif is characterized by a polybasic
region followed by a leucine-zipper-like motif and is found in PKN, PRK2, Rhophilin and
Rhotekin.  Rho-kinase/ROKa, pl60ROCK/ROKB/ROCKII and Citron-kinase make up
another c‘luss of the Rho-binding motif, class 2, that has a putative coiled-coil motif located at
the C-terminus of the segment that is similar to myosin rod. Some proteins such as Bnilp or
p140mDia are not yet classified (Fig. 2). Recently two protein serine/threonine kinases, Rho-
kinase (Matsui et al., 1996), PKN (Amano et al., 1996a; Watanabe et al., 1996), whose kinase
activities are activated by the Rho binding, have attracted a lot of attention.

PKN, which is identical to PRKI and has an isoform PRK2 (Palmer et al.. 1995a), is a
serine/threonine protein kinase with a catalytic domain highly homorogous to that of protein
kinase C (Nishizuka, 1995), and its kinase activity is enhanced by unsaturated fatty acids such
as arachidonic acid (Mukai and Ono, 1994; Kitagawa et al., 1995). The N-terminal region of

PKN contains a repeat of leucine zipper-like motifs, which have been suggested to be




involved in protein-protein association (Mukai et al., 1994; Kitagawa et al., 1995) (Fig.3).
Moreover, a close inspection of the PKN sequence indicates that there are two additional
regions homologous to the effector domain in the following to the N-terminal effector domain
of PKN with spacers from 15 to 20 residues. This tandem repeat is unique among several
effector proteins of small G proteins but is largely uncharacterized. PKN phosphorylates
neurofilament proteins (Mukai et al., 1996), actin cross-linking protein o-actinin (Mukai et al.,
1997), intermediate filament proteins such as glial fibrillary acid protein and vimentin
(Matsuzawa et al., 1997). In addition, it interacts with a ncural antigen PCDI17 which is
recognized by characteristic antibodies of patients with parancoplastic cerebellar degeneration
(Takanaga et al., 1998). These data suggest that PKN plays a specific role in the pathology of
Alzheimer's disease (Kawamata et al., 1998). Recent biochemical studies have shown that
PKN is also involved in apoptosis through proteolytic activation of its Kinasc activity by
caspase-3 or related proteases (Takahashi et al., 1998). Moreover, Drosophila PKN has been
found to be required for dorsal closure during embryogenesis (Lu and Settleman, 1999).
Rho-kinase, which has been purified from bovine brain, has a catalytic domain highly
homologous to that of myotonic dystrophy kinase. Rho-kinase is composed of the N-terminal
catalytic domain, a coiled-coil domain, the Rho-binding domain, and the C-terminal PH
domain (Matsui et al., 1996) (Fig 4). The arrangement of these domains has also been
observed in myotonic dystrophy protein kinase (DMPK) (Bush et al., 2000), myotonic
dystrophy kinase-related Cdc42-binding kinase (MRCK) (Tan et al., 2001), citron Kinase, and

citron (lack of kinase domain) (Madaule et al., 1998). A model for the actin polymerization
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and stress fiber formation is proposed in which Rho-kinase controls the phosphorylation of
myosin light chain of myosin 11 by direct phosphorylation and by the inactivation of myosin
phosphatase through the phosphorylation of MBS (Kimura et al., 1996; Amano et al., 1996b).

It is of considerable interest how Rho proteins recognize thesc types of effector domains
that have no apparent homology each other. These domains have no scquence similarity to
those of the Cdc42-effector domain of the activated Cdc42Hs-associated kinase (ACK)
(Manser et al., 1993), the Racl/Cdc42-effector domain of the p21 (Cdc42/Racl)-activated
protein kinase (PAK) (Manser et al., 1994) or the Ras-effector domain of Raf-1 (Fabian ct al.,
1994).

To understand the molecular mechanisms of the Rho effector recognition, I have
determined the crystal structure of RhoA bound to the N-terminal effector domain of human
PKN, which has a class I Rho-binding motif. In addition, to obtain insights into the class 2 of
Rho-binding motifs, I have also determined the crystal structure of the Rho-binding region of

Rho-kinase.
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Fig.1. Rho family Small G Proteins

The Rho family Small G proteins are involved in regulating the organization of actin cytoskeleton and
the cell adhesion molecules.The Rho and the Rac subfamily members induce different cell morphologies.
RhoA, RhoB, and RhoC regulate the formation of focal adhesions and stress fibers. Racl, Rac2, and
Cdc42 regulate the formation of lamellipodia, filopodia and focal complexes.
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Fig.2. Small G Protein Rho and its Effector Proteins

Rho functions as molecular switches, cycling between an inactive GDP-bound form and an active GTP-
bound form. Usually, this cycle is regulated by GDIs, GEFs, and GAPs. The GTP-bound form can
interact with their downstream effector proteins. The effector proteins that bind to Rho in a GTP-
dependent manner have at least two different Rho binding motifs.
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Fig.3. Domains of PKN

The N-terminal basic region (blue), three leucine zipper-like motifes (green), and the catalytic domain
(rose) are indicated. The red bar under the diagram indicates the PKN (7-155) used for the present work.
In the sequence of PKN (7-155), the leucine repeats and the basic amino acids in the N-terminal region

are colored in red and blue respectively.
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Fig.4. Domains of Rho-kinase

The N-terminal catalytic region (yellow green), coiled-coil domain (light green), the Rho binding
domain (rose), and the PH domain (green) are indicated. The red bar under the diagram indicates the
RhoBD(69) used for the present work.



II.  Crystal Structure of the RhoA/PKN Complex




1. Materials and Methods

Expression and Purification

PKN have unique N-terminal regulatory regions that contain a tandem repeal of three
leucine zipper-like sequences with ~25% identities and a basic region adjacent to the first
repeat (Fig.3). The basic region plus the first repeat are sufficient for binding to RhoA in a
GTP-dependent manner (Shibata et al.. 1996). In fact, residues 7-155, showed an almost full
binding activity in a GTP dependent manner (Amano ct al.. 1996a). Therelore we used
PKN(7-155) for our biochemical and structural studies.

PKN(7-155) was subcloned into pGEX-2T (Amersham Pharmacia Biotech), and the
glutathione-S-transferase (GST)-fused protein was expressed in E.coli DH5a cells. The GST-
fused protein was purified over two steps of column chromatography, using glutathione
Sepharose 4B and Mono-Q (Amersham Pharmacia Biotech). The purified GST-PKN(7-155)
was cleaved by human thrombin (Sigma) with 6 units/ml for 3 hours at 4°C. Then, 5 mM p-
amidino-phenyl-methanesulfonyl fluoride was added to stop the proteolytic reaction. The
resultant PKN(7-155) was purified over three steps of column-chromatography, using
glutathione Sepharose 4B, Hitrap SP, and Sephacryl S-100 (Amersham Pharmacia Biotech).
The purified samples used in this study were verified with matrix-assisted laser
desorption/ionization time-of-flight mass spectroscopy, MALDI-TOF MS (JMS-ELITE,
PerSeptive Inc) and N-terminal analysis (M492, Applied Biosystems). The molecular weight

of the purified PKN(7-155) observed by MALDI-TOF MS was 16,510 Da, which is virtually




the same as its calculated value (16,508 Da).

Like H-Ras and other small G proteins, the C-terminal tail of RhoA is hydrophobic and
contains a Cys residue which is post-translationally moditied by geranyl-geranylation 1o
localize it to membrane. This region is believed to have no effect on intrinsic molecular
function, while it is essential for the partitioning between membrane and cytosol. Actually, no
changes in GTPase activity. effector binding, or activation of effector proteins have been
reported for small G proteins truncated at the C-terminal tails. Morcover, the crystal structure
of truncated H-Ras proteins was essentially the same as that of a full length form that
displayed the disordered C-terminal tail (Milburn et al., 1990). To avoid unfavorable
interference of the unstructured tail on crystallization, the C-terminal tail (residues 182-193)
were truncated from RhoA. 1 chose a dominantly activated form with substitution of Gly-14
by valine (RhoA""), which exhibits about ten times lower GTPase activity to the wild type
one, but does not affect the binding to PKN and other effector proteins. Since this dominantly
activated form of RhoA still has residual GTPase activity, which may be significant for the
crystallization time-scale, we used a nonhydrozylable GTP analog, guanosine 5°-3-0-(thio)-
triphosphate (GTPYS). A truncated (residues 1-181) RhoAY"™ was subcloned into pRSET B
(Amersham Pharmacia Biotech), and expressed in E.coli DH5a cells as His-tagged protein.
The His—tagged proteins were purified over two steps of column chromatography, using Ni-
NTA-agarose (QIAGEN Inc.) and MonoQ (Amersham Pharmacia Biotech). During the
purification, | mM MgCl, was added to the purification buffers. The purified protein was a

mixture of GDP and GTP form. Excess amounts of ethylene diamine-N,N,N',N'-tetraacetic




acid (EDTA) and GTPYS were added to a solution of the purified protein and gel-filtrated to
remove unbound GDP. GTP. and GTPYS. The purified samples used in this study were
verified with MALDI-TOF MS and N-terminal analysis. These results showed the
spontancous truncation of N-terminal His-tag during the preparation and one additional serine
residue at the N-terminus. At room temperature, GTPYS bound to RhoAY"™ was stable for one

month.

Binding assay and RhoA/PKN C()mplex. Preparation

Analyses of the interactions between RhoAY'"* and PKN(7-155) were performed by both
clectrophoretic mobility shift assay (EMSA) on 6% polyacrylamide gel and gel filtration
using a Superose 12 equipped FPLC system (Amersham Pharmacia Biotech) or Sephacryl S-
100 columns attached to a HILOAD system (Amersham Pharmacia Biotech). For EMSA, 4 ul
of 30 UM-120 uM puritied RhoA"" and PKN(7-155) were loaded in a stoichiometric range
from 1:0.5 to 1:3. Mixtures of the GTPyS-bound form of RhoA""™" and PKN(7-155) produced
cach shift band for the complex on EMSA gels, whereas the GDP-bound form of RhoAY"
mixed with PKN(7-155) gave no shift band (Fig.5), indicating the binding of RhoA""™ to
PKN(7-155) is GTP-dependent. These results are consistent with the previous data using
other methods such as affinity chromatography, two-hybrid assay, and ligand-overlay assay
(Amano et al., 1996; Watanabe et al., 1996: Shibata et al., 1996). Interestingly, the band for
unbound RhoA "™ was observed when a 1:1 mixture of RhoA""- GTPYS and PKN(7-155) was

loaded, suggesting that RhoA"'* and PKN(7-155) form a complex with 1:2 stoichiometry in a
&g




GTP-dependent manner. For gel filtration, Superose [2 was equilibrated with 20 mM HEPES
buffer (pH 7.5) containing 5 mM MgCl, and 10 mM B-mercaptoethanol with 50 mM, 140
mM. or 500 mM KCL. For each gel filtration experiment, 200ul of a mixture solution of the
purified RhoAY"™ and PKN(7-155) were loaded with 1:1 or 1:2 stoichiometry. The RhoA*"/
PKN(7-155) complex was cluted from a Superose 12 gel filtration column at a position
distinet from that of RhoAY"™ or PKN alone. The elution profile of a I:1 mixture gave a peak
for unbound RhoAY™. which contained roughly half of the loaded RhoA™ (Fig.6A). The
clution profile also contained a peak for the complex with 55 kDa which was obtained from a
calibration curve. This obtained molecular weight was virtually the same as the calculated
value (55.3 kDa ) of the 1:2 complex, while the calculated value of 1:1 complex is 38.8 kDa.
The 1:2 complex was also indicated by SDS-PAGE for the fractions of the complex peak. For
crystallization, the RhoAY"/PKN(7-155) complex formed by incubating PKN(7-155) and
RhoAY™ with 1:2 stoichiometry was purified using Sephacryl S-100. The elution profile
containedg peak corresponding to the 1:2 complex without any significant peak for residual

proteins (Fig.6B).

Crystallization

The best crystals of the complex were obtained in 5 pl of microbatch containing 2 mg/mi
RhoA""/PKN(7-155) complex with 50 mM Bis-tris (pH6.5), 15 mM Ca(CH,COO), and 15%
polyethylene glycol (PEG) 300 and maintained for a week at 4°C. Prismatic crystals with

maximum size of 0.3X0.2X0.I mm were obtained in a week (Fig.7A). Crystals were




thoroughly washed and dissolved in buffer, and then the solution was analyzed with MALDI-
TOE MS and SDS-PAGE. These results indicated that crystals contained two proteins with
observed peaks of 16,583 Da and 22,372 Da, which correspond to the calculated values of
16.508 Da for PKN(7-155) and 22.328Da for RhoA""™, respectively. This was also verified by

SDS-PAGE (Fig.7B).

Data Collection

Crystals of the truncated RhoA™ bound to GTPYS and Mg complexed with the N-
terminal effector domain of PKN (in the following referred to as RhoAY"/PKN complex)
were obtained by the microbatch method and were flash frozen in liquid nitrogen for data
collection. X-ray diffraction data were collected at 2.2A resolution (Fig.8) using a Rigaku R-
Axis IV on a rotating anode generator (Rigaku FR-C) operating at 50 kV and 60 mA with Cu-
K, radiation (A = 1.54178 A) at 100K using a Rigaku Cryosystem. The focus size of the X-ray
beam was 100 pm, and the beam was focused using a Supper double-focusing mirror (Charles
Supper, USA). The distance from a crystal to an imaging plate was 150 mm. The data of 300
rotation were collected at a rate of 2° per 30 min for each image. All data were processed
using the programs DENZO and SCALEPACK (Otwinowski & Minor, 1997) (Table 1). Each
intensity, I(h k 1), was evaluated from the imaging plates and transformed to the amplitude of
structure factor, F(h k 1), where h, k, and [ are the reciprocal lattice points. The crystals belong
to the tetragonal space group P4,2,2 or P4,2,2, with unit cell dimensions a = b =66.90 A, ¢ =

149.54 A. A total of 696,854 independent measurements were merged to obtain 17,568




unique reflections. The R,.. value based on intensity data (1.0 o cutoff ) was 9.0% with a

completeness of 95.7% (in the highest-resolution shell of 2.28 - 220 A with an R of

merge

31.2% and a completeness of 85.7%). The 1/o(1) ratio is 24.0 for all data and 2.8 in the highest
shell (Table 2). The reliability of data, R,,... is defined by,

22\1, (hkl)— </(/zk/)>\
= M x 100,

Rmmw’ ZZ[I(/I/\/)

hkl i

for n independent reflections and 7 observations of a given reflection. <I(hkl)> is the
average intensity of the 7 observations. The typical value Of R, . 1s under 10%.

The number of molecules per unit cell, Z, can be estimated by a V,, value which is the ratio
of the unit cell volume and the molecular weight (Matthews, 1968). The V,, value can be

calculated by,

vV ‘/u'//
" M‘Z ’
where V., is the volume of the unit cell, and M is the molecular weight of the protein. V|

values usually range between 1.7 and 3.5 A'/Da for protein crystals. The solvent content of

the crystal, V. is calculated from V,, values by,

1.23
V., =(l——]x100,

Assumption of one 1:1 complex of RhoAY"/PKN(7-155) in the asymmetric unit gives a V,,
value of 2.2 A'/Da ( a solvent content of 44 %), which is within commonly found values. In
contact, assumption of one 1:2 complex of RnoAY"*/ PKN(7-155) in the asymmetric unit gave

a V. value of 1.5 A¥/Da and a solvent content of 22%, which is too small for a protein crystal.
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The 1:1 stoichiometry was also verified by SDS PAGE (Fig.7B) and MALDI-TOF MS of a

solution in which the crystals were dissolved.

Phasing with Molecular Replacement Method

The clectron density p(x v 2) of the crystal is calculated with structure factors, F(/t k). by.

P(-\'_\‘Z) _ LEZZF(/’I‘”‘) 27 in .m/:)’

v hok !

F(hkl) = F(hki)e """,
and,

|\F(kD)| = 1(hkl).

where x, v, and z are relative coordinates in the real space unit cell, and 5, k, and [ are the
reciprocal lattice points. The X-ray diffraction experiments give only the intensities, I(h k 1),
yielding to the amplitudes of structure factors, F(h k [). To obtain the electron density, the
phase angles of structure factors, o/ k 1), are needed. There are several techniques to obtain
protein crystal phases using heavy atom isomorphous replacement method, anomalous
scattering method, or molecular replacement method.

The molecular replacement method (Rossmann and Blow, 1962) can be applied if the
structure of the protein or homologous proteins was already established. In our studics the
initial phases were calculated by the molecular replacement method with the program AMoRe
(Navaza, 1994) using a search model based on the human RhoAY"/GTPyS/Mg” structure
(Thara et al., 1998). The orientation and position of the molecule in the target unit cell were

determined using rotation and trunslation functions (Crowther and Blow, 1967; Crowther,
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1972).

Reliability of the solutions in the molecular replacement method are judged by calculating

an R-factor, R, and the correlation coefticient, Cc. defined as,

R= Z HF()I),\' |* /\l F('(l/(‘”
2 IF(JI).s‘l

k= 2z |Fu/7,\'| |F('u/<‘| .
Y(|Featd)’

and,

Fo/).\‘lj)( |F('u/(‘|1 - |F(’u/(‘|1 )

Ce= 2( IF()IMl)—

>

L e [
[Z('Fuh.\'l'— IF()/},\'li )HZ(IF(W/(‘V— |F('ult'|7 )—]

Both schemes gave the agreement index between calculated structure factors, F . and
observed structure factors, F ... The R-factor includes a scale factor & for the intensities, while
the correlation coefficient is scaling insensitive. In the refinement, the R-factor has to be
minimized and the correlation coefficient has to be maximized.

Several searches using different ranges of intensity data and integration radii resulted in a
unique solution. After calculations of possible eight space groups, P422, PA2,2, P4,22, P4,2,2,
P4,22, P4,2,2, P4,22, P4.2,2, the highest correlation coeficient and the lowest R-factor were
obtained when the crystal belong to P4,2,2. A summary of the solutions of rotation and
translation function by AmoRe is given in Table 3, Table 4. Rigid body refinements of the
search model performed with the program CNS (Brunger et al., 1998), resulted in a
correlation coefficient of 0.669 and R-factor of 44.8% in P4,2,2. The resultant initial map

shows clear electron densities for most of RhoAY'", and residual densities for the PKN
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effector domain, exhibiting typical features for helices in a coiled-coil form.

Structure Refinement

The models were built and refined through alternating cycles using the programs O
(Jones ¢t al., 1991) and CNS, respectively. Two regions of the PKN cftfector domain were
poorly defined in the resulting map. The first is at the six N-terminal residues, and the second
is at the 60 C-terminal residues that are followed by helix 3. After scveral cycles of
refinement, I could not define these regions that have uninterpretable densities that imply
complex disorder. The final model, which was refined with a crystallographic R, of 21.4%
(free R, of 26.8%) for all intensity data at 2.2 resolution, includes 86 residues of the PKN
effector domain (spanning residues 13-98), RhoAY"™ (residues 1-181), one GTPYS molecule,
one magnesium ion, and 115 water molecules. A summary of the refinement statistics is given
in Table 5. The PKN effector domain may have two rotamers of the His-88 side chain in the
imidazole ring plane, which could not be determined in the current analysis. There is no
residue in disallowed regions of the Ramachandran plots as defined in PROCHECK
(Laskowski et al., 1993) (Fig.10). The structure was inspected using the programs QUANTA
(Molecular Simulators Inc.), GRASP (Nicholls et al., 1991), MOLSCRIPT (Kraulis, 1991)
and raster3d (Merritt EA et al., 1994).

The atomic coordinates and structure factors (code lcxz) were submited to the Protein Data

Bank, Research Collaboratory for Structural Bioinformatics.
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Fig.5. RhoAY!'Y/PKN(7-155) analyzed by EMSA

The GTPYS-bound form of RhoAV' (lanes 1-3) and the GDP-bound form of RhoAY™ (lane 4-7) were
analyzed by EMSA with the PKN (7-155) fragment. The shift bands marked by a correspond to the
complex. The bands marked by b and ¢ are for the GTPYS-bound forms and GDP-bound forms of
RhoAV', respectively. Lanes 2 and 3 contain RhoAV'* and PKN(7-155) with I:1 and 1:2 stoichiometry,
respectively. Lane 5, 6, and 7 contain RhoAV'* and PKN(7-155) with 1:1, 1:2, and 1:3 stoichiometry,
respectively.
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Fig.6. RhoAY!'%/PKN(7-155) analyzed by Gel Filtration

(A) The 1:1 mixture of RhoAV!* -GTPYS and PKN (7-155) yielded a peak for residual RhoAY'* on the
elution profile of gel filtration using Superose 12. Arrows indicate the positions of molecular size
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markers. The peaks correspond to the complex, and RhoAV!'* -GTPyS are indicated with labels.

(B) An elution profile of gel filtration using Sephacryl S-100. The 1:2 mixture of RhoAY'* -GTPYS and

PKN (7-155) was incubated and was loaded on the column. The purified complex was used for
crystallization. The inset shows SDS-PAGE of the complex’s peak.
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Fig.7. A Crystal of the RhoA"!* / PKN (7-155) Complex and SDS-PAGE of the Crystal

(A) A crystal of the RhoA"Y'* /PKN(7-155) complex. The scale bar is 100 gm-long.

(B) A SDS-PAGE of the complex crystal. The left side bands are marker, and the right side bands are
RhoAV'# and PKN(7-155), respectively.




Fig.8. A Pseudo-Precession Photograph of the RhoAY'*/ PKN (7-155) Complex
A pseudo-precession photograph of the (/1k0) plate. Resolution shells, 2.2 A, 2.9 A, 4.4 A, and 8.8 A,
are indicated with circles.




Table 1

Crystal Data of RhoA VY4 /PKN Complex

Crystal system
Space group

Unit cell dimensions

Unit cell volume
Z

Vv

m

solve

Tetragonal

P4.22,P4.22
a=b=66.90,c=149.54 A
oa=B=y=90"

6.69 x 105 A?

2.2 A¥Da

44 %

Molecular weight of RhoAVY'* is 22,328 Da, PKN is 16490 Da
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Table 2
Intensity Data Processing

Resolution 22 A

Ruerge™® 9.0% (31.2%)
Number of measurements 696,854
Number of independent reflections 17,568
Completeness 96 % (86% )7
Mean <l/c(I)> 24.0 (2.8)b

*Rmerge = 100 x £ 1 1(h) - <I(h) > /X I(h) , where <I(h) > is the mean intensity for reflection A.
t Brackets are quantities calculated in the highest resolution bin at 2.28-2.20 A
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Table 3
Molecular Replacement Statistics

Resolution range 150A-3.0A
Rotation (o, 3, )* 12.65°,42.12°,81.49°
Translation (x, y, z)* 0.0477, 0.3589, 0.2987
Correlation coefficientf 0.493

Ry 51.4%

* Eulerian angles (o, B, y) and fractional coordinates (X, y, z) as defined in AMoRe.

7 Correlation coefficient is defined as X (I Fo(h) I? - <l Fo(th) F>) (IFc(h) F - <l Feth) F>)/
[(X 1 Fo(h) P - <l Fo(h) P> )X (IFc(h) F-<lFc(h) F>)? 1" where Fo(h) and Fe(h) are
observed and calculated structure factors and < > means averaged.

1 Reryst = 100 x # | Fo(h) - Fe(h) 1/ % Fo(h).

Fig.9. The definition of the Eulerian angles
A direction of a molecule is shown using three angles, the Eulerian angles (¢, 3, and ).
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Table 4
Solutions of Rotation function and Translation function *

« 3 y X y 7 Cc R
P4122 12.65 42.12 81.49 0.0499 0.8539 0.3085 38.1 558
12.65 42.12 81.49 0.0511 0.8641 0.1726 37.8 56.0
12.65 42.12 81.49 0.0470 0.8643 (0.4218 37.2 55.7

PA1212 12.65 42.12 81.49 0.0477 0.3589 0.2987 493 514
12.65 42.12 81.49 0.0471 0.3606 0.1567 38.2 555
12.65 42.12 81.49 0.0481 0.3581 0.0481 37.6 56.0

PA212 12.65 42.12 81.49 0.7942 0.4398 0.2594 314 57.7
12.65 42.12 81.49 0.0128 0.4729 0.1143 29.8 594
12.65 42.12 81.49 0.6435 0.3589 0.0210 29.4 60.3

PA22 12.65 42.12 81.49 0.0321 0.0792 0.0165 30.6 58.3
12.65 42.12 81.49 0.3130 0.6194 0.0485 30.5 59.5
12.65 42.12 81.49 0.3054 0.5566 0.4761 30.3 594

PA2212 12.65 42.12 81.49 0.0570 0.8733 0.0474 30.9 58.7
12.65 42.12 81.49 0.6452 0.3612 0.0186 30.6 594
12.65 42.12 81.49 0.9996 0.9975 0.0201 30.6 594

PA>22 12.65 42.12 81.49 0.0364 0.5678 0.4747 29.7 594
12.65 42.12 81.49 0.3937 0.4760 0.2289 29.6 59.8
12.65 42.12 81.49 0.0006 0.9963 0.2695 29.5 59.6

P43212 12.65 42.12 81.49 0.0479 0.3644 0.0492 36.4 56.3
12.65 42.12 81.49 0.0435 0.8640 0.0486 359 56.2
12.65 42.12 81.49 0.0444 0.3667 0.2982 34.5 569

P4322 12.65 42.12 81.49 0.0469 0.3612 0.4229 37.0 55.5
12.65 42.12 81.49 0.0517 0.8786 0.4222 31.7 58.1
12.65 42.12 81.49 0.3090 0.6175 0.4229 31.7 58.0

* This table includes the top three solutions of the moleculer replacement sorting by the
correlation cofficient (Cc), and R-factor (see text) for the repective space groups. (o, B3, )
are the Eulerian angles and (X, Y, Z) are the fractions of the unit cell axes. Space group
P4,2,2 gave both the highest Cc and the lowest R. These calculations used the reflections
between 15 - 3 A.




Table 5
Refinement Statistics

Resolution range 2.2A

R . 20.8 % (31.4 %)+

R,..5 27.6 % (36.0 %)t
R.m.s. bond lengths 0.065 A

R.m.s. bond angles 1.246 °

R.m.s. dihedral angles 22.55°

R.m.s. Aw " 1.179°

R, = 100 x X |Fo(h) - Fe(h) 1/ Fo(h).

§ R,,.. is Reryst which was calculated using 5% of the data, chosen randomly and omitted

from the subsequent structure refinement.
T Brackets are quantities calculated in the highest resolution bin at 2.28-2.20 A
11 Aw is the deviation of the peptide torsion angle from 180°

30




Fig.10. Electron Density of the RhoAY'¥/PKN Complex
Representative 2 lIFol - IFcll electron density of the RhoAY'¥/PKN complex. The map shows RhoA Lys-
27 of switch I hydrogen bonded to PKN Asp-85PKN, contoured at 1.0 o with the refined model, which is

indicated by white (PKN) and yellow (RhoA) carbon traces with oxygen and nitrogen atoms in red and
blue, respectively.
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180 -135 90 45 0 45

Plot statistics

Residues in most favoured regions [A,B,L]

Residues in additional allowed regions [a,b,1,p]
Residues in generously allowed regions [~a,~b,~I,~p]
Residues in disallowed regions

Number of non-glycine and non-plroline residues
Number of end-residues (excl. Gly and Pro)

Number of glycine residues (shown as triangles)
Number of proline residues

Total number of residues

Fig.11. Ramachandran Plot of RhoAY'¥/PKN Complex.

135 180
Phi (degrees)
218 92.8%
16 6.8%
1 0.4%
0 0%
235
121
16
13
385

Main chain dihedral angles were analyzed with the program PROCHECK (Laskowski et al., 1993). The
horizontal axis indicates ¢ angle around N-Ca bond and the vertical axis indicates y angle around Ca-C
bond. Most favoured, additional allowed, generously allowed, and disallowed regions are shaded in red,
yellow, light yellow, and white, respectively. Glycine residues are shown as triangles and non-glycine
residues are indicated by squares. The labels A and a indicate the regions for a-helix, B and b for f-

strand, and L and 1 for o, -helix.
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2. Results

Overall Structure

The current model of the PKN effector domain consisting of 86 residues displays a well-
defined structure, while the C-terminal 57 residues and a short N-terminal scgment are
unstructured. The structure of the PKN effector domain features the N-terminal loop
containing a short o helix (atl) and two long o-helices (02 and a3) forming an anti-parallel
coiled-coil fold, hercafter referred to as the ACC-finger domain. The ACC-finger domain
binds to the Rho specificity-determining regions containing switch 1, B-strands B2 and B3,

and the C-terminal a-helix AS, predominantly by specific hydrogen bonds (hereafter this

interaction is referred to as Contact-1) (Fig.12). RhoA in the present complex has no
significant structural change if compared to that of the uncomplexed form, with a root-mecan-
square (rms) deviation of 0.45 A for 176 Co-carbon atoms and 0.21 A for the GTPyS
molecule and the Mg™ ion (Fig.13). There are only two residues, Met-134 and Lys-135 at the
extra helical subdomain, shifted greater than [ A. The structure of the PKN effector domain is
described, followed by a description of the RhoA/PKN interface that involves sevelal specific
interactions. We have found that the symmetry-related molecule of the PKN effector domain
contacts RhoA in the crystal. We then describe this second interface (hereafter referred to as

Contact-2).
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Structure of the PKN Effector Domain

The structure of the PKN effector domain features ACC-finger domain (Fig.14). Two long
helices encompass the basic region and the first characteristic leucine repeat region, which
were previously identified as the Rho-binding domain. A segment of 20 residues followed by
helix a3 contains a proline/glycine-rich region, suggesting that this region is highly flexible.
The N-terminal region of the ACC-finger domain is folded back onto the bundled helices o2
and o3, and forms a hydrophobic core that contributes to the stabilization of the domain
structure. The two long helices intertwine with a slight left-handed twist. The mean angle of
the helical axes of helices 2 and 3 is 19 °, and the averaged interhelical distance is 10.6 A.
This architecture is classified as a long a-helical hairpin fold of the two-helix bundle in the
SCOP protein structure database (Murzin et al., 1995).

According to the structural comparisons with the DALI database (Holm and Sander, 1993),
the ACC-finger domain has an overall structure similar to many coiled-coil segments of
functionally unrelated proteins, including the coiled-coil domains of GreA transcript cleavage
factor (Stebbins et al., 1995) and seryl-tRNA synthetase (Cusack et al., 1990; Biou et al.,
1994). But it is distinct from those of the recently determined Cdc42-effector CRIB motifs of
WASP (Abdul-Manan et al., 1999) and ACK (Mott et al., 1999), which are in largely
extended conformations. The ACC-finger structure is also distinct from those of the Ras-
effector domains of c-Raf'l (Nassar et al., 1995; Emerson et al., 1995) and RalGDS (Huang et
al., 1997; Geyer et al., 1997), the Ran-effector domain of karyopherin-b2/importin b (Chook

and Blobel, 1999; Vetter et al., 1999), and the catalytic domains of adenylyl cyclase, which
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bind to heterotrimeric G proteins (Tesmer et al., 1997) (Fig.26). In contrast, the o-helical
structure of the ACC-finger domain is reminiscent of the Rab-effector domain of rabphilin-3A
(Ostermeier and Brunger, 1999) and Rac-effector protein Arfaptin (118-341) (Tarricone et al.,
2001) (Fig.25).

There is no bulged out area or apparent kink in the bundled helices. The mean main chain
dihedral angles are -66.6 ~ for ¢ and -38.3 " for y, as in globular proteins (Blundell et al..
1983), yet the hydrophobic interactions between the two helices are somewhat irregular
(Fig.14). Notably, the characteristic heptad repeat, (abedefg)n, with hydrophobic residues at
the a and d positions, 1s broken at the middle of each helices 02 and 3. Instead, hydrophilic
residues (Glu-45, Glu-49 and Lys-53 of helix o2 and Ser-80, Ser81, Arg-83 of helix a3) form
interhelical hydrogen salt bridges / hydrogen bonds on the molecular surface (Fig.14).
Interestingly, one of the apparent leucine repeats (at positions 52, 59, and 66) located on helix
o2 is away from the interhelical interface, while another leucine repeat of helix o3
participates in the interhelical interactions (Fig.14). The projected leucines form a
hydrophobic patch with other hydrophobic residues (Ala-62PKN from helix o2 and Pro-
72PKN and Leu-76PKN from helix a3) on the molecular surface. This hydrophobic patch is

the main region for Contact-2 (Fig.15).

The Interface between RhoA and the PKN ACC-finger Domain (Contact-1)
At the interface of the RhoA/PKN complex, the interacting PKN residues are clustered into

two regions: box A at helix o2 and box B at helix o3 as shown in Fig.16 (PKN(ACC-1)).
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The interacting PKN residues are located on the molecular surface opposite that for the
hydrophobic patch as described (Fig.15). The ACC-finger domain binds to RhoA at four-
contact sites (RhoA/PKN Contact-1 shown in Fig.17). The regions of RhoA that interact most
closely with the ACC-finger domain include the N-terminal region of Switch 1. the

antiparallel § sheet formed by strands B2/B3 and the N-terminal half of helix A5 located at

the C-terminus of the protein. The interface between RhoA and the ACC-finger domain is
predominantly hydrophilic, and the complex buries 2080 A” of the accessible surface areas in

the two proteins (Fig.12).

The major interaction between RhoA and the ACC-finger domain occurs primarily at the
side chain level but also includes the backbone level. An extensive hydrogen bond and salt ‘
bridge network contains 17 direct hydrogen bonds and 9 water-mediated hydrogen bonds. At
the interface, 17 residues from RhoA and 15 residues from the ACC-finger domain play roles
in the intermolecular interactions. Among them, the side chains of 9 residues from RhoA
participate in the direct hydrogen bonding interactions. The main chains of two residues (Phe-
25 and Ser-26) at the Switch I N-terminus are directly hydrogen bonded to the ACC-finger
domain (Fig.18). Moreover, complementary electrostatic potential distribution exists at the
interface, where the positively charged ACC-finger domain contacts RhoA in the negatively
charged region. At the heart of the interface, the ACC-finger domain sticks Lys-53PKN into

the shallow groove of RhoA to form hydrogen bonds with Asp-28 and the main chain of Phe-

25 (Fig.19). These interactions are surrounded by three hydrophobic side chains (Leu-50,

Leu-77 and Leu-84) from the ACC-finger domain, which covers a small hydrophobic patch
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(Val-43, lle-46, Phe-25 and Val-167) of RhoA located at the base of the interface. There are
van der Waals contact involving Val-43 and lle 46 of RhoA, the side chain of Phe-25 has no
contact with the ACC-finger domain and faces to the hole covered by the ACC-finger domain.
In contrast, Leu-50 of the ACC-finger domain projects the hydrophobic side chain toward
RhoA and extensively contacts with Ile-46, Asp-45 and Glu-52 of RhoA. llc-46, llc-84 and
His-88 of the PKN ACC-finger domain also participate in contacting with RhoA (Fig.18).
These interactions are unlike those seen in Cdc42 (Abdul-Manan et al., 1999: Mott et al..
1999), where the CRIB motifs wrap around the G protein, and in other families of small G
proteins including Rab (Ostermeier and Brunger, 1999) and Ran (Vetter et al., 1999) (Vetter
and Wittinghofer, 2000). There is no interaction between the ACC-finger domain and the
RhoA extra-helical domain (Fig.22) which defines the Rho-family members. Similarly, no
such interaction has been observed between the Cdc42 extra-helical domain and the CRIB

domains of WASP and ACK.

The Determinants of Rho for the Effector Specificity on Contact-1

The present structure reveals how RhoA recognizes its effector protein. The interface
contains several contacts involving RhoA residues that have no homologous replacements in
Rac/Cdc42, nor other small G proteins (Fig.27). These Rho-characteristic residues, which are
strongly conserved in the three Rho isoforms, are Lys-27 and GIn-29 of Switch 1 and Glu-47,

GIn-52 and Glu-54 of the antiparallel B-sheet B2/B3, and Glu-169 of helix A5 (Fig.17).

Especially, GIn-29, which interacts with the positively charged Arg-78 of the ACC-finger

37




domain, is replaced with negatively charged glutamic acid in RhoB but this change may
enhance the binding by ionic interactions rather than impair it. These residues are the first
candidates for the Rho determinants of the effector specificity.

In addition, some other residues whose corresponding residues in other G proteins are ;
nearly homologous with RhoA may also contribute to the specificity. It is remarkable that
these residues are different from those of specificity determinant residues of Cdc42 (Asp-38,
Val-42, Gly-47 and Leu-174), whose residues in RhoA are Glu-40, Ala-44, Asp-49 and Arg-
[76. Moreover, the negatively charged Asp-28 of the Switch I, which interacts with the

positively charged Lys-53 of the ACC-finger domain in the present structure, is replaced with

asparagine in Rac and Cdc42, suggesting discrimination of these G proteins by loosing the
ionic interaction (Fig.17).

In addition to the side chains, the binding affinity is presumably conferred from contacts
mediated by the main chains of Switch I (Phe-25 and Ser-26), the B-sheet B2/B3 (Glu-47 and

Val-53) and helix A5 (Thr-163, Lys-164, and Arg-168). Thus, all these Rho-specificity

determinant regions, RhoDRs, including the canonical Switch region both enhance the
binding affinity and establish the specificity. Interestingly, the discrimination of Cdc42 from
the other Rho family members by the CRIB motifs of WASP and ACK was also governed in
part by contacts to helix AS. Moreover, Rab3A serves the C-terminal half of helix A5 as one
of the Rab complementary determining regions, which contacts rabphilin-3A. Thus, the
regions around helix A5 are important in allowing a subset of small G proteins to establish the

specificity (Fig.27).
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Switching Mechanism for Effector Recognition at Contact-1

As in H-Ras, Switch-I and Switch-I1 of RhoA are the regions in which extensive structural
changes involving main-chain conformations are directly induced by GTP/GDP exchange
(Fig.20). The structurally changes of the Switch regions by binding of GTP are served for the
binding to the downstream effector proteins. According to the structural comparison of the
GTPyS- bound form with GDP-bound form (Thara et al., 1998; Wei et al., 1997), Switch I of
RhoA consists of residues 28-44 including the N-terminal part of B-strand B2. While the
Switch 1I region is somewhat limited at residues 62-69, as compared with that of H-Ras
(residues 60-72) (Milburn et al., 1990). The interactions of the ACC-finger domain with
Switch I are localized to the N- and C-terminal regions, where the main chain displacements
induced by GTP/GDP exchange are relatively small (less than 1.5 A) but significant. In
addition, the nucleotide exchange induces drastic rearrangements of the side-chain packing at
the molecular surface of Switch I, which strongly affect RhoA-PKN interactions. In particular,
one of such effect is obvious for Tyr-42. In the GDP-bound form, this residue is projected
toward the solvent region and may sterically inhibit the hydrogen bond between Lys-27 of the
Switch I and Asp-85 of the ACC-finger domain. In the GTP-bound form of the complex, Tyr-
42 is buried inside the hydrophobic core of the Switch I loop and pushes out the side chain of
Lys-27 from the inside of the loop leading to formation of the hydrogen bond with Asp-85 of
the ACC-finger domain (Fig.20). Moreover, Val-43 of the GDP-bound form interferes with

Glu-54 of strand B3 to form a hydrogen bond with His-88 of the ACC-finger domain.
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Stabilization of the Switch Regions

It 1s notable that extensive stabilization of the entire Switch I and Switch II structure are
revealed by comparison of the temperature factor distributions in the present complexed and
the uncomplexed GTP-bound RhoA molecules (Fig.21). This stabilization should be
attributable to Contact-1 interactions at the N-terminal and the C-terminal regions of Switch |
and Contact-2 interactions at Switch II. These results suggest that the enthalpic contribution
of the binding energy is sufficient for the drastic changes in conformational properties of the
Switch I and Switch II that is descrived follow. Similarly, significant stabilization is observed

at the antiparallel B-sheet B2/B3, which is also flexible in the uncomplexed form.

Hydrophobic Contacts between RhoA and the PKN ACC-finger Domain

In the present crystal, RhoA contacts the symmetry related ACC-finger domain (Fig.22).
The contact regions of RhoA include the C-terminal half and flanking region of Switch 11
(residues 66 - 76) and adjacent parts from the strand B3 and switch I (Hydrophobic contacts
in Fig.17). This contact 2 interface is predominantly hydrophobic and buries accessible
surface areas of 1640 A*, which is unexpectedly large for a nonspecific interface produced by
crystal packing.

At the center of the interface, Leu-69 of Switch II is located. And surrounded that Leu-72
and Tyr-66 from Switch Il and Phe-39 and Trp-58 from the antiparallel B-sheet B2/B3 are
located to form a cluster of hydrophobic side chains which associate with the hydrophobic

patch of the ACC-finger domain around the tip of the finger. At the edge of the interface, Val-
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38 and The-39 from Switch [ associate with the hydrophobic interface and two charged
residues, Arg-68 and Asp-76 of Switch 11, form direct ionic hydrogen bonds with Glu-49 and
Arg-68 of the ACC-finger motif, respectively. The main-chain carbonyl group of Phe-39 is
hydrogen bonded to the side-chain amid group of the PKN Asn-58 residue which also form a

hydrogen bond to one of water molecules hydrated to Glu-40 and Asn-41 of RhoA (Fig.23).

The Possibility of the Contact-2 Interaction

Following three of evidence imply that this interaction may be relevant to the PKN
recognition by RhoA. First, we found that RhoA binds to the PKN effector fragment to form a
stable complex with | : 2 stoichiometry as determined by gel filtration and EMSA (Fig.5).
Second, the PKN effector domain interferes with the RhoA GTPase activated protcin (GAP)
(Shibata et al., 1996), which is often referred as GAP-inhibiting protein activity (GIP activity)
(Kishida et al,. 1993). The most straightforward explanation of the observed GIP activity of
the PKN effector domain is that PKN effector domain and Rho-GAP compete to bind to the
overlapped site on the molecular surface of Rho around the Switch I region. This explanation
would be explained by superposition of the present complex on that of RhoA bound to the
catalytic domain of the Rho-specific GTPase activation protein p120 Rho-GAP (Rittinger et
al., 1997). Contrary, the binding of the ACC-finger motit at the Contact-1 site causes no
structural interference with the binding of p120 Rho-GAP (Fig.24). Because of the small
structural changes of RhoA as described, it is unlikely that the conformational changes of

RhoA induced by the binding to the ACC-finger domain at Contact-1 site. The GIP activities
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of effector proteins were also reported for c-Raf-1 with H-Ras (Zhang et al., 1993; Warne et
al., 1993), Rabphilin-3A with Rab3A (Kishida et al., 1993), and RalGDS with H-Ras
(Kikuchi et al., 1994) and RalGDS with RaplA (Hermann et al., 1996). In all the cases, their
effector and GAP binding regions are overlapped, these results support the present
interpletation of the GIP activity of PKN against RhoA by Contact-2. Third, PKN and all its
homologs have two additional region (residues 115-203 as ACC-2 and residues 220-283 as
ACC-3 in Fig.3), these homologous to the present effector domain (ACC-1 in Fig.3) are about
25% identitics. Recent in vitro experiments indicates that PRK1 binds to RhoA via the ACC-1

and ACC-2 regions, suggesting independent contact regions on RhoA (Flynn et al.. 1998).

The Contact-2 like Interactions in Other Effector Proteins

The Contact-2 interactions are reminiscent of the rabphilin 3A effector domain interacting

with Switch IT of Rab3A (Ostermeier and Brunger., 1999) and Arfaptin(118-341) interacting
with Switch II of Racl (Tarricone et al., 2001) (Fig.25). The Structures of Rabphilin-3A
effector domain bound to Rab3A and Arfaptin(118-341) bound to Rac display a long o-helix
that contacts with Switch Il and surrounding segments mainly by hydrophobic interactions.
Superposition of these complexes using RhoA and Rab3A or RhoA and Rac displays
unexpected overlap of the PKN ACC-finger domain and rabphilin-3A or PKN ACC-finger
domain and Arfaptin. These complexe form several hydrophobic contacts with a similar
region involving Switch I1. Moreover these helices also have the same helix polarity relative

to the G protein. Some hydrophobic residues conserved in the Switch II regions of RhoA,
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Rab3A and Rac participate in the contacts, while there are no detectable similarity of the
amino acid sequences of the contact regions of PKN, rabphilin-3A and Arfaptin.

Notably, the C-terminal helix of the WASP CRIB motif also makes hydrophobic contact
with Switch 11 of Cdc42, with similar interactions having also been observed in the
ACK/Cdc42 complex. This similarity may argue that Contact-2 of the present structure may
not be a result of crystal packing effects but may reflect the interactions between the ACC-

finger domain and RhoA in solution.
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Fig.12. RhoA/PKN Complex Structure

(A) A ribbon representation of the PKN effector domain (blue) bound to RhoA (brown). The bound
GTPyS molecule (black) and the magnesium ion (yellow) are shown in ball-and -stick models. The
RhoDRs are labeled and highlighted with each color; switch I in red, strands B2 and B3 in purple, and
helix A5 in orange. Switch II is colored in light green.

(B) The complex is shown with RhoA depicted as a molecular surface that is colored using a gradient;
bright orange indicates atom < 4 A, and white atoms 7 A > from the bound PKN effector domain (shown
as a blue tube), white lighter shades of orange indicate intermediate distances.
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with RhoA/GTPYS with RhoA/GDP

Fig.13. RhoA Structures in Different State

(A) Structural comparison of Ca-carbon atom tracings of RhoA/GTPyS/PKN with RhoA/GTPyS

(B) Structural comparison of Ca-carbon atom tracings of RhoA/GTPyS/PKN with RhoA/GDP
The GTPYS in the RhoA/PKN complex is colored in magenta, the GTPYS and GDP at free RhoA is
colored in green. The switch regions are highlighted with each colors ; RhoA/PKN complex in red, free
RhoA in yellow.
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Fig.14. Structure of the PKN ACC-finger Domain

(A) The interhelical interactions between the two long a helices of the PKN ACC-finger. Residues
forming the interhelical hydrophobic core (bonds indicated in brown) and interhelical hydrogen bonds
(black solid lines) are shown in ball-and-stick models (gray with labels in pink). Leucine repeat that
participates in the interhelical interactions are highlighted in yellow. The hydrophobic interactions
involving the N-terminal loop are also shown.

(B) The secondary structure elements of the PKN ACC-finger domain.
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Fig.15. An Axial Helical Projection of the PKN (7-155) Helix Bundle
Axial helical projections looking down the helix bundle from the N and C termini of helices a2 and o3,

respectively. The residues shown in blue participate in the interactions with RhoA at the RhoA/PKN
complex shown Fig.9 (contact-1). The residues participating in the second contact site (contact-2, shown
Fig.22) are colored in red. Two residues, Asn-58 and Lys-51, participate in both contacts. The leucine

repeats are boxed.
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Secondary structural element  _ _ _ _ 13[@1] 129
PKN(ACC-1)/RhoA Contact-1

Hydrophobic patch (Contact-2)
heptad repeat d a d
10 20 30 40
human PKN(ACC-1) 6 VQSEP RSWSLLEQLG LAGADLAAPG VQQQLELERE RLRREfI RKEL KLK EGAENLR TTD L GRS 69
human PRK2 16 QGDSR SLPFSENVSA VQKLDFSDTM VQQKLDDIKD RI KR E[l RKEL K1 K EGAENLR TTDKKS 78
human rhotekin 1 RLM ALQKQILDIEL KV K QGAENMI AIMY SN G PSK 32
human rhophilin 11 GTGEE SSRPQDDGS! RKGYGSFVQN QPGQLQSHRA RLHQOQ} SKEL RMR TGAENLY RIATSNTWV 73
human PKN(ACC-2) 110 ... PQOSPGAGGPT CSATNLSRVA GLEKQLAIEL KV K QGAENMI QT YSNGSTK 158
human PKN(ACC-3) 197 ... AAPDDTQGSP DLGAVELRIE ELRHHFRVEH AV A EGAKNVL RLLSAAKAP 245
Secondary structural element extra loop 71 : a3 95 98_ _ _
PKN(ACC-1)/RhoA Contact-1 R S oD H
Hydrophobic patch (Contact-2) ® @
heptad repeat a d a d a d a d a
70 80 90 100
human PKN (ACC-1) 70 L GPVELLLIRGS SRRLDLL HjQQ LQELH AHVVL PDP 103
human PRK2 79 L AYVDN!I L|KKS NKKLEEL HHK LQELN AHIVV SDP 112
human rhotekin 33 DRKLH GTAQQOLLIQDN KTKIEVI RJMH TLQAV LT NEL AFD 70
human rhophilin 74 R ETVALELISYV NSNLOLLK|EE LAELS TSVDV DQP 107
human PKN (ACC-2) 159 DRKLL LTAQQMLODS KTKIDII RMQ LRRAL QAGQL ENQ 196
human PKN (ACC-3) 246 DRKAV SEAQEKLTES NQKLGLL® EA LERRL GE LPA DHP 283

¢ Hydrophobic contacts
@& The hydrophobic patch of the ACC-finger domains

Fig.16. Sequence Alignment of the PKN ACC-finger Domain with the Related Rho Effector
Domains

The secondary structural elements (ct1-03) of the PKN ACC-finger domain are indicated at the top.
The residues that participate in interactions with RhoA at the interface of the RhoA/PKN complex shown
in Fig.9 (contact-1) are indicated and are highlighted in yellow. These residues are clustered into box A
and box B. The one-letter codes for these residues are colored in red (for acidic), blue (basic), and green
(other hydrophilic residues). The a-g heptad repeats of helices a2 and a3 are displayed above the
sequence in the coiled-coil domain. Hydrophobic residues at a and d positions are highlighted in purple.
Residues that form the hydrophobic patch participating in the second contact site (contact-2, shown in
Fig.22) are also indicated and are highlighted in light blue.
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Secondary structure Bl 10 20 Al h_”!p_o H1
RhoA 1 NMAAIRKKLVIVGEGACGK TCLLI D TAGGE 78
RhoB 1 MAAIRKKLVVVGLGACGKTCLLI D TAGCE 78
RhoC 1 MAAIRKKLVIVGLGACGKTCLLI D TAGCE 78
Racl 1 AT KE VWVGLGA¥G K TCLL IS LG WD TAGGE 76
Rac2 1 ‘G A lég VVGLGA¥GK TCLLIS DSIQ’VhLﬂ DTAGGE 76
Cdc42z 1 NGTIKE VVVGLGAVGK TCLL1S Y AVINMI G GER YTLELHD TAGGE 76

RhoA/PKN Contact-2

GTP/Mg-binding of RhoA oo RhoDR
RhoA/PKN Contact-1

Secondary structure BG 160 A5 180 190
RhoA 155 GYNECSAK TKCGVREV F EIMATRAA LQARRGKKKSGCL VL 193 * The domi! ly active repl G14V of RhoA
RhoB 155 CYLECSAKTKEGVREVF E{TATRAALQKRYGSQNGCINCCKV L 196 © The GTP yS binding sites of RhoA
RhoC 155 GYLECSAKT! EGV'BI'.VI’ EIMATRAG LQVRKNKRRRGCPIL 193 o The magnesium ion binding sites of RhoA

Racl 153 KYLECSAETC 3
Rac2 153 KYLECSAL TCRGLKTVFD
Cdc42 153 KYVECSAL TCKGLENV F I

A‘"&RAV LCPPPVKKRKRKCLEL 192 A The direct hydrogen bonds to the main chain
Ae RAVLCPQP TR Qf A(‘.S@L 192 Q The water-mediated hydrogen bonds to the main chain
EAILAALEPP EPKKSRRCVLE 191 @ Hydrophobic contacts

Fig.17. Sequence Alignment of RhoA with the Related Small G Proteins

Residues that participate in GTP/Mg** binding are indicated at the top. The residues that participate in
interactions with RhoA at the interface of the RhoA/PKN complex shown in Fig.9 (cantact-1) are boxed
by heavy lines with RhoDR labels. The secondary structural elements of RhoA are indicated at the top of
the aligned sequences; the a helices (A1-A5) in green, extended P strands (B1-B6) in red, and 3, helices
(H1, H2) in blue. Conserved residues are highlighted in yellow for the RhoA subfamily (RhoA, RhoB,
and RhoC) and in red for the Rac/Cdc42 subfamily (Racl, Rac2, and Cdc42). The residues that
participate in interactions with RhoA at the second contact site (contact-2, shown in Fig.22) are boxed
by thin lines and are indicated at the bottom of the alignment. Only segments around the contact regions
are shown.
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Fig.18. Interactions between the PKN ACC-finger Domain (contact 1) and RhoA
A schematic representation of the direct hydrogen bonding (left) and water-mediated hydrogen bonding
or van der Waals (right) interactions of RhoA/GTPyS/Mg>* with the PKN ACC-finger domain at the

interface of the RhoA/PKN complex shown Fig.9 (contact-1); acidic residues are shown in red, basic
residues in blue, and hydrophobic residues in yellow.
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strand B3 sfl'and B2

Fig.19. Interactions between the PKN ACC-finger (contact 1) and RhoA

(A) The direct hydrogen bonds (black solid lines) between the PKN ACC-finger domain and RhoA
switch I and B sheet B2/B3. Thin lines indicate the hydrogen bonds involving main chain atoms. The
ACC-finger domain is shown in gray (a2) and light blue (a3), and RhoA in brown, with switch I in red
and helix A5 in orange. The side chains forming the hydrogen bonds are shown in ball-and-stick models
with labels in black (PKN) and in purple (RhoA). The bound GTPyS molecule (black) and the
magnesium ion (yellow) are also shown in ball-and-stick models. The side chains of Tyr-42, 1le-23, and
Pro-31, which form a hydrophobic core inside the switch I loop, and the side chains of switch I residues
(39-42) are also shown. (B) The direct hydrogen bonds between the PKN ACC-finger domain and
RhoA helix A5 (orange) and B sheet B2/B3. The 180° rotation of the complex from that shown in (A) is
indicated to clarify the interactions between PKN helix a2 and RhoA helix A5
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Fig.20. Structural Differences of the Switch Regions between RhoA/GTPyS and RhoA/GDP

(A) Switch regions of RhoA bound to GTPYS. Switch I and Switch II are colored in red and yellow
respectively.

(B) Switch regions of RhoA bound to GDP are colored in the same as (A)

The GTP-dependent PKN binding is due to changes in the side chain packing of RhoA switch I
involving Tyr-42 together with Lys-27, which is hydrogen bonded to PKN (Asp-85).
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Fig.21. Residual averaged B-factors of RhoA in different state

A histogram shows B-factor values of the RhoA residues with the green bars of switches and insertion
regions.

(A) B-factor plot of RhoA in the RhoA/GTPyS/PKN complex crystal

(B) B-factor plot of RhoA in the free RhoA/GTPYS crystal
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Fig.22. The Second Contact Site in the RhoA/PKN Complex

(A) A ribbon representation of the symmetry-related PKN ACC-finger domain (gray) at the second
contact ( contact 2) site of RhoA with the PKN ACC-finger domain (blue) at contact-1 shown in Fig.9.
Switch II and other regions for contact-2 are in dark green and green, respectively.

(B) Electrostatic surface potential of RhoA/GTPyS/Mg>* viewed from the same direction as in (A) with
two bound PKN ACC-finger domains. Negative potential is red, uncharged surface is white and positive
potential is blue. The contact-1 surface of the RhoA have mainly negatively charge, on the other hand,
contact-2 surface of the RhoA is covered with the hydrophobic patch. The residues colored in yellow at

ACC-finger (contact-2) participate in the hydrophobic interactions with RhoA.
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Fig.23. Interactions between the PKN ACC-finger Domain (contact 2) and RhoA
A schematic representation of the direct hydrogen bonding (left) and water-mediated hydrogen bonding
or van der Waals (right) interactions between RhoA and the PKN ACC-finger domain in the RhoA/PKN

complex (contact-2); acidic residues are shown in red, basic residues in blue, and hydrophobic residues
in yellow.
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PKN ACC-finger
(Contact-1)

PKN ACC-finger

(Contact-2) P120 RhoGAP

{Rittinger ef al., 1997)

Fig.24. Structure of the RhoA/PKN Complex and RhoGAP

A ribbon representation of the RhoGAP (colored in purple) molecular overlaid onto the RhoA/PKN
complex (RhoA, PKN contact-1 and PKN contact-2 are colored in brown, blue and gray respectively).
The PKN contact-2 interaction overlaps with the binding site of p120 Rho-GAP.
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Fig.25. Structural Comparison of the RhoA/PKN Complex, rabphilin-3A and Arfaptin

A ribbon representation of rabphilin-3A (A:colored in magenta) and Arfaptin (B:colored in magenta)
overlaid onto the current RhoA/PKN complex (Contact-2).

(A) Superposition of two complexes using RhoA (colored in brown) and Rab3A (with an rms deviation
of 1.35 A for 156 Ca-carbon atoms) displays unexpected overlap of the C-terminal half of the PKN
(colored in gray) helix a2 and N-terminal half of the rabphilin-3A helix a1, which forms several
hydrophobic contacts with a similar region involving Switch II (colored in green).

(B) Superposition of two complexes using RhoA (colored in brown) and Rac1 (with rms deviation of
0.677 for 50 Ca-carbon atoms) displays unexpected overlap of the PKN helix a2 and a3 (colored in
gray) with Arfaptin helix a1 and o2, which forms several hydrophobic contacts with a similar region
involving Switch II (colored in green).
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Cdcd2/WASP Cdc42/ACK ~ Rac/p67et

Rab3A/Rabphilin-3A Ran/Importinf

Fig.26. Structural Comparison of the Small G Protein and Effector Complexes
Ribbon representations of small G protein /effector complexes. Small G proteins are colored in green
and their effector proteins in rose. Switch I and Switch 11 regions are colored in yellow and purple,

respectively.
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Fig.27. Sequence Alignment of the Small G Proteins

Sequence alignment of the Small G proteins whose structures complexed with their effector proteins
have already determined. The secondary structural elements a-helix (A1l - A6) and B-strand (B1 - B6)
are indicated above the each sequences with red and blue bars, respectively. The residues that participate
in interactions with effector proteins are highlighted in yellow. The one-letter codes for these residues
are colored in rose (for residues conserved in all small G proteins), blue (conserved in H-Ras and PaplA),
and purple (conserved in RhoA and Cdc42).
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3. Discussion

Multiple ACC-finger Domains of the PKN N-terminal Region

In addition to the first repeat of leucine zipper-like sequences forming the present PKN
ACC-finger structure (Fig.3), the following second and third repeats of leucine zipper-like
sequences may form similar helix bundle structures, where the key residues for the ACC-
finger structure formation are largely conserved. In vitro experiments have shown that a
fragment containing the ACC-2 region weakly binds to RhoA, while a fragment containing
the ACC-3 region has no detectable binding activity to RhoA (Flynn et al., 1998). These
differences in Rho binding of three PKN ACC-finger domains may be explained in terms of
the lack of the determinant residues for Rho binding. The ACC-3 region has alanine, leucine,
or glycine at positions corresponding to the determinant residues, Lys-51, Lys-53, Arg-60,
and Asp-85, of the present ACC-finger (ACC-1) domain. Moreover, PKN ACC-3 has charged
residues at the positions corresponding to Pro-72 and Leu-76 of the PKN ACC-1 finger
domain that form a hydrophobic patch to interact with the Contact-2 region of RhoA. In
contrast, the corresponding hydrophobic residues of the PKN ACC-2 region are largely

conserved, whereas two determinant residues, Arg-47 and Arg-60, are replaced with alanine

and isoleucine, respectively (Fig.16). These variational differences may endow ACC-2, but
not ACC-3, with the tendency to bind weakly to RhoA.
PKN may bind RhoA through both the ACC-1 and ACC-2 motifs. Unfortunately, no

quantitative data for the cooperativity or interference between these two Rho-effector motifs
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is available at present. In the crystal, the buried surface area of the interface between two
ACC-finger motifs is small 140 A’ but GIn-92 of one molecule forms a hydrogen bond to
Asp-65 of the symmetry related molecule. This Asp-65 residue is replaced by asparagine in
the ACC-2, indicating the observed hydrogen bond could occur between ACC-1 and ACC-2
bound to Contact-1 and Contact-2, respectively. The hypothesis must be verified by further
experimental tests. As pointed out previously (Flynn et al., 1998), the evolution to a high
affinity effector domain has been permitted by duplication of the ACC-finger domains. In this
case, the interaction of PKN ACC-2 binds to both RhoA/GTP and RhoA/GDP weakly (Flynn
et al., 1998) could be similar to that of Arfaptin binds to both Rac/GTP and Rac/GDP
(Fig.25).

It is of interest that two distinct coiled-coil regions of kinectin (residues 630-935 and
residues 1053-1327) have been reported to bind to RhoA in a GTP-dependent manner, as

identified by the binding assay using two-hybrid and affinity chromatographic approaches

(Hotta et al., 1996; Alberts et al., 1998). However in this case, two domains are separated for
a longer stretch of peptides (176 residues) and there is no available data indicating that these
domains bind to the same molecule of RhoA or not. Recently, multidomain interactions in
effector recognition has also been suggested for the Raf-1/H-Ras complex, in which two
distinct and nonhomologous domains, an ubiquitin-fold domain and an adjacent zinc finger-
like domain, of Raf-1 bind to Switch I and II regions of H-Ras, respectively (Drugan et al.,

1996).

61




PKN Activation Mechanism

The PKN N-terminal half fragment binds to the C-terminal halt fragment containing the
catalytic domain and inhibits the protein kinase activity, suggesting a masking mechanism by
a possible autoinhibitory effect of the N-terminal region (Kitagawa ct al., 1996). RhoA
binding to the ACC-finger domains at the PKN N-terminal region could produce unmasked
and, therefore, active catalytic domain (Fig.28). The N-terminal basic region spanning
residues 39-53, which displays similarity to a consensus phosphorylation sequence for PKN,
has been reported as a pseudo substrate region that inhibits the protein kinase activity of PKN.
However, this region overlaps with the ACC-finger domain (ACC-1) and is folded into an -
helix(02), which may inhibit its binding to the catalytic center as a pseudosubstrate. Therefore,
the binding mode between the N- and C-terminal halves of PKN and the unmasking await
further analyses.

PKN binds to its substrate proteins, o-actinin (Mukai et al., 1997) and PCD17 (Takanaga et
al., 1998), through the N-terminal region (residues 136-189) that overlaps with ACC-2 finger
domain. The binding site on actinin has been mapped at a spectrin-like repeat SR III.
Interestingly, crystal structure of the repetitive segment of spectrin has shown its three-helix
bundle structure (Yan et al., 1993), which may interact with the PKN ACC-2 finger motif by
forming further helix bundle structure. Another interesting issue about these substrate binding
is that this PKN ACC-2 finger region is multifunctional; participating in both binding to
RhoA and to these substrate protein. Since PKN is also activated by unsaturated fatty acids

(Mukai et al., 1994; Kitagawa et al., 1995) such as arachidonic acid and phospholipids such as
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phosphatidylinositol (Palmer et al., 1995b) and cardiolipin (Peng et al., 1996). the dual
binding of the ACC-2 finger domain is not necessarily contradictory. Alternatively, this dual
binding of the ACC-2 finger domain may play a role of the molecular switch for substrate
selection, where fatty acids-activated PKN phosphorylate the proteins that could bind to the
ACC-2 finger region but RhoA-activated PKN phosphorylates other substrate protein.

However, these possible mechanisms should be verified by experimental tests.

The ACC-finger Domains in Other Effector Proteins

The present structure of the PKN ACC-finger domain provides a clue for understanding the
general architecture of the related Rho effector domains. As well as the PKN homologs, the
effector regions of rhotekin and rhophilin preserve both the hydrophobic residues. These
residues are essential for the formation of the coiled-coil structure and the determinant
residues for the specificity indicating their formation of an ACC-finger structure like that of
PKN as expected from their relatively high homology (43% and 26% identities, respectively)
with that of the PKN ACC-finger domain (Fig.16). They also preserve residues forming the
hydrophobic patch that participates in Contact-2 interactions. This observation implies that
these effector proteins could bind to RhoA at Contact-2 site, these prospects are consistent
with the fact that a fragment containing the rhotekin effector domain exhibits the GIP activity
against RhoA (Reid et al., 1996). It should be noted that some of the determinant residues are
variance with homologous or non-homologous but preserve charged residues. Especially, Ser-

81 and Asp-85 of PKN is mostly replaced by asparagine and glutamic acid, respectively, and
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Arg-47, Arg-61, Arg-78 and His-88 are rather variance. These variations have been inspected
on the present structure and shown that these variant residues are also relevant for the RhoA
binding. In these cases, asparagine at PKN Ser-81 may form alternative interactions with Ser-
27 and /or Lys-27 rather than Glu-29, because of steric effects. The N-terminal region
including the loop, helix ol and the N-terminal one third of helix 2 is poorly conserved in
the related proteins, implying that these regions may adopt in different conformations from
that of the PKN ACC-finger domain. These regions are not essential for formation of the
recognition surfaces and the structures, while our data and other's data indicate these regions

contribute to the structural stability of the motifs.

Differentiation of Effector Selection
Recently, a new approach for the functional dissection of Rho family G proteins has been
carried out using point mutations of a limited region (residues 39-42) of Switch I (Joneson et

al., 1996; Lamarche et al., 1996; Sahai et al., 1998). These residues do not participate in the

direct interactions with the PKN ACC-finger domain, but some of these mutated G proteins
have been reported to select the effector proteins of specific signalling pathways.
Interestingly, replacement of Tyr-42 of RhoA with cysteine abolishes the PKN binding.
This effect on PKN binding is probably due to changes in the side-chain packing of RhoA
Switch I involving Tyr-42 together with Lys-27, which is hydrogen bonded to Asp-85PKN, as
described above. On the other hand, this mutation exhibits no effect on the binding to ROCK-

[, indicating the different natures of their interfaces in the RhoA/PKN and RhoA/ROCK-I
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complexes. Some Rho-effector proteins such as pl40mDia have effector domains which
exhibit no sequence homology with the ACC-finger domains. For these proteins' mutations

may possibly play a great role in differentiating the effector selection.
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Fig.28. A Model of the PKN Activation Mechanism by RhoA/GTP

The autoinhibition of the PKN catalytic activity. PKN ACC-1, ACC-2, and ACC-3 domains are colored
in green, and catalytic domain is colored in rose. The PKN N-terminal half fragment binds to the C-
terminal half fragment containing the catalytic domain and inhibits the protein kinase activity,
suggesting a masking mechanism by the N-terminal region (Kitagawa et al., 1996). RhoA binding to the
ACC-finger domain at the PKN N-terminal region could produce the activation by unmasking.
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III. Crystal Structure of RhoBD(69)
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1. Materials and Methods

Expression and Purification

RhoBD (69), the minimum Rho-binding domain (RhoBD: residues 979-1047) of bovine
Rho-kinase (Leung et al., 1995; Fujisawa e al.. 1996), was subcloned into pGEX-2T, and the
GST-fused proteins were expressed in E.coli DH500 cells. For the expression of Se-Met
substituted protein, this construct was also transformed into the methionine auxotrophic F.coli
strain B834(DE3)pLysS (Novagen). The GST-fused protein was purified using glutathione
Sepharose 4B. Removal of GST from GST-RhoBD was achieved within the column using by
human thrombin (Sigma) with 2 units/ml for 24 hours at 4°C. RhoBD was eluted with a buffer
containing 20 mM HEPES pH 7.0 and 50 mM KCI. This eluate was applied to HiTrap S and
HiTrap Q (Amersham Pharmacia Biotech) and the eluates from each column were collected
and concentrated to 6 mg/ml using Centricon-3 (Millipore). The purified samples used in this
study were verified with MALDI-TOF MS and N-terminal analysis. The N-terminal analysis
of the resulting sample showed that the additional glycine and serine residues at the N-
terminus originated from the site of cleavage by thrombin. The molecular weight of the
purified RhoBD(69) observed by MALDI-TOF MS was 7,996 Da, which is virtually the same

as its calculated value (7,997 Da).

Overlay assay
The Rho-binding activity was confirmed by an overlay assay using “S-labeled RhoA
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complexed with GTPyS. Purified GST-RhoBD(69) were separated on an SDS-PAGE,

transferred to nitrocellulose membrane, and probed with [“S]GTPyS-GST-RhoA. The labeled

bands were visualized by an image analyzer (Fuji) (Fig.29).

Dynamic Light Scattering

Dynamic light scattering studies were carried out using a DynaPro-801 instrument (Protcin
Solutions, Inc.). It was attempted for each solutions, RhoBD(69), PKN(7-155), RhoA/GTPYS,
mixture of RhoBD(69) and RhoA/GTPyS., and mixture of PKN(7-155) and RhoA/GTPyS. All
solutions were filtered through 0.22-pum filters (Millipore) to remove particulates. Scattering

of these protein solutions were analyzed at concentrations of 2.5 ~ 10 mg/ml in its storage

buffer (20 mM HEPES pH 7.5, 100 mM KCI, 5 mM MgCl, and 10 mM B-mercaptoethanol).
The principle of dynamic light scattering is based on the Brownian motion of molecules in
solution, which causes scattered light intensity to fluctuate (Schurr J. M., 1977). These
fluctuations are measured by the DynaPro instrument. The DYNAMICS software was used to
calculate the hydrodynamic radii of solution particles and to estimate particle molecular

weight and regularize scattering data (table 6).

Crystallization
Crystals were obtained at 4°C using hanging-drop vapour-diffusion by mixing 2.7 mg/ml
RhoBD(69), 55 mM HEPES pH 7.0, 23 mM KCI, 11% PEG 1000, 14% ethylene glycol and

22 mM n-octanoylsucrose (Hampton Research) over a 500 ul reservoir of 100 mM HEPES
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pH 7.0 containing 25% PEG 1000 and 30% ethylene glycol. Clusters of crystals appeared in a

few days and were successively micro-seeded and macro-seeded, which gave single crystals

suitable for diffraction analysis. Typically, crystals grew to dimensions of 0.7 X 0.2 X

0.05 mm"* in a week (Fig.30).

Data Collection and Processing.

Crystals were flash frozen in liquid nitrogen for data collection. X-ray diffraction data
were collected at 2.0 A resolution using a Rigaku R-Axis IV on a rotating anode generator
(Rigaku FR-C) operating at 50 kV and 60 mA with Cu-K,, radiation (A = 1.54178 A) at 100K
using a Rigaku Cryosystem. The focus size of the X-ray beam was 100 um, and the beam was
focused using a Supper double-focusing mirror. The diffraction data were processed using the
programs DENZO and SCALEPACK. Each intensity, I/(h k 1), was evaluated from the
imaging plates and transformed to the amplitude of structure factor, F(h k [), where h, k, and /
are the reciprocal lattice points. The crystals belong to the Monoclinic space group C2, with
unit cell dimensions a = 148.1 A b = 259 A, ¢ = 39.4 A. A total of 64,203 independent
measurements were merged to obtain 9,933 unique reflections. The R, Value based on

intensity data (1.0 6 cutoff) was 5.8% with a completeness of 94.7% (in the highest-resolution

shell of 2.07 - 2.00 A with a completeness of 81.7% and an R, ... of 22.6%). The l/o(l) ratio is

3.5 for all data and 2.2 in the highest shell.
As attempts to find heavy-atom derivatives had failed because of their high-order non-

isomorphism, we used selenomethionyl RhoBD(69) and its crystals, which were obtained as
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outlined above. The number of methionines per monomer is one. X-ray intensity data were

collected with FUJI large X-ray image-plates (400 X 800 mm’) using synchrotron radiation at

the beamline BL-18B of the Photon Factory (PF: Tsukuba, Japan). X-ray diffraction data
were collected at 1.5 A resolution using synchrotron radiation. The best crystals belong to the
Monoclinic space group C2, with unit cell dimensions ¢ = 148.0 A, b =26.1 A, ¢ = 39.6 A
(Table 7). The details of the intensity data processing are indicated in Table 8.

Selenium positions were identified using the SnB program (Weeks and Miller. 1999),
showing three prominent peaks. Since each chain of RhoBD(69) contains one Met, this result
suggests one Met residue has two conformers. Phase calculation and heavy atom refinement
using the program SHARP (de La Fortelle and Bricogne, 1997) resulted in a final overall
figure of merit of 0.35 from 30 to 1.8 A. Solvent flattening using the program Solomon
(Abrahams and Leslie, 1996) resulted in an electron density map of good quality, into which a
nearly complete model was built. The model was built and refined through alternating cycles
using the program O (Jones et al., 1991) and the program CNS (Brunger et al., 1998),
respectively. The current model, which was refined with crystallographic R, 21.8 % (free

R.... of 24.5 %) for all intensity data at 1.8 A resolution, includes residues 979-1045 and 979-

vatue
1044 for each chain and 137 water molecules. A summary of the refinement statistics is given
in Table 9. There is no residue in disallowed regions of the Ramachandran plots as defined in
the program PROCHECK (Fig.31). Due to weak electron density, the 21 residues are modeled
as Ala. Identification of knobs-into-holes packing is analyzed by the program SOCKET

(Walshaw and Woolfson, 2001). Accessible surface areas were calculated using the program
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NACCESS (Hubbard et al., 1993). The figures are displayed by the programs GRASP,

MolScript and raster3d.

The coordinates and structure factors will be deposited in the RCSB Protein Data Bank.
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GST

GST-RhoBD135(941-1075) « ]
GST-RhoBD84(964-1047) )
GST-RhoBD(69) % , *‘ ;

Fig.29. Ligand overlay assay
Interactions of RhoBD(69) with RhoA revealed by an autoradiogram. For comparison, GST, GST-
RhoBD (941 - 1075), and truncated form of RhoBD (964 - 1047) are also shown,
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Table 6
Dynamic Light Scattering Results
Protein Mokzcular Estimated Polyd./' SOS
weight M.W. Radius* Error §
RhoBD(69) 8.0 kDa
5 mg/ml 28,8 kDa 9.4% 2.921
2.5 mg/ml 23.8 kDa 20.7% 3.939
PKN (7-155) 16.5 kDa |
5 mg/ml 42.0 kDa 14.3% 2.015
RhoAVY/GTPYS 22.3 kDa
10 mg/ml 35.3 kDa 10.6% 0.964
5 mg/ml 32.8 kDa 9.8% 0.983
RhoBD(69)
+ RhoAVH4/GTPYS
5mg/ml(2: )i 38.3 kDa - : ;
5mg/ml (1: 1)z 30.3 kDa 62.1 kDa 8.5% 2.024
PKN (7-155)
+ RhoAV4/GTPYS
Smg/ml(2: D 55.3 kDa 67.3 kDa 17.6% 3.025
5 mg/ml (1: 1)x 38.8 kDa B} - -

* Polydispersity as a % of the average radius. < 15 % ; a monodisperse solution, > 15 % : a polydisperse
solution.

§ The SOS parameter represents the amount of residual noise or error associated with the autocorrelation
function. < 5.0 ; Negligible, 5.0 - 20.0 ; Significant background errors, which may be due to noise caused
by solvent at low protein concentrations, or a small amount of polydispersity.

I sample was mixed 2 : 1 or | : | stoichiometry.
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Fig.30. A crystal of the RhoBD(69) and Haeker sections

(A) A native crystal of the Rho-binding domain of bovine Rho-kinase. The approximate dimensions of

this crystal are 0.7 X 0.2 X 0.05 mm.

(B) The v = 0 Harker sections of the (a) Bijvoet (A,) and (b) dispersive (A, - A;) difference Patterson
functions. The resolution range is 10 - 2.5 A and the contour level is 3 - 200 with 20 intervals.
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Table 7
Crystal data of RhoBD(69)

Crystal system
Space group

Unit cell dimensions

Unit cell volume

Z

| 4

m

solve

Monoclinic

C2

a=148.0,b =26.1,c =396 A
oa=y=90" 3=903"

1.53 x 105 A?

2

2.36 A¥/Da

48 %

The molecular weight of RhoBD(69) is 7,997 Da.

76




Table 8
Intensity data processing

Native edge peak high remote low remote
(A=1.000)  (1,=0.9784) (A,=0.9778)  (A,=0.9600) (A,=1.000)

Resolution 1.8 1.9 1.9 1.9 1.9

Rmcrgc* ¥ 45/8.2 3.5/103 5.6/ 12.1 457121 22742

Number of

Measurements 139215 26,293 53,024 2,161 44,959

Number of

Independent 12,896 10,783 10,924 10,909 11,434

reflections

Completeness + 89.0/68.4 87.7/86.1 8.3/88.4  88.5/864  93.2/80.2

Mosaicity 0.301 0.273 0.420 0.284 0.290

Mean <I/G(l)> 0 18.2/14.8 15.2/9.8 15.2710.9 13.9/8.8 17.8 /7 14.1
* R”Mgc = 100 x £ 1 I(h) - <I(h) > 1/Z I(h), where <I(h) > is the mean intensity for reflection h.

T Each pair of values are for overall / outer shell. The resolution ranges of their outer shells are
1.86-1.80 A for native, 1.97-1.90 A for Se-Met proteins
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Table 9
Refinement statistics

Resolution range

R...*

cryst

R..8

free
R.m.s. bond lengths
R.m.s. bond angles
R.m.s. dihedral angles

Number of residues

Atoms included

1.8 A

21.8 % (31.4 %)t
24.5 % (36.0 %)T
0.006 A

0.934°

1.053°

137

11,002 for protein
(174 for water molecules)

* Rcrysl =
§ Rl‘rcc cryst

from the subsequent structure refinement.

100 x X | Fo(h) - Fc(h) 1/X Fo(h).

is R, which was calculated using 5% of the data, chosen randomly and omitted

T Brackets are quantities calculated in the highest resolution bin at 1.86-1.80 A

78




~b

180 -135 90 45

45 90 135 130

Phi (degrees)

Plot statistics

Residues in most favoured regions [A,B,L] 132 99.2%
Residues in additional allowed regions [a,b,l,p] 1 0.8%
Residues in generously allowed regions [~a,~b,~1,~p] 0 0%
Residues in disallowed regions 0 0%
Number of non-glycine and non-plroline residues 133

Number of end-residues (excl. Gly and Pro) 3

Number of glycine residues (shown as triangles) 2

Number of proline residues 0

Total number of residues 138

Fig.31. Ramachandran plot of RhoBD(69).

Main chain dihedral angles were analyzed with the program PROCHECK. The horizontal axis indicates
¢ angle around N-Ca: bond and the vertical axis indicates y angle around Ca-C bond. Most favoured,
additional allowed, generously allowed, and disallowed regions are shaded in red, yellow, light yellow,
and white, respectively. Glycine residues are shown as triangles and non-glycene residues are indicated
by squares. The labels A and a indicate the regions for a-helix, B and b for f-strand, and L. and 1 for o -

helix.
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2. Results

Identification of RhoA binding Domain

The Rho-binding fragment has been reported as residues 970-1059 in ROKow and residues
934-1015 in pl60"” ", which corresponds to residues 979-1068 and 964-1045 of Rho-kinase,
respectively (Leung et al., 1995; Fujisawa et al., 1996). In this study, a fragment RhoBD(69),
which covers residues 979-1047 of Rho-kinase, was used for the structural studies. Overlay
assay experiments clearly show that RhoBD(69) binds to RhoA. The affinity of RhoBD(69) is
weaker than that of RhoBD(135), which covers residues 941-1075 of Rho-kinase (Fig.29).
This difference in the affinity may be due to the lack of the N-terminal segment (934-945 in

pl160°°*, 964-975) that contributes to Rho-binding (Fujisawa et al., 1996).

Overall Structure

The current model of RhoBD(69) solved at high resolution (1.8 A) displays a well-defined
structure, while three C-terminal residues are unstructured. RhoBD(69) forms a ~97 A-long
parallel coiled-coil structure with two long consecutive helices (Fig.32A), while the
MULTICOIL program (Wolf, E. et al., 1997) predicts the low probability to form coiled-coil
structure in the C-terminal region (1024-1047). The total buried accessible surface arca is
~2900 A’, which seems enough to form a stable dimer. This parallel coiled-coil structure is
similar to the parallel coiled-coil structure of tropomyosin (Whitby, F.G. et al., 2000) rather

than the anti-parallel coiled-coil structure of PKN and three-helix coiled-coils structure of
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arfaptin that is an effector of Rac and Arf (Tarricone et al., 2001) (Fig.32). A root-mean-

square deviation for the 100 Co-carbon atoms of the RhoBD(69) and tropomyosin is 2.0 A.
On the other hand, superposition of RhoBD(69) and PKN ACC-finger domain shows that
individual helices have similar main-chain conformations, although the C-terminal regions are

poorly superimposed.

Coiled-coil Formation

Interactions in the coiled-coil of RhoBD(69) at the N-terminal (979-1002) and C-terminal
(1024-1044) regions are similar to those in previously determined structures of leucine zipper
and dimeric coiled-coil proteins encoded by a characteristic seven-residue repeat (abcdefg),
(Fig. 33). The helices generally display canonical knobs-into-holes packing, in which the side
chains at @ and d positions form successive layers and contacts are made with four residues
from the opposing helix. In contrast, the coiled-coil packing around the middle region (1003-
1023) is loose. Knobs-into-holes packing is not identified by the SOCKET program (Walshaw
and Woolfson, 2001) in this region excluding two positions (residues 1003 and 1020).
Moreover, the buried accessible surface area of the middle region is two fold lower than those
of the N- and C-terminal region. Generally, hydrophobic residues tend to be present at ¢ and d
positions with low accessibility (<30%). However, the accessibility of the residues at these
positions is high (> 30-40%) in the middle region because of the loose packing.

The interhelix distance between two helices shows the helices diverge around the middle

region. Correspondingly, the averaged B-factor (40.3 A®) in this region is ~2 fold higher than
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overall B-factor (22.9 A’) (Fig.34). Interestingly, sequence alignment among Rho-kinase and

its homologs shows an insertion/deletion in the middle region (Fig.33).

In the typical parallel coiled-coil structures, hydrogen bonded ion pairs occur between
oppositely charged residues at ¢ and succeeding ¢ positions (where prime denotes the other
chain). Only one possible g-to-¢ pair is apparent in the RhoBD(69) coiled-coil segment.
Notably, Glu-1027 at the d position makes salt bridge with Lys-1031 at a position. Ordered
solvent molecules are not observed between helices, where Ala residue that fails to fill the
space occupies the  position, while several solvent molecules in the coiled-coil region of

APC are identified between the helices (Day and Alber., 2000).

Mapping of Mutation Analysis

Mutation analysis reveals that several residues are critical for Rho binding (Fujisawa et al.,
1996, Leung et al., 1996). Lys-964 and Leu-971 mutations (pl60***) were reported to
weaken Rho binding significantly, but these residues are not included in the current model
(Numbering scheme corresponds to Rho-kinase (Fig.35)). Glu 1040 mutation also
significantly weakens and Ile-1041 mutation completely abolishes Rho binding (p160**%).
Double mutations of Glu-1027 + Arg-1028, Lys-1031 + GIn-1033, and Asn-1036 + Lys-1037
(ROKa) showed loss of RhoA binding. These residues are spread in a limited region around
the C-terminus (Fig.35, 36A).

Electrostatic potentials of RhoBD(69) show that the negatively and positively charged

region is separated in the N-terminal and C-terminal region, respectively (Fig.36B). In the
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PKN/RhoA complex, complementary electrostatic potential exists at the interface, where the

positively charged ACC finger domain contacts RhoA in the negatively charged region
(Fig.22B). The distribution of the residues critical for Rho binding is consistent with that of

the positively charged region.

Oligomeric State of RhoBD (69)

To determine the oligomeric state of RhoBD(69), we carried out dynamic light scattering
and gel-filtration studies. The results of the dynamic light scattering cxperiments are given in
Table 6. The estimated molecular weight of RhoBD(69) by the dynamic light scattering
measurements were 23.8 kDa ~ 28.8 kDa with relatively small dispersity indicating that the
particles in solution are the same size. This result is coincident with the fact that RhoBD(69)
is eluted at 23 kDa by a gel-filtration. These results indicate that RhoBD(69) exists as a dimer
or a tetramer states in solution.

Moreover, we carried out dynamic light scattering mesurements with a mixture of RhoA
and RhoBD(69), PKN(7-155) and a mixture of RhoA and PKN(7-155) (Table 6). The
estemated molecular weight of the I : | stoichiometry mixture of RhoA and RhoBD(69) was
62.1 kDa, which is almost twice as the calculated one. These results suggest that RhoA and

RhoBD(69) may form a 2 : 2 complex in solution.
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A : RhoBD(69)

B : PKN ACC-finger domain

: Tropomyosin

Fig.32. Coiled-coil Structural of RhoBD(69), the PKN ACC-finger domain and Tropomyosin
(A) Overall structure of RhoBD(69)
(B) The antiparallel coiled-coil structure of PKN is different from the parallel coiled-coil structure of
! RhoBD(69).
' (C) The coiled-coil structure of RhoBD(69) is similar to tropomyosin rather than the PKN ACC-finger
domain.

84



<=

R10 A
& £ T
x1e3y A L
L K a
K a 1
p H s
L A K
L L E
K 1@ T~ A

:B v/ ﬁtryéﬂQ

lal —7 3 {

R

Iiﬂﬁ’ﬂmllw

Zxz-LXpomEEe

ya } ':" ) ':_l g I | f_
& - i d} LS
b 7 g" v 1 \ & X
A el K . \\&_ﬁ/c}
E -r‘ . L A "n' ]
" A L L - E
s N E A " E
I o K F R
L c1027 9 s
A K i s E
L A ' A i L}
L ! T
T : el b
" R1D % e
v .
M

Fig.33. Structure of the RhoBD(69)
(A) A ribbon representation of RhoBD(69). Each chain is colored green and yellow, respectively.
(B) Helical wheel diagrams of the sequence and structure of RhoBD(69) from the amino terminus of
the dimer. Residues that affects the binding to RhoA are colored yellow.
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Fig.34. Helix separation and averaged B-factor plot
Averaged B-factor plot (A) and helix separation (B) of the main chain atoms in the RhoBD(69) crystal
structure. Interhelix distances between Ca-carbonatoms are plotted as a function of residue number.
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bovine Rho-kinase 950 I EMMA[RIHKQIEILTEKDATIASLE|EITNRTL 978
rat ROKa %41 I EMMAIRIHKQIEILTEKDATIASLE|E[ITNRTL 969
mouse ROCK-II 950 I EMMAIRHKQIEILTEKD T TTIASLE|EITNRTL 978
human ROCKE 920 S|(K|K A A S|RINRQ ITDKDHTV SRLE|IEJANSML 948
rat ROKp 920 ] KAAS|RINRQ ITDKDHTVSRLE|EJANNAL 948
mouse ROCK-I 920 S KAASIRINRQ ITDKDHTVSRLE|EJANSYL 948
f g a b c d e f gabocde f gaboecdef gabed e I g

bovine Rho-kinase 979 T S[D]V ANLANEK|/E|JELNNKLKEAQEQLSRL -KDE 1009
ratROKa 9720 T § VANLANEK ELNNKLKDTQEQLSKL-KDE 979
mouse ROCE-II 99 T S VANLANEK ELNNKLKDSQEQLSKL-KDE 1009
human ROCK 949 T K IEILRREN ELTEKMKKAEEEY -KLEKEE 979
rat ROKP 949 T K IELKRKEN ELNERMRTAEEEY - KLKKEE 979
mouseROCK-1 9 TK|ID|[TIELKRKEN|EJELNERMRTAEEEY -KLKKEE 979
mouse Kinectia 1177 M REsEEeEMER EXAEME 1199

f g d e

bovine Rho-kinase K Q E | Q
rat ROKa KQ E Q

mouse ROCK-II K Q E Q
human ROCK KN E Q

rat ROKB KN E Q

mouse ROCK-I KN E Q

Fig.35. Sequence Alignment of the Rho-binding domain of the Rho-kinase

The RhoBD(69) region used for the present crystallographic study is underlined. The a-g heptad repeats
of helices are displayed above the sequence in the coiled-coil domain of RhoBD(69). Mutated residues
that weaken or abolish the Rho-binding is colored in yellow and pink, respectively. Residues of which
substitution leads to no effect are boxed by thin lines. Added Kinectin 1177-1199, ROCK-I/Kinctin
homology region, conserved residues are colored in green.
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Fig.36. Accessible surface area of RhoBD(69)

(A) Residues critical for Rho binding mapped onto the solvent accessible surface. Residues that weaken
or abolish the Rho-binding is colored yellow and red, respectively.

(B) Electrostatic surface potentials of the RhoBD(69) with negative potentials in red and positive
potentials in blue. The region critical for Rho binding is mainly positively charged.
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3. Discussion

Coiled-coil Structure in Other Effector Proteins

Crystal structure of RhoBD(69) have revealed the existence of parallel coiled-coil
motif in Rho-binding domain of Rho-kinase, as is predicted from the primary sequence.
The coiled-coil and leucine zipper motifs are increasingly recognized as an important
element of numerous proteins. These motifs stabilize subunit associations and facilitate
oligomerizaion. It is noteworthy that the defined Rho-binding regions among many Rho
effector proteins such as ROCKs, citron and kinectin are all found in regions of
extended o-helical coiled-coil structures although no significant sequence motifs
common to these RhoA effectors have been identified.

MRCK, closely related to Rho-kinase, have an extended coiled-coil domain and
forms a tetramer or dimer in solution. Moreover, it is strongly suggested that the coiled-
coil domain of MRCK entwines (o form parallel structure that drive MRCK
oligomerization (Tan et al., 2001). It is shown that kinectin is present in dimer by
hydrodynamic studies (Kumar et al, 1998). Two Rho molecules could bind to these
coiled-coil domains from both sides since the parallel coiled-coil structure contains
symmetric surfaces. In fact, two antibodies raised against kinectin attached at the same
region on opposite sides of the kinectin molecule (Kumar et al, 1998). This suggests

that the coiled-coil is not anti-parallel but parallel, and the molecule having affinity for
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the coiled-coil domain can attach on the both sides. To clarity this, further experiment

will be required.

RhoA binding Mode of Rho-kinase and PKN

It is interesting whether the binding mode observed in PKN is distinct from that of

Rho-kinase, as proposed by Fujisawa et al. (1996, 1998) according to the sequence
homology and binding experiment. The helical wheel diagram of the C-terminal region
RhoBD(69) reveals that some residues, which would be critical for RhoA-binding,
coincide with the PKN ACC-finger residues which participate in the Contact-1
interactions with RhoA in the RhoA/PKN complex crystal. Especially, RhoBD(69) Lys-
1031, Lys-1037 and Glu-1040 correspond to PKN Lys-53, His-88 and Asp-85,
respectively (Fig.37). It suggests that if Rho-kinase exist as dimer, some interactions
similar to those found in the PKN Contact-1 could be observed at the C-terminal region
of the RhoBD(69).

Interestingly, RhoBD(69) dose not preserve exposed hydrophobic  residues
corresponding to those forming a surface hydrophobic patch in the PKN ACC-finger
domain to participate in the Contact-2 interactions with RhoA in the RhoA/PKN
complex. These differences, which must perturb the interactions at the PKN Contact-2,

is consistent with the reported results that rat ROKo dose not interfere the GAP-

activated GTPase activity of RhoA (Leung et al., 1995).
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The ROCK-I/Kinectin homology region (residues 980-1002 for Rho-kinase) may be

involved in RhoA binding (Alberts et al., 1998) (Fig.35). A mutational analysis shows
that a region (residues 934-945 in pl60"”*, residues 964-975 for Rho-kinase) near
ROCK-I/Kinectin homology region may be involved in Rho binding (Fujisawa et al.,
1996). This region corresponds to the N-terminal region of the current structure with
negative electrostatic potentials. This second possible binding site for RhoA may be
related to the multiple proposed binding determinants of Rho (Fujisawa et al., 1998).
These observations suggest the RhoA binding mode of Rho-kinase may be different
from that of PKN, while these two binding modes involving o-helical domain, which is

distinct from the CRIB domains for Cdc42 and Rac.
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Fig.37. Axial helical projections of the RhoBD(69) and PKN ACC finger domain
(A) Axial helical projections looking down the helices of the RhoBD(69) dimer from C termini. The
residues that would be important for RhoA binding are colored in red (acidic), blue (basic), yellow

(hydrophobic) and green (others), respectively.

(B) Axial helical projections looking down the helix bundle from the N and C termini of helices a2 and
a3, respectively. The residues participate in the interactions with RhoA at the RhoA/PKN complex
shown Fig.9 (contact-1) are colored same as (A).



IV. Conclusions

The RhoA/PKN complex structure presented reveals that PKN has a novel effector domain
for Rho, which is distinct from the CRIB domains for Cdc42 and Rac. This PKN ACC-finger
domain binds RhoA at the RhoDRs containing Switch I, B-strands B2/B3, and the C-terminal
o-helix AS. The specificity determinant residues of Rho are located at all the RhoDRs and are
different from the specificity determinant residues of Cde42 and Rac. Thus. the present
structure illustrates the various ways that the Rho family members of small G proteins interact
with their effector proteins. We have also shown that the ACC-finger domain is widely
conserved in rhotekin and rhophilin. Sequence analysis based on the structure suggests that
PKN has tandemly-repeated ACC-finger domains at the N-terminal regulatory region. The
present structure provides a clue to the analysis of the multiple RhoA-PKN interactions in its
utilization of multiple effector domains and, possibly, different binding surfaces on the G
protein.

The most common mechanism of effector activation by small G proteins is thought to be
the disruption of intramolecular autoinhibitory interactions, to expose functional domains
(Bishop et al., 2000). PKN and Rho-kinase have also been reported to contain autoinhibitory
domains. A region of the Rho-kinase autoinhibitory domain includes the RhoBD and PH
domains (Amano et al., 1999, 2000). In the case of PKN, the binding of Rho appears to co-
operate with binding of lipids such as arachidonic acid and with auto-phosphorylation to
remove an auto-inhibitory interaction. These interactions fully activate its protein kinase C-
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like kinase domain (Kitagawa et al., 1996, Yoshinaga et al., 1999, Palmer ct al., 1995b). The

present structure could provide a clue to the activation mechanism of PKN, as unmasking and
activating catalytic domain.

Recently, the structure of p21-activated kinase 1 (PAKI) that is regulated by Cdc42 or Rac
has been solved (Lei et al., 2000) in an auto-inhibited state. Its structure suggests that auto-
inhibitory state is achieved by dimerization. The small GTPase binding may trigger a series of
conformational changes, beginning with disruption of the PAKI dimer. 1t is of interest
whether conformational changes involving dimer dissociation would occur in Rho-kinase or
not. Further crystallographic investigation of RhoBD complexed with Rho will be required to

understand detailed molecular recognition mechanism of Rho by Rho-kinase.
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