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Cdc42 is a small GTPase that is required for cell
polarity establishment in eukaryotes as diverse as
budding yeast and mammals. Par6 is also implicated
in metazoan cell polarity establishment and asymmet-
ric cell divisions. Cdc42´GTP interacts with proteins
that contain a conserved sequence called a CRIB
motif. Uniquely, Par6 possesses a semi-CRIB motif
that is not suf®cient for binding to Cdc42. An adjacent
PDZ domain is also necessary and is required for bio-
logical effects of Par6. Here we report the crystal
structure of a complex between Cdc42 and the Par6
GTPase-binding domain. The semi-CRIB motif forms
a b-strand that inserts between the four strands of
Cdc42 and the three strands of the PDZ domain to
form a continuous eight-stranded sheet. Cdc42
induces a conformational change in Par6, detectable
by ¯uorescence resonance energy transfer spectros-
copy. Nuclear magnetic resonance studies indicate
that the semi-CRIB motif of Par6 is at least partially
structured by the PDZ domain. The structure high-
lights a novel role for a PDZ domain as a structural
scaffold.
Keywords: crystallography/¯uorescence/NMR/polarity/
Rho GTPases

Introduction

Polarization of cells is a process of fundamental import-
ance for virtually all organisms. In the metazoa, cell
polarity establishment is required for asymmetric cell
divisions that specify differential cell fates, morphogenesis
and many physiological functions. One highly conserved
gene product that has been implicated in cell polarity
establishment is the partition-defective protein Par6 (Hung
and Kemphues, 1999). Par6 participates in a multi-subunit
complex with the Cdc42 GTPase, atypical protein kinases
Cl or z (aPKC) and another partition-defective protein,
Par3 (Joberty et al., 2000; Lin et al., 2000; Qiu et al.,
2000). All of these components are required for normal
development (Watts et al., 1996; Joberty et al., 2000; Lin
et al., 2000; Huynh et al., 2001; Petronczki and Knoblich,
2001; Suzuki et al., 2001; Gao et al., 2002). They have
also been implicated in apical±basal cell polarity of

mammalian epithelial cells and in polarization of migrat-
ing astrocytes (Nobes and Hall, 1999; Joberty et al., 2000;
Etienne-Manneville and Hall, 2001; Gotta et al., 2001;
Kay and Hunter, 2001; Ohno, 2001; Gao et al., 2002).
Cdc42´GTP is essential for polarized cell divisions in the
budding yeast Saccharomyces cerevisiae as well as in
metazoans, but the signaling pathway is quite different and
no yeast homologs of Par6 exist.

Cdc42 in the GTP-bound state interacts with proteins
that contain a short conserved sequence called a CRIB
(Cdc42/Rac interactive binding) motif (Burbelo et al.,
1995). Uniquely, Par6 possesses a semi-CRIB motif that is
necessary, but not suf®cient, for binding to Cdc42. An
adjacent PDZ (PSD95/Discs Large/ZO-1) domain is also
required and is essential for biological effects of Par6
(Ranganathan and Ross, 1997; Joberty et al., 2000). The
N-terminus of Par6 forms a constitutive complex with
aPKCs, and there is some evidence that the kinase activity
of this protein is regulated by this interaction, such that an
inhibitory effect of the CRIB/PDZ domain is relieved by
Cdc42 binding (Etienne-Manneville and Hall, 2001;
Yamanaka et al., 2001). We now report the crystal
structure of a complex between Cdc42 and the GTPase-
binding domain of Par6, which highlights a novel role for a
PDZ domain as a structural scaffold, and demonstrates that
emergent properties can arise from the juxtaposition of
two distinct sequence motifs. Fluorescence spectroscopy
detects changes in Par6 consistent with a conformational
change induced by the binding of Cdc42.

Results and discussion

Biological activity of the isolated Par6 GBD
Uniquely, the minimum Cdc42 GTPase-binding domain
(GBD) of Par6 comprises both a partial CRIB motif plus a
PDZ domain (Joberty et al., 2000; Lin et al., 2000; Qiu
et al., 2000). A schematic of the domain structure is
provided in Figure 1A. We have shown previously that the
overexpression of Par6 inhibits cell polarity establishment
in MDCK epithelial cells, and that this effect is independ-
ent of aPKC binding (Joberty et al., 2000; Gao et al.,
2002). We now demonstrate that the ectopic expression of
the isolated GBD (residues 126±253) is suf®cient to inhibit
the assembly of tight junctions in epithelial cells
(Figure 1B, left panel). Fragments lacking either the
CRIB motif or a functional PDZ domain are, however,
inactive (Figure 1B center, right panels).

Crystal structure of the Par6/Cdc42 GBD complex
To understand the function of Par6 at a molecular level, we
determined the crystal structure, to 2.1 AÊ resolution, of a
complex between the biologically active GBD of Par6B
and Cdc42(Q61L)´GMPPNP (Table I). The Par6 semi-
CRIB motif binds Cdc42 in an extended conformation,

Structure of Cdc42 in a complex with the GTPase-
binding domain of the cell polarity protein, Par6

The EMBO Journal Vol. 22 No. 5 pp. 1125±1133, 2003

ã European Molecular Biology Organization 1125



forming an antiparallel b-sheet with the b2 strand of Cdc42,
similar to the CRIB motifs of PAK, ACK and WASP
(Figure 2; Abdul-Manan et al., 1999; Mott et al., 1999;
Morreale et al., 2000). In contrast to these other effectors,
however, a signi®cant portion of the Par6 motif simul-
taneously forms an intra-molecular b-sheet with the bA
strand of the PDZ domain, thereby creating an extended
eight-stranded sheet within the complex (Figure 2).

The peptide ligand binding region of the PDZ domain
maps to the bB strand and aB helix on the opposite
face to that which connects through the semi-CRIB
motif to Cdc42, suggesting that the GBD can bind each
partner independently. Non-conserved residues in the
semi-CRIB motif interact with the Switch I region of
Cdc42, while residues in the loop and strand that are
C-terminal to the CRIB motif, plus a ®ve residue turn in

Fig. 1. (A) Schematic of Par6B domain structure. (B) Inhibition of tight junction assembly by the GBD of Par6B. MDCK canine epithelial cells were
transiently transfected with vectors that express myc-tagged versions of the Par6B GBD (semi-CRIB + PDZ; residues 126±253), the isolated PDZ
domain (140±256) or the semi-CRIB motif alone (102±186). The cells were incubated in a calcium-free medium overnight to disrupt cell±cell contacts,
then returned to normal DMEM/serum for 6 h to permit junction re-assembly. They were then washed and stained for the tight junction marker, Z0-1
(green), the myc tag (red) and DNA (blue).

Table I. Statistics of data collection and re®nement

Space group P1
Cell dimensions a = 41.7 AÊ , b = 53.8 AÊ , c = 79.5 AÊ , a = 81.6°, b = 76.6°, g = 90.0°
No. of measurements 80 223
No. of independent re¯ections 38 985
Data range (AÊ ) 40.5±2.10
Rmerge (%)a

Overall 10.4
Last shell (2.14±2.10 AÊ ) 50.0

Data completeness (%)
Overall 89.6
Last shell 87.1

I/(s)I
Overall 9.2
Last shell 2.0

No. of re¯ections used in re®nement 34 917 (30.0±2.10 AÊ )
No. of non-H protein atoms 4908
No. of water molecules, GMPPNP, Mg2+ 422, 2, 2
Rwork (%) 21.9
Rfree (%)b 27.3
R.m.s.d. in bond lengths (AÊ ) 0.010
R.m.s.d. in bond angles (°) 1.7
Mean B value (AÊ 2)

Cdc42 (all/main chain/side chain) 28.7/27.5/29.9
Par6 (all/main chain/side chain) 26.5/25.3/27.8
Water molecules, GMPPNP, Mg2+ 34.5, 23.5, 19.9

Cross-validated sA-coordinate error (AÊ ) 0.30
Missing residues Cdc42: none

Par6: 126±130

aRmerge = 100
P
h

P
i

|Ih,i ± <Ih>|/
P
h

P
i

Ih,i, where the outer sum (h) is over the unique re¯ections and the inner sum (I) is over the set of independent

observations of each unique re¯ection.
bRfree is calculated for a randomly selected 5% subset of re¯ections.
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the PDZ domain of Par6, interact with the Switch I and
II regions.

As in other Cdc42±effector complexes, the interaction
surface for Par6 begins N-terminal to the ®rst CRIB motif
residue I133 (Figure 3A), but, in this case, is limited to a
span of two residues. There is insuf®cient density in the
experimental maps to model the ®rst ®ve residues
(125±130) of the Par6 construct. There are no lattice
contacts in this region of the crystal, thus the lack of order
for this region of Par6 indicates that it does not bind tightly
to Cdc42. A total of 14 hydrogen bonding interactions
occur between the CRIB motif and Cdc42, of which nine
are non-sequence-speci®c main chain±main chain bonds.
The invariant residues of the Par6 semi-CRIB motif
interact with Cdc42 in a similar fashion to other CRIB/
Cdc42 structures. The isoleucine residue (Ile133 in Par6B,
Figure 3B) packs into a groove between b2 and the
C-terminal a5 helix of Cdc42, and the side chain hydroxyl
of Ser134 forms a hydrogen bond with the main chain
amide nitrogen of Met45 in Cdc42. The Pro and Phe
residues (136 and 139 in Par6B) are positioned in a
shallow hydrophobic groove on the Cdc42 surface
containing Thr25 and Tyr40, but mutation of these
residues in Par6B, unlike equivalent mutations in PAK,
does not abolish binding to Cdc42´GTP (Joberty et al.,
2000).

Binding of an Asp38 mutant of Cdc42 to Par6
A key difference between orthodox CRIB motifs and the
semi-CRIB motif of Par6 is that the latter lacks two
invariant His residues and a highly conserved Gly residue
near the C-terminus of the element (Figure 3A). These His
residues interact with Asp38 in the Switch I loop of Cdc42,
and are essential for the binding of both PAK and WASP
to the GTPase (Abdul-Manan et al., 1999; Mott et al.,
1999; Morreale et al., 2000; Owen et al., 2000). The
interaction with the WASP CRIB motif is shown in

Figure 4A. By comparison (Figure 4B), the Par6 inter-
action is quite different. Pro141 replaces the ®rst His
residue, and has a limited van der Waals interaction with
Cdc42 through Tyr40. The side chain hydroxyl of Ser143
forms a hydrogen bond with the side chain of Switch I
residue Asn39. The second His residue in orthodox CRIB
domains is replaced by Ser144, the side chain hydroxyl of
which points away from Asp38.

The unique lack of CRIB His residue interactions with
Asp38 suggested that mutations of this residue, which is
essential for high af®nity binding of the GTPase to other
effectors such as ACK, WASP and PAK (Owen et al.,
2000), would not disrupt Par6 binding. We tested this
prediction using glutathione S-transferase (GST) fusions
of various Cdc42 mutants in a Gly12 (G12V) mutant
background, co-transfected into Cos cells with myc-tagged
Par6B. The CRIB domain of a-PAK was used as a control.
The G12V mutant of Cdc42 is constitutively active, and as
expected, was able to bind to both a-PAK and Par6
(Figure 4C). The introduction of a second Tyr40 (Y40K)
mutation, which is known to disrupt binding to WASP and
PAK (Owen et al., 2000), blocked the interaction with the
a-PAK and Par6 (Figure 4C). The Asp38 mutation
(D38A) also disrupted binding to a-PAK but, as predicted
from our structure, binding to Par6 was retained, although
at a reduced level. The af®nity of the Y40K mutant for
Par6 is >100-fold lower than that of the control, while the
D38A mutant binds with an af®nity that is ~16-fold lower
than the control (see below, Figure 7D).

The Par6 PDZ domain
A radical difference between Par6 and other Cdc42
effectors is the requirement for an adjacent PDZ domain.
An extended loop in Par6B, C-terminal to the semi-CRIB
domain, folds the peptide chain away from Cdc42, and
leads to the ®rst b-strand of the PDZ domain. The CRIB
motif strand is anchored to the ®rst strand of the PDZ

Fig. 2. Crystal structure of Par6B(126±253) bound to Cdc42(Q61L)´GMPPNP at 2.1 AÊ resolution. Ribbon diagram with Cdc42 colored blue and Par6
yellow (left and center images). A structure of the WASP±Cdc42 complex (Abdul-Manan et al., 1999) is also shown on the right, for comparison. The
Switch I and II regions of Cdc42 are colored red, the semi-CRIB motif of Par6 and the CRIB motif of WASP are colored black, and the GMP-PNP/
Mg2+(H2O)2 moiety is presented in ball-and-stick representation. A short region of the PDZ domain of Par6 (residues 204±208) that makes contact with
Cdc42 is highlighted in magenta. The center image is of the complex rotated by 90° about the vertical axis. The black arrow indicates the location of
the PDZ ligand-binding pocket.

Crystal structure of Cdc42±Par6 complex
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domain b-sheet via four main chain±main chain hydrogen
bonds, and by sequence-speci®c interactions at each end of
the sheet (Figure 5A). At the N-terminal end of the CRIB
motif, the carboxylate side chain of Asp138 hydrogen
bonds to the side chain hydroxyl of Tyr163, and the
guanadinium group of Arg140 hydrogen bonds to the
backbone carbonyls of residues 162 and 163. At the
opposite end of the strand, the carboxylate of Asp147
forms a salt bridge with the guanadinium group of Arg157.
It is possible that these interactions exist in the Cdc42
unbound state of Par6, and partially order the CRIB motif
strand (see below).

The extended loop between the CRIB motif and the
PDZ domain limits the interaction of Par6 with the Switch I
and II regions of Cdc42. Other residues of Par6 that make
contact with Cdc42 occur in a short turn in the PDZ
domain (204±208; highlighted in Figure 2). As a result, the
buried surface area for the Par6/Cdc42 complex, at
~1100 AÊ 2, is the smallest of all characterized CRIB/
Cdc42 structures, and approximately two-thirds the area of

WASP/Cdc42 or the PAK/Cdc42 complex. All known
effectors of Cdc42 that contain CRIB motifs bind through
hydrophobic residues to Leu67 and Leu70 in Switch II,
and restrict its conformational freedom. Speci®c Switch II
interactions of the Par6/Cdc42 complex occur between
Leu70 and Leu208 of Par6, and Leu67 and residues Ile145,
Val148 and Arg156 of Par6 (Figure 5B). In addition, a
hydrogen bond is formed between the side chain hydroxyl
of Switch II residue Tyr64 and the side chain carboxylate
of the CRIB motif residue Asp149. As a result of the
limited interaction of Par6 with the Switch II region of
Cdc42, the backbone of this loop adopts a conformation
that is similar to the conformation observed in the
aluminum ¯uoride transition state analog complex of
Cdc42/Cdc42GAP (Nassar et al., 1998). In the PAK/
Cdc42 structure, the loop C-terminal to the CRIB domain
binds to the Switch II region, causing a large movement of
the backbone away from the nucleotide-binding site. As a
result, the side chain of the catalytically important residue
61 is close (<5 AÊ ) to the g-phosphate oxygen of the
GMPPNP in the Par6 complex, but completely removed
from the active site in the PAK complex (>10 AÊ ). This may
explain the observation that Par6 binding has little effect
on the intrinsic rate of GTP hydrolysis, as compared with
the PAK CRIB domain (Figure 5C).

NMR spectra of Par6
A common property of the classical CRIB GBDs that have
been studied to date is their lack of structure in the
unbound state. The PAK and WASP GBDs contain a small
region of stable a-helix C-terminal to the CRIB motif, but
ACK is entirely disordered, and in each case, Cdc42´GTP
induces the adoption of discrete structures (Abdul-Manan
et al., 1999; Mott et al., 1999; Morreale et al., 2000). The
consequent entropic penalty on binding may play a role in
enhancing speci®city of these interactions (Wright and
Dyson, 1999; Dyson and Wright, 2002). To examine the
degree of order in the CRIB motif of free Par6, we
performed NMR analyses of two constructs: the isolated
PDZ domain (residues 152±253) and the GBD (CRIB and
PDZ, residues 126±253). 1H/15N HSQC spectra for both
constructs show >90% of the expected backbone reson-
ances (Figure 6).

While signals from the PDZ domain are identical in
both cases, 23 backbone and two side chain signals show
signi®cant differences. Many of the largest differences
occur in resonances with 1H chemical shift >9 p.p.m.,
suggesting they involve residues in the b-strands of the
PDZ domain (Wuthrich, 1986). In systems where an
independent, unfolded peptide is tethered to a folded
domain, spectra of the isolated domain are typically a
nearly exact subset of the full construct (Gosser et al.,
1997), and the disordered elements in the longer protein
give rise to intense resonances clustered in the center of the
amide spectral window. Clearly, this is not the case for the
Par6 proteins. The changes in PDZ domain chemical shifts
on appending the CRIB motif, and absence of a signi®cant
number of intense resonances in the longer construct,
indicate that the CRIB motif is at least partially structured
in free Par6. Differences in b-strand amides of the PDZ
domain suggest that the CRIB motif may form a structure
similar to that observed in the Cdc42 complex, even in
the absence of the GTPase, with residues C-terminal to

Fig. 3. (A) Alignment of Par6B semi-CRIB motif with CRIB sequences
of PAK, ACK and WASP, and Cdc42 residues involved in binding
Par6B. The black line indicates the extent of the consensus CRIB
motif. Conserved residues are shown in blue; residues that interact with
Cdc42 are boxed in yellow, with the corresponding region of Cdc42
marked beneath. Cdc42 residues are colored to indicate structural
regions. (B) Sequence-speci®c interactions of the N-terminal portion of
the semi-CRIB motif of Par6 with Cdc42. The coloring scheme is
similar to Figure 2, with the semi-CRIB motif of Par6 colored in light
gray for clarity. The labels for the residues of the consensus CRIB
sequence motif are italicized. Dotted black lines represent salt bridges
and hydrogen bonds. Non-sequence-speci®c hydrogen bonds (e.g., the
main chain hydrogen bonds of the b-sheet) are not shown for clarity.
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approximately Phe139 bound to the side of the PDZ sheet.
Preceding residues of the CRIB motif are likely disordered
in the free protein. The reduction in ordering of C-terminal
portions of the CRIB motif on binding the GTPase, and
consequent reduction of a signi®cant conformational
entropic penalty on binding, may explain how Par6 can
bind Cdc42 with high af®nity even though its CRIB motif
lacks conserved elements found in other systems (Burbelo
et al., 1995).

Conformational change in Par6 detected by
¯uorescence resonance energy transfer
The stabilization of the CRIB motif by the adjacent PDZ
domain is a new and unexpected function for a PDZ
domain. It also raises the question of whether any
conformational change in the Par6 GBD is induced by
Cdc42 binding, particularly in the N-terminal region of the
CRIB motif. To address this issue, we constructed a
¯uorescent biosensor from the Par6B GBD, based on
¯uorescence resonance energy transfer (FRET) between
two variants of the green ¯uorescent protein, CFP and YFP
(Selvin, 1995; Heim and Tsien, 1996). The N- and
C-termini of the Par6(126±253) are separated from one
another by Cdc42 in the complex (see Figure 2), and based
on this structure, we predicted that if CFP were to be
attached to the N-terminus, and YFP to the C-terminus of
the Par6 GBD, then Cdc42 binding might force the

¯uorophores apart and therefore lower the FRET signal
between them (Figure 7A).

The CFP±Par6B(126±253)±YFP fusion displayed a
robust FRET signal when the CFP was excited at 433 nm
and YFP emission was monitored at 525 nm (Figure 7B).
Separated CFP±Par6B and Par6B±YFP did not generate
any FRET signal. Addition of Cdc42´GMPPNP, but not of
Cdc42´GDP, induced a substantial fall in the FRET
ef®ciency of the Par6B biosensor, suggesting that the
binding of Cdc42 either separated the N- and C-termini of
the Par6, or altered the averaged orientations of the two
¯uorophore dipoles relative to one another so as to reduce
the energy transfer ef®ciency (Figure 7C). No change in
FRET was observed when a CFP±YFP fusion lacking the
Par6B insert was incubated with Cdc42(Q61L)´GMPPNP,
further demonstrating that the effect is speci®c (data not
shown). The Cdc42-speci®c change in FRET of the Par6
biosensor can be used to determine the af®nity of the GBD
for Cdc42. Titration of Cdc42´GMPPNP provided a Kd of
~50 nM (Figure 7D), which is comparable to the af®nities
of the PAK and ACK GBD (23 nM), but is much lower
than that of WASP (1.6 nM). The af®nity of the G12V/
D38A mutant of Cdc42 for Par6 (~880 nM) was lower than
that of the wild-type protein, but was much higher than
that of the Q61L/Y40K mutant (>6 mM). Unexpectedly,
titration of the Par6B biosensor revealed that Rac1 binds
with a substantially lower af®nity (~1.5 mM) than Cdc42

Fig. 4. (A) Structure of the central region of a representative conformer of the CRIB motif of WASP with Cdc42 (PDB ID code 1cee). The coloring
scheme is as shown in Figure 3. (B) For comparison, the sequence-speci®c interactions of the semi-CRIB motif of Par6 are shown in a similar
orientation as in (A). (C) Asp38 is not required for binding of Par6 to Cdc42. Myc-tagged Par6B or, as a control, the CRIB domain of a-PAK, was
immunoprecipitated from cells co-expressing GST fusions of Cdc42(Val12) that contain second mutations in the Switch I region. Bound GST±Cdc42
was detected by blotting with anti-GST antibody.

Crystal structure of Cdc42±Par6 complex
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does (data not shown), and, in the cell, Cdc42 is therefore
likely to be the predominant ligand.

Conclusions
The interaction of Par6 with Cdc42 differs substantially
from that of other Cdc42 effector proteins. Although the
regions of Cdc42 that Par6 contacts are similar to those
found in other Cdc42/CRIB motif complexes, they are less
extensive and contain more polar interactions. (Abdul-
Manan et al., 1999; Mott et al., 1999; Morreale et al.,
2000). Moreover, a mutation in Asp38 of Cdc42, which
disrupts binding to other effectors such as WASP, ACK
and PAK, still permits Par6 binding. Unlike other CRIB
domains, which are unstructured in the free protein, the
semi-CRIB motif of Par6 is probably structured by the
PDZ domain, and the absence of a signi®cant conforma-
tional entropic penalty may explain how Par6 can bind
Cdc42 with high af®nity even though its CRIB motif lacks
conserved elements found in other systems. Thus, the

Fig. 5. (A) The interaction of the semi-CRIB motif of Par6 with its PDZ domain. As in Figure 3, dotted black lines represent salt bridges and hydrogen
bonds. Non-sequence-speci®c hydrogen bonds (e.g., the main chain hydrogen bonds of the b-sheet) are not shown for clarity. (B) The interactions of
Par6 with the Switch I and II regions of Cdc42. (C) Effect of Par6 and PAK GBD domains on the intrinsic GTPase activity of Cdc42. Cdc42 loaded
with [g-32P]GTP was incubated for 10 min plus saturating concentrations (203 Kd) of the GST±GBD fusion proteins or GST alone. The Cdc42 was
then bound to ®lters, washed to remove free 32P-phosphate and counted.

Fig. 6. Overlaid 1H/15N HSQC spectra of the Par6 PDZ domain
(residues 152±253, red) and CRIB±PDZ elements (residues 126±253,
black).
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absence of conserved elements in the CRIB motif of Par6
and other Cdc42 effectors may be compensated by
elimination of an entropic folding penalty on binding.

The marked preference of Par6 for Cdc42 over Rac1
was initially unexpected, as the sequences of Rac1 and
Cdc42 in the Switch I and II regions that bind Par6 are
identical. A comparison with Rac1 of the Par6-binding site
of Cdc42 reveals the substitution of an asparagine for
Thr43, an arginine for Leu174 and an aspartate for Gly47.
Inspection of the Par6/Cdc42 complex structure indicates
that the asparagine in position 43 probably does not
interfere with the binding of Par6. In Rac1, however, the
side chains of Arg174 and Asp47 form salt bridges, and
could effectively block the insertion of the Par6 Ile133 into
the hydrophobic groove between b2 and the C-terminal a5
helix of Cdc42, thereby effectively reducing the binding
af®nity of Par6 to Rac1 (Figure 3B).

The structural stabilization by the PDZ domain does not
preclude movement of the N-terminal region of the CRIB
motif, and the FRET data suggest that Cdc42 binding may
induce a conformational change in Par6 that increases the
separation (or alters the orientations) of the N- and
C-termini of the GBD. Such a conformational change may
account for the regulation of aPKC by Par6 and Cdc42.
Residues 1±125 of Par6 bind with high af®nity to the
N-terminal regulatory domains of PKCz and l, and can
stimulate kinase activity. This stimulation is suppressed by
the GBD of Par6 except in the presence of Cdc42´GTP,
which relieves the inhibitory effect (Yamanaka et al.,

2001). A conformational change in Par6 that pushed the
GBD away from bound aPKC would be consistent with
this mechanism. Interestingly, the autoinhibitory elements
in WASP and PAK are immediately C-terminal to the
CRIB motif, and are extracted in response to Cdc42
binding (Kim et al., 2000; Lei et al., 2000; Buchwald et al.,
2001). If Par6 employs a similar strategy, then the b1±b2
hairpin and/or the a1 helix of the PDZ domain might be
predicted to act in the inhibition of aPKC. Further work
will be necessary to test this model.

One unexpected insight from these studies is that
emergent properties can result from the juxtaposition of
two distinct sequence motifs. In Par6, the CRIB motif is
unable to bind Cdc42 in the absence of the adjacent PDZ
domain, although PDZ domains themselves do not bind
GTPases. Conversely, the isolated PDZ domain has no
detectable biological effect in the absence of the CRIB
motif. The structural stability provided to the semi-CRIB
motif of Par6 by the adjacent PDZ domain is a new type of
function for this domain, and it will be of interest to
determine whether it plays an equivalent role in other
multi-domain proteins.

Materials and methods

Cell biology
MDCK cells were transfected using Effectene reagent (Quiagen) with
0.2 mg of pKmyc vectors that express various Par6B fragments. After 48 h,
calcium was withdrawn as described previously, and cells were ®xed 6 h

Fig. 7. Par6 B conformational biosensor. (A) Schematic of the biosensor structure, in the bound and unbound states, and emission spectra of the
biosensor, CFP alone and YFP alone, excited at 433 nm. (B) Emission spectra of the CFP±Par6±YFP biosensor and of separated CFP and YFP.
(C) Emission spectra of the biosensor and of CFP±YFP, each incubated with either Cdc42´GMPPNP or Cdc42´GDP (1 mM). (D) Titration curve of the
Par6 biosensor incubated with varying concentrations of Q61L Cdc42 or the indicated mutants (in a Q61L background), all loaded with GMPPNP.
The binding curve was ®tted to the data assuming a single independent binding site, using Kaleidagraph software.

Crystal structure of Cdc42±Par6 complex
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after calcium re-addition (Gao et al., 2002). Cells were then stained with
anti-ZO1 rabbit antibody and goat anti-rabbit conjugated to Oregon
green, and with anti-myc antibody 9E10 and goat anti-mouse antibody
conjugated to Texas Red. Images were collected on a Nikon Eclipse
microscope with a 603 1.2 na objective, a Hamamatsu CCD camera and
Openlab software (Improvision).

Expression and puri®cation of Par6/Cdc42 complex
Par6B(126±253) was produced as a GST fusion in Escherichia coli strain
BL21(DE3). Expression was induced by 0.5 mM IPTG in Terri®c Broth
plus 2% ethanol at 18°C. After puri®cation from bacterial lysate on
glutathione±Sepharose beads, the GST was cleaved using His6-tagged
Tev protease (72 h at 4°C). The Tev was removed with Ni2+-agarose
beads. His6-Cdc42(Q61L) was expressed in the same way, but puri®ed on
Ni2+-agarose, in the presence of 5 mM MgCl2 and 100 mM GDP. The
protein was loaded with GMPPNP for 5 h in 50 mM Tris pH 8.5, 200 mM
ammonium sulfate, plus immobilized alkaline phosphatase on agarose
beads to destroy free GDP. After addition of 2 mM MgCl2 to stabilize the
bound nucleotide, the Cdc42 was mixed with excess Par6B(126±253) for
1 h, and the complex was puri®ed over Ni2+-agarose. Finally, the His6 tag
was removed from the Cdc42 by cleavage with Tev protease (48 h at
4°C). The complex was concentrated to 10 mg/ml and dialyzed into
20 mM Tris pH 8.5, 1 mm MgCl2, 100 mM GMPPNP and 10 mM
b-mercaptoethanol. Tev protease was removed as above and the protein
complex was snap frozen in 50 ml aliquots.

Protein crystallization and data collection
The Par6/Cdc42 complex was crystallized at 20°C using the hanging drop
diffusion method. Clusters of small needles were ®rst obtained in
Hampton Screen 1 (Hampton Research), condition 9, after 48 h. Larger
plate-like crystals (~200 3 200 3 80 mm) were obtained via
microseeding into drops of 1.5 ml protein and 1.5 ml of 24% Peg4000,
100 mM sodium citrate pH 6.4 and 0.2 M ammonium acetate. Crystals
were soaked in a cryoprotectant solution of 20% ethylene glycol, 24%
PEG 4000, 200 mM ammonium acetate and 100 mM sodium citrate
pH 6.4 and ¯ash frozen in liquid propane. The initial synchrotron
diffraction data set used to phase the structure via molecular replacement
was collected at 100°K to a dmin of 2.65 AÊ at the Structural Biology
19-BM beamline at the Advanced Photon Source (Argonne National
Laboratory, Argonne, IL). A subsequent synchrotron diffraction data set
used to re®ne the complex structure was collected at 100°K to a dmin of
2.10 AÊ at the Structural Biology 19-ID beamline. The diffraction data
were indexed, integrated and scaled in the HKL2000 program package
(Otwinoski and Minor, 1997). Intensities were converted to structure
factor amplitudes and placed on an approximately absolute scale by the
program TRUNCATE from the CCP4 package (French and Wilson,
1978; CCP4, 1994). The Par6/Cdc42 crystals were found to exhibit the
symmetry of space group P1 (unit cell constants a = 41.7 AÊ , b = 53.8 AÊ ,
c = 79.5 AÊ , a = 81.6°, b = 76.6°, g = 90.0°) with two complexes per
asymmetric unit. Data collection and processing statistics for the high
resolution data set are provided in Table I.

Crystallographic structure solution and re®nement
The Par6/Cdc42 complex structure was solved via molecular replacement
using the program AMORE (Navaza, 1994). Initial model coordinates
for Cdc42 were obtained by modifying the coordinates from the
Cdc42GAP(R305A mutant)/Cdc42-GDP-ALF4

± complex (Protein Data
Bank code 2ngr; Nassar et al., 1998) by truncating the C-terminus of the
protein at residue 180 and changing the side chain of Gln61 to a leucine.
The rotation and translation function search was conducted between a
dmin of 10.0 and 4.0 AÊ with the initial synchrotron data set using a
monomer model of Cdc42, and a solution was obtained for two monomers
in the asymmetric unit with a combined correlation coef®cient of 0.51.
Rigid-body re®nement of the coordinates from this solution versus data
between a dmin of 20.0 and 3.0 AÊ was conducted in the program package
CNS 1.1 (BruÈnger et al., 1998) with a random 5% subset of all data set
aside for an Rfree calculation. Examination of the resulting electron
density map in the program O (Jones et al., 1991) revealed extra density
in the CRIB motif binding region of Cdc42. This density for an extended
b-strand of ~10 residues was connected, but the side chain density was
very weak. A complete model for Par6 was built via repeated cycles of
NCS averaging and solvent ¯attening in the program dm (Cowtan and
Main, 1998), followed by skeletonization of the resulting map with the
program Mapman (Read and Kleywegt, 2001), poly-alanine model
building in O, simulated annealing re®nement in CNS 1.1, skeletonization
of the resulting CNS (2Fobs ± Fcalc) map and new mask generation in dm
for the next cycle of averaging and solvent ¯attening.

All re®nement calculations were performed in the program CNS 1.1.
Cycles of standard positional and individual isotropic atomic displace-
ment parameter re®nement coupled with cycles of model rebuilding and
addition of solvent molecules were carried out against all data from 30.0
to 2.10 AÊ . The current model has working and free R values of 21.9% and
27.3%, respectively, against the experimental data. There are no outliers
in the Ramachandran plot. The ®nal model for each complex in the
asymmetric unit contains ®ve residues from the N-terminal tag (±5 to ±1)
and residues 2±190 of Cdc42, residues 131±253 of Par6, one GMPPNP
and one Mg2+ ion with two bound waters. An additional 418 water
molecules are also present in the ®nal model. Complete re®nement
statistics for the structure are listed in Table I. Coordinates have been
deposited with the Protein Data Bank under the accession code 1NF3.

NMR spectroscopy
The isolated PDZ domain of Par6B (residues 152±253) and
Par6B(126±253) were each labeled with 15N by expression as
GST±His6 fusion proteins in a minimal medium containing 15NH4Cl
supplemented with Bioexpress medium (1/100). Proteins were puri®ed
and cleaved as described above, then dialyzed into 50 mM Na phosphate
pH 6.8, 50 mM NaCl, 5 mM b-mercaptoethanol, 2 mM MgCl2 and 0.2%
NaN3. 1H/15N HSQC spectra of Par6 proteins were recorded on a Varian
Inova 600 spectrometer at 25°C using sensitivity enhanced pulse
sequences with gradient coherence selection (Kay et al., 1992).
Samples were 100±200 mM protein in 50 mM phosphate pH 6.7,
50 mM NaCl, 2 mM MgCl2, 5 mM b-mercaptoethanol and 0.2% NaN3

buffer.

Fluorescence spectroscopy
Par6B(126±253) was expressed as a His6-tagged CFP±Par6±YFP fusion
protein in E.coli strain BL21(DE3). Protein from bacterial lysates was
puri®ed over Ni2+-agarose. Cdc42 proteins were expressed as GST
fusions and puri®ed over a glutathione±Sepharose column. The GST tag
was cleaved by thrombin, and the free GST and the thrombin were
removed using glutathione± and p-aminobenzamidine±Sepharose beads,
respectively. Fluorescence emission spectra were obtained in buffer
containing 25 mM HEPES pH 7.5, 100 mM MgSO4, 10 mM b-mercapto-
ethanol and 1% BSA, on a Spex Fluorolog-tau3 spectro¯uorometer, using
a 5 mm rectangular cuvette (25°C). Excitation was at 433 nm (slit width
3 nm). The loss of ¯uorescence at 525 nm was monitored on titration with
Cdc42(Q61L)´GMPPNP over a range of 10±7000 nM.

Biochemical assays
Cdc42 effector domain mutants in pEBG were kindly provided by
Margaret Chou (University of Pennsylvania), and were co-expressed as
GST fusions in Cos cells after co-transfection with pKmyc-Par6B, or
pKmyc-aPAK CRIB domain. After immuno-precipitation from cell
lysates with anti-Myc antibodies, bound proteins were separated
by SDS±PAGE and detected by blotting with an anti-GST antibody.
GTPase protection assays were performed using wild-type Cdc42, GST±
Par6B(1±271) and GST±gPAK CRIB. Cdc42 was loaded with [g-32P]GTP
and incubated with 9 mM Par6, 3 mM PAK or 3 mM GST at 30°C for
0±10 min. Samples were then bound to nitrocellulose ®lters, washed and
counted for retained 32P.

PDB accession codes
The coordinates and structure factors for the Par6/Cdc42 structure have
been deposited in the Protein Data Bank under accession code 1NF3. The
RCSB ID code is RCSB017816.
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