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ABSTRACT. The PAK Ser/Thr kinases are important downstream effectors of the Rho family GTPases
Cdc42 and Rac, partly mediating the role of these G proteins in cell proliferation and cytoskeletal
rearrangements. As well as small G proteins, PAK interacts with the Cdc42/Rac exchang@g-fatxor

via the PIX SH3 domain and a nontypical Pro-rich region in PAK. This interaction is thought to affect
the localization of PAK, as well as increased GTP/GDP exchange of Rac and Cdc42. We have determined
the structure of the PIX-SH3/PAK peptide complex and shown that it differs from typical Src-like SH3/
peptide complexes. The peptide makes contacts through the Pro-rich sequence in a similar way to standard
SH3/peptide complexes, even though the Pro residue positions are not conserved. In addition, there are
interactions with a Pro and Lys in the PAK, which are C-terminal to the conserved Arg found in all
SH3-binding sequences. These contact a fourth binding pocket on the SH3 domain. We have measured
the affinity of PIX-SH3 for the PAK peptide and found that it is of intermediate affinity. When PAK is
activated, Ser-199 in the PIX-binding site is phosphorylated. This phosphorylation is sufficient to reduce
the affinity for PIX 6-fold.

Cdc42 and Rac are members of the Rho subfamily of small ing) consensus7j. This GBD overlaps with a kinase
G proteins, which are involved in controlling changes in the inhibitory domain (KID), which negatively regulates the
actin cytoskeleton, regulating the formation of filopodia and kinase in the absence of stimulatioB—11). It was first
lamellipodia, respectivelyl]. They have also been impli- thought that this simple switch controlled PAK activity in
cated in a variety of other signal transduction events, e.g.,vivo, but this view has been complicated by recent work
activation of transcription, cell cycle progression, and vesicle that indicates a more complex mechanism of PAK activation.
trafficking (2, 3). Many of the effects of Cdc42 and Rac  The NMR structure of the Cdc42/GBD complex has been
have been ascribed to the downstream Ser/Thr kinase PAKsolved (12), as well as a crystal structure of the GBD/KID
(p21-activated kinase).PAK is thought to function in  regions in complex with the kinase domait8(. These show
regulation of the cytoskeleton, activation of MAP kinase that parts of the GBD, notably A-hairpin and aro-helix,
pathways, cell cycle progression, apoptotic signaling, and adopt the same structure in the autoinhibited (kinase-bound)
HIV infection (reviewed in refgl and5). The activation of  and activated (Cdc42-bound) forms. These elements pack
this kinase is likely to be tightly controlled, and it appears against either Cdc42 or the KiD/kinase, mainly through
to be regulated at several levels, including dimerization, hydrophobic contacts: this implies that there may be some
localization, and binding of active G proteing)( local unfolding involved in the activation mechanism, as one

At present six isoforms of PAK have been isolated, the set of interactions is substituted for another. The crystal
best studied being PAK1 and PAK3. These PAKs contain a structure of the GBD/KID/kinase complex also revealed that
G protein binding domain (GBD) near their N-terminus, the autoinhibited form of PAK exists as a dimer, with the
which contains the CRIB (Cdc42/Rac interaction and bind- dimerization mediated by the GBD and parts of the KID.
— : — - Furthermore, it was shown, using coexpression of two
" This work is a contribution from the Cambridge Centre for - gitfarant PAK mutants that could not form the intramolecular,

olecular Recognition, which is supported by the Biotechnology and e .
Biological Sciences Research Council and the Wellcome Trust. This @utoinhibition interactions, that the KID from one molecule
work was supported by a Career Development Award from the Medical interacts with the kinase domain from another, i.e., that the
Research Council (to H.R.M.) and Project Grants from Cancer ResearchpAK1 homodimers can be autoinhibited in tradgh)(and

U.K. (C1465/A2590 and C11309/A5148). . . .
*The coordinates of the PIX-SH3/PAK peptide complex structure &€ arranged in a head-to-tail fashion. The effects of Cdc42

have been submitted to the RCSB Protein Data Bank, accession numbePinding on PAK dimerization are controversial: size exclu-
1ZSG. sion chromatography data suggested that the PAK dimer is

Fa;.Addff_i;ggg%%%%dze“C‘Efcr’n';i-lR-M};’gt?@%igf'éaﬁjfﬁﬁj76ﬁz@5)- maintained both in the Cdc42 complex with PAK (5200)
bioc.cam.ac.uk. ' ' R and with full-length PAK (5), while co-immunoprecipitation

1 Abbreviations: PAK, p21-activated kinase; GBD, GTPase binding studies implied that activated Cdc42 inhibits formation of
domain; KID, kinase inhibitory domain; HSQC, heteronuclear single- PAK homodimers 14).
guantum correlation; NOE, nuclear Overhauser effect; NOESY, NOE . .
spectroscopy; TOCSY, total correlation spectroscopy; GST, glutathione  AS Well as the GBD, KID, and kinase domain, PAK
Stransferase. contains conventional SH3-binding motifs. One of them
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interacts with the adaptor protein Nck, which is thought to
be involved in recruiting PAK to the plasma membrane and
may be involved in cell adhesion (reviewed in réfand5).
The PIX (or Cool) proteins contain an SH3 domain that binds
with high affinity to a nonconventional SH3-binding motif
(16, 17). In addition to the SH3 domain, PIX contains Dbl

Mott et al.

Celtone,’>NH,CI, and/or [*C]glucose (Spectra Stable Iso-
topes). The fusion protein was affinity purified on a®Ni
NTA column (Qiagen) and cleaved from the His tag with
factor Xa (Roche), followed by gel filtration on a Superdex-
30 column (Amersham Biosciences), running in NMR buffer
(20 mM NgHPO/NaH,PO,, pH 7.3, 100 mM NgSO,

homology and PH domains, which are usually present in 0.05% NaN). The SH3 domain was concentrated to ca. 1.0
guanine nucleotide exchange factors for the Rho family. The mM, and lyophilized peptide was added to make a 1:1

effects of the PAK/PIX interaction are under intense
investigation and may be crucial to the role of PAK in
signaling, for example, its involvement in MAP kinase
activation (8). It appears that the downstream effects of
PAK can be divided into kinase-mediated and kinase-
independent pathwayd 1) and that PIX binding may be
involved in both. PIX is thought to be tightly associated in
an oligomeric complex with the protein GIT1g, 20), also
known as PKL (for paxillin kinase linkerP() and Cat 22).
GIT1 contains a GAP domain for the Arf small GTPase along
with two paxillin-binding domains. This tyrosine-phospho-
rylated protein can thus interact with paxillin, a protein found
in focal adhesion£2Q3). One of the consequences of the PAK/
PIX interaction is likely to be the localization of PAK to
these sites of integrin interaction with the extracellular matrix.
In addition, the PAK/PIX interaction may have other effects
than simply localization. PIX is itself a dimer, and it appears
that dimeric PIX is an exchange factor for Rac only in vivo

complex for NMR. The peptide corresponding to residues
183—-204 of humaru-PAK (native or phosphorylated at Ser-
199) was purchased from MWG Biotech or Dr. G. Blomberg
(University of Bristol, U.K.).

NMR SpectroscopyNMR spectra were recorded at 26
on a Bruker DRX600 spectrometer, exceptf@-separated
NOESY,13C >N-filtered, 1*C-separated NOESY, aftC >N-
rejected NOESY experiments, which were recorded on a
Bruker DRX800.15N HSQC, >N-separated NOESY (120
ms mixing time),'>N-separated TOCSY (47.4 ms DIPSI-2
mixing), HNHA, 2D *H-TOCSY (60.2 ms DIPSI-2 mixing),
and 2D 'H-NOESY (150 ms mixing) experiments were
recorded on®*N-labeled SH3 complexed with unlabeled
peptide. HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH,
HNCO, (H)CC(CO)NH, (H)CCH-COSYXC-HSQC,3C-
separated NOESY (100 ms mixing timéjC,'°N-rejected,
13C '*N-separated NOESY (150 ms mixing time), doubly
rejected3C,'>SN NOESY (150 ms mixing), and TOCSY (30.5

(17). It has recently been reported, however, that binding to ms mixing time) experiments were recorded ®N,3C-

a complex of PAK and thgy subunits of heterotrimeric G

labeled SH3 complexed with unlabeled peptide (see®ef

proteins breaks up the PIX monomer and allows it to behave and references cited thereidjun-nq. couplings were mea-

as an exchange factor for both Cdc42 and Rab). (It has

sured using the HNHA experimen3@. Backbone torsion

been reported that the PIX/PAK interaction can lead to both angles were estimated from CA, CO, CB, N, and HA

stimulation of the PIX exchange activity and activation of
the PAK kinase 25), although this seems to be dependent
on the isoform of PIX that is bound.§). The mechanisms

of activation of these proteins by this interaction have not

been determined. It has also been shown that PAK auto-

phosphorylation is stimulated by GIT1 in a mechanism that
is independent of Cdc42 and Rac bindir&)(

More recently, it has been found that the E3 ubiquitin
ligase Cbl proteins associate wifiPIX via the PIX SH3
domain and thus compete with PARY). This interaction
is thought to sequester Cbl and protect EGF from ubiquitin-
mediated degradatio2§). The Pro-rich sequence of Cbl that

chemical shifts using the program TALOS1j. NMR data
were processed using the AZARA package and analyzed
using ANSIG 32).

Structure Calculation Structures were calculated itera-
tively, using CNS 1.0 and ARIA 1.03Q), where the
ambiguity of NOEs is reduced for each iteration by compar-
ing the ambiguous NOE tables against the lowest energy
structures from the previous iteration. Twenty structures were
calculated for each iteration, and seven were used for ARIA
analysis. The total contribution of the accepted NOEs to the
volume of the cross-peak was reduced during the calculation
from 1.0 to 0.8. The parameters used for the calculation were

binds to PIX-SH3 has not been fully delineated, but there is essentially those described in 1&3, except that the length

no obvious homology to the PAK atypical sequence.
We set out to investigate in more detail the interaction

of the high-temperature dynamics was increased to 45 ps
and the cooling to a total of 39 ps. The structures were

between PIX and PAK. We have determined the structure directly refined against th&n-+e coupling constants3@).

of the complex of the PIX-SH3 domain with the unconven-
tional Pro-rich peptide from PAK, and we show that their
interaction is different from the canonical Src SH3/peptide

The ¢ and y restraints from TALOS were included with
errors of£30°, or twice the standard deviation, whichever
was greater.

complexes. We also show that phosphorylation of Ser-199 Fluorescence Spectroscopyluorescence experiments

of PAK decreases the affinity between PIX-SH3 and the
PAK peptide 6-fold.

EXPERIMENTAL PROCEDURES

Protein Purification The SH3 domain of-PIX (residues
1-65) was expressed as a His-tagged proteiasoherichia

were performed on a Perkin-Elmer LS 55 luminescence
spectrometer at 23C. The excitation wavelength used was
280 nm, and the emission spectra were recorded from 300
to 400 nm. SH3 (kM) in a 1 mL cuvette was used as the
starting point of the titration. Peptides were added from a 2
mM (native peptide) or 7 mM (phosphopeptide) stock. In
each case, the peptide stock containgd/LSH3 to prevent
dilution of the fluorescent signal. Peptides were added in 1

coli BL21(DES3) harboring the expression construct. Labeled uM aliquots (native) or 3..xM aliquots (phospho) until the

protein was produced by growirig coliin a medium based
on MOPS buffer, containing appropriately labeled 5%

fluorescent signal stopped changing. The fluorescence in-
tensity maximum at 347.5 nm was plotted against the peptide
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concentration and fitted to the equation:

I:min - FO

Fi=Fot 3

([S]+ [P+ Ky —

JUS]+ [P] + K% — 4[S][P]]

where F; = intensity at any pointFo = intensity of free
SH3,Fmin = minimum intensity, [S}= concentration of SH3,
[P] = concentration of peptide, andy = dissociation
constant.

RESULTS

p-PIX-SH36-PAK StructureBackbone resonances of the
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Table 1: Experimental Restraints and Structural Statistics

[5A3 BAY

no. of exptl restraints
unambiguous
ambiguous 761
dihedral restraints 33
3JnnHe couplings 49
coordinate precision
RMSD of backbone atoms
(8—63; 186-196) (A)
RMSD of heavy atoms
(8—63; 186-196) (A)
RMSD from exptl restraints
NOE distances (&)
TALOS dihedral angles (deg)
8JunHe couplings (Hz)

0.83+0.22 0.54

1.36+0.26 1.05

0.03& 0.004 0.030

0.450.085 0.47
0.53:0.031 0.51

SH3 domain in the complex were assigned using triple RMSD from idealized geometry

resonance methodology (reviewed in 129). Side chain

resonances of the SH3 were assigned using (H)CC(CO)NH,
(H)CCH-COSY, and®N-edited TOCSY experiments. PAK

peptide resonances were assigned usi@'>N-rejected

bonds (A) 0.0026t 0.00021 0.0027

angles (deg) 0.38 0.021 0.37

impropers (deg) 0.2%-0.018 0.28
final energy

E_ -5 (kd/mol) —766.78+13.12 —757.78

TOCSY and NOESY experiments, as well as homonuclear Ramachandran analysis

2D TOCSY, NOESY, and DQF-COSY. NOEs were mea-

residues in most favored 70.6 68.5

sured from the following spectra!®N-separated NOESY regﬁ,%'gg?n(‘?jdmona”y 23.7 30.1
(512 NOEs); 2D'H—'H NOESY (1845 NOEs);'3C- allowed regions (%)
separated NOESY (1553 NOEs}C,*N-filtered, 3C- residues in generously 34 0.0
separated NOESY (31 NOESs). allowed regions (%)

residues in disallowed 2.2 14

Initial structures were calculated using 2549 NOE restraints
(of which 761 were ambiguous and 1788 were unambigu-
ous), 33 pairs of Ioo;e torsion an.gle r_eStra‘,IntS from TALOS, ,, [SAL represents values for the structure that is closest to the mean.
and 49°Jun-wa couplings. After eight iterations, there were  cThe Lennard-Jones potential was not used at any stage in the
1494 unambiguous NOEs and 172 ambiguous, hondegeneratesfinement.

NOEs. In the final structure calculation, 100 structures were
calculated for each round and the 30 with the lowest energy less well defined in the structure (19499), whose reso-
selected for analysis. nances are broader than the rest of the peptide (Figure 2).

The structure of the PIX-SH&/PAK peptide complexis  This region is also involved in the interaction. Pro-194 and
well defined by the NMR data and has good covalent Lys-198 both contact residues on the SH3 domain, It appears,
geometry (Table 1). The SH3 domain forms a regular SH3 however, that residues 19997 do not make any interactions
fold, with a central five-strande@tsandwich and g-hairpin in the complex (Figures 2 and 3).
between strands 1 and 2 (the RT loop) (Figures 1 and 2). In several other SH3/peptide complexes, residues C-
SH3 domain ligands are asymmetric and have been classifiederminal to the conserved basic residue are required for high-
into class | and class Il types, with the consensus sequences(ffinity binding, due to their interaction with residues in the
RxxPxxP and xPxxPxR, respectivels). The a-PAK RT loop of the SH3 domain (Figure 1). The Csk SH3 domain
peptide binds as a class Il ligand to an interface that is binds to the PEP tyrosine phosphatase via a regular PXXPXR
predominantly composed of hydrophobic residues in the RT motif, but there are also two hydrophobic residues C-terminal
loop and the loops between strands 2 and 3 and betweerto this, which increase both the affinity and specificity of
strands 4 and 5 (Figures 1 and 3). The peptide used in thisthe interaction 6). The Gads SH3 domain interacts with a
study was equivalent t@-PAK residues 183204. The line peptide from SLP-76, which contains a motif that binds the
widths and NOE patterns in the 2D spectra indicate that SH3 domain in the same manner as XPxxPxR and a
residues 183185 and 206-204 are unstructured (data not C-terminal RxxK motif 87). The p67"*SH3 domain seems
shown). Resonances corresponding to residues 198 had to require 20 residues C-terminal to the PxxP motif for high-
larger line widths than the rest of the peptide. These residuesaffinity binding to p4P"ox (38).
are likely to be undergoing conformational exchange on a  Effects of Phosphorylation on PIX-SH3/PAK Interactions.
millisecond to microsecond time scale. These four residuesThe interaction between PAK and both PIX and Nck is
are necessary for the high-affinity binding between PIX and modulated by PAK phosphorylation, and it has been sug-
o-PAK peptides: mutations of His-196 or Thr-197 or gested that this allows PAK to be released from focal
removal of residues 19804 decreases the interaction to complexes and recycled to the cytoplasd®)( The PAK
30—40% that of wild type 17). Our NMR data show that  peptide we have used in this study includes two phospho-
residues 206204 are highly flexible and that they do not rylation sites, at Ser-199 and Ser-204. Our NMR data show
make any interactions with the SH3 domain. that Ser-199 is in closer contact with PIX-SH3, so that its

Theo-PAK peptide does not form a left-handed PPII helix, phosphorylation is most likely to affect binding. We therefore
as do many Pro-rich SH3-binding peptides. Rather, it is madeinvestigated the effects of phosphorylation at this residue
up of three turns, comprising residues 13639, 188-191, on the interaction between PIX-SH3 and ti® AK peptide
and 196-193. These turns are followed by a region that is using the intrinsic fluorescence of the three SH3 Trp residues,

regions (%)

a[SAlrepresents the average RMS deviations for the ensemble.
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A 10 20 30 40
I m_m v v
PIX_SH3/8-63 QLVVRAKEINFIaQT NED[EL|S[FISK[GIDVIHVTRVEEG
SRC HUMAN/B5-142 VTTFVALMIDI¥YJESRTIETDL|S|FIKK|GIER[L|QI VNNTEG
GRP2_MOUSE/265-320 VRWA RALMID|FEAL E[EDEL|GIFIRS|GIEV[VEVLDSSNP
CSK_HUM/11-68 GTECI AKYNEIHGTAE/QDLIPIFICKIGDV[LITI VAVTKD
50 60
1 -V IV IV I I
PIX_SH3/8-63 . EGTLNG. . RT[GWFP|S[NYV|REV
SRC_HUMAN/g5-142 . LAHSLSTGQT|GYI P|SINYVIAPS
GRP2_MOUSE/265-320 . TGRLHN. . KLIGLFP/AMY VAPM
CSK_HUM/11-68 PNWYKAKNKVG. REIGI | PIAINY VIQKR
B PAK (PIX) PV PRPEHTIKS
SRC peptide P - P R
SLP-76 (Gads) s - - DRSTIKP
PEP-3BP1 (CSK) P - ERTPESFIV

Src Consensus -x - -x R

Binding pocket | ] ]]

Ficure 1. Sequence alignments showing the four binding pockets involved in the different types of SH3/peptide interactions. Conserved
residues are boxed in all sequences. (A) The location of SH3 residues in the binding pockets are fdbedtbVe the sequences and

colored as follows: pocket I, blue; pocket Il, red; pocket Ill, yellow; pocket IV, green; pockets | and Il, purple; pockets Il and Ill, orange;
pockets Il, 1ll, and IV, cyan. The residue numbering above the alignment is that of PIX-SH3. Yellow arrows denote the position of the
p-strands in PIX-SH3. (B) The peptide-binding partners of the SH3 domains shown in (A), whose structures have been determined in
complex with the SH3 domains. The residues that bind in the SH3-binding pockets shown in (A) are colored as follows: pocket I, blue;
pocket Il, red; pocket Ill, yellow; pocket IV, green. The canonical Src peptide consensus sequence is shown underneath the peptide sequences.
This binds to only three pockets on the Src SH3 domain, and the residues responsible are indicated in the same colors.

1190 R193

Ficure 2: The PIX-SH3/PAK peptide structure. On the left are
the lowest energy 30 structures (out of 100 calculated), and on the
right is the structure that is closest to the mean. The PIX-SH3
domain is shown in cyan and the PAK peptide in yellow. Residues
8—63 of the SH3 domain and 18896 of PAK are shown.

two of which are involved in the interaction with PAK
(Figure 4A). The fluorescence maximum of free PIX-SH3
was at 347.5 nm, which decreased in intensity and blue
shifted when the PAK peptide was added. The intensity at
347.5 nm was plotted against the total peptide concentration

to evaluate thes. This gave an average, of 7.5+ 0.3 Ficure 3: Side chains of PIX-SH3 and PAK peptide involved in

#M. This value is higher than that measured previously by the interaction. PIX-SH3 is shown in cyan with green side chains,
surface plasmon resonance with GST PIX-SH3 and GST and the PAK peptide is shown in yellow with violet side chains.

PAK (183—-204) (17). It is possible that the difference is The side chains are shown as sticks for clarity and are labeled with
due to the effects of GST dimerization, which could make Oneflettelf ngesth(??r?tig;]aecsti grt] wﬁhcl;t&f rgiﬂgsfgfr téfariﬁ:; pgl;istide
the affinity appear higher. A value of 7/M is closer to ~ 2f€ INVOIVEQ I : . -H3, o Lys-
that expected for most SH3/peptide complexa®.(When 198, which forms a salt bridge with Glu-39 of the SH3.

the fluorescence titration was repeated with peptide that wasto GIT1/PIX complexes in vivo when it is phosphorylated
phosphorylated at Ser-199, the measufgdad increased  (39). It was shown previously that mutation of Ser-199 to
to 43+ 4 uM. Thus, the phosphorylation of the PAK peptide Glu, which could mimic the effect of phosphorylation, had
reduces the affinity for PIX-SH3 by 5.8-fold. This is only a small effect on the interaction withP1X, decreasing
consistent with data that show that PAK is no longer recruited the affinity by 30% (7). The discrepancy between this and
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A surface area in the complex is 844.2689 A2 calculated
over the structured regions of the SH3-@3) and peptide
(186—-199). The typical Src SH3/peptide complexes bind
peptides with a lower affinity, withKys often more than 10

uM (35), and bury a smaller surface area (e.g., 665dk
Src/peptide: PDB code 1prl). The high-affinity SH3/peptide
complexes, such as Gads/SLP-¥g & 240 nM), bury a
larger surface area (10172APDB code 1h3h). Thus, the
PIX/PAK interaction is of intermediate affinity. One of the
guestions that remains to be answered about the various SH3/

g
|

Fluorescence Intensity at 347.5 nm

160 —
140_‘ Non-pnosnAié'd"'“"“'“ ................ R peptide _co_mplexes_is how gpecifici_ty is achieved When_so
| peptide % many similar Pro-rich peptides exist that appear to bind
L A NS B e multiple SH3 domains with essentially the same, relatively
0 50 100 150 200 250 low, affinity. It is possible that PIX-SH3 would not bind to

Peptide concentration (M)

multiple peptides, since its mode of binding PAK is atypical,
but this requires further investigation.

Like the SLP-76/Gads and Csk/PEP interactions, the PAK
peptide binds PIX-SH3 via four pockets on the SH3 surface
(Figure 3). The first of these pockets, lined by residues Phe-
15, Asn-58, and Tyr-59, contacts Pro-186 and Pro-187, where
Pro-187 is equivalent to the first “P” in the x-P-x-x-P-x-R
sequence of a type Il SH3-binding motif. Most of the contacts
are made by Pro-186. The second hydrophobic pocket on
the SH3 is composed of residues Phe-17, Gly-42, Trp-43,
Pro-56, Asn-58, and Tyr-59 and is responsible for binding
lle-190 and Ala-191. Ala-191 is the residue equivalent to
the second Pro in an x-P-x-x-P-x-R motif. Mutation of lle-
190 to Ala is sufficient to decrease the binding of the peptide
to ~20%, while mutation of Ala-191 to Gly only decreases
the binding to~60% (7). The side chain of lle-190 fits
well into the pocket, making contacts with Phe-17, Trp-43,
Pro-56, and Tyr-59. Replacement of the lle-190 branched
side chain with an Ala would leave a gap in this binding
FiGUure 4. Effect of PAK peptide phosphorylation on the PIX-  pocket, which is likely to be energetically unfavorable. The

SH3 interaction. (A) Analysis of the PIX-SH3/PAK peptide side chain of Ala-191, in contrast, contacts Gly-41, Gly-42,

interaction by steady-state fluorescence in the presence and absenc, ) : : : :
of phosphorylation at Ser-199. The data shown are representativegnd Trp-43. It is possible that the presence of this pair of

of three experiments. The fluorescence intensity at 347.5 nm (the ClY residues means that replacement of the Ala methyl group
intensity maximum of PIX-SH3) was plotted against the concentra- With a proton (in the Ala— Gly mutant) can be accom-
tion of added peptide. The data were plotted and analyzed usingmodated by a reorientation of the SH3 main chain, explaining
GRAce. (B) Interaction of PAK Ser-199 with the PIX-SH3 domain. the |ack of effect of the mutation. The third binding pocket

PIX-SH3 is shown in cyan, and the PAK peptide is shown in . . . . .
yellow. The side chains are depicted in a ball-and-stick representa—On the SH3 is responsible for interacting with the conserved

tion, with the sticks in cyan and yellow, respectively, and the balls basic residue (Arg-193), which is present in all SH3-binding
colored black (carbon), red (oxygen), or blue (nitrogen), overlaid peptides. The pocket is lined by the side chains of Thr-20,
with a semitransparent space-filling representation. Asn-21, Glu-24, and Trp-43, with the acidic residue in a

) ] . position to make ionic interactions with the side chain of
our results W!th phosphopep_tlde may be_ because muta'tlonArg_193_ The fourth binding pocket in PIX-SH3 is atypical
to Glu only introduces a single negative charge, while 5nq s not observed in classical SH3 complexes, such as Src
phosphorylation introduces two. Thus, the actual, in Vivo (41) |y PIX-SH3, this pocket interacts with residues at the
modification is sufficient to change the affinity significantly. = _terminus of the PAK peptide, mainly Lys-198. The

Phosphorylation has been shown to regulate SH3/peptidemethylenes in the side chain of Lys-198 interact with a
interactions in other systems, for example, the Grb2/SH3 hydrophobic pocket lined by Trp-43, Trp54, and Gly-41,
interaction with Sos 40). Interestingly, the interaction \ynile the amine group makes a salt bridge with Glu-39. This
between PAK and Nck is also disrupted by phosphorylation, hocket also buries part of Pro-194. Mutation of this Pro to
although in this case the phosphoserine is only three residues|4 is also sufficient to decrease the binding of the peptide
C-terminal to the conserved basic residue. to ~20% that of wild-type peptidel). The Gads SH3

domain also has a hydrophobic pocket, in this case lined by
DISCUSSION Trp-300 (equivalent to Trp-43 in PIX) and Leu-3137].

We have shown that PIX-SH3 binds to thePAK This pocket in Gads also interacts with a Pro residue in the
nontypical, Pro-rich peptide in a minus (or type Il) orienta- SLP-76 peptide, which is in an analogous position to Pro-
tion. Thea-PAK does not form a left-handed PPII helix and 194 in the PAK peptide. Despite the similarity between the
makes contacts with the SH3 domain through four hydro- C-terminal ends of the SLP-76 and PAK peptides (a basic
phobic pockets on the surface of the SH3. The total buried residue followed by a Pro), the remainder of the peptide




10982 Biochemistry, Vol. 44, No. 33, 2005

Mott et al.

sequences are quite different: SLP-#6APSIDRSTKP; REFERENCES

PAK = PPPVIAPRPEHTKS. The PIX-SH3/PAK interaction
thus has features in common with the RxxK motif SH3/
peptide complexes, but it is also distinct. 2.

Thus, the structure reveals that residues C-terminal to the
Pro-rich core of the peptide are required for the interaction,
for example, Lys-198, which makes an ionic interaction with
Glu-39 of the SH3 domain. The interaction between this 4.
C-terminus and the fourth binding pocket contributes sig-
nificantly to the affinity between PAK and PIX, since
truncation of the peptide at Thr-197 decreased the affinity
to ~30% (17). The importance of the C-terminus of this 6.
peptide is reinforced by the consequences of phosphorylation
on peptide binding. We have quantified the effects of
phosphorylation of Ser-199 of PAK in vitro and shown that
it leads to a 6-fold decrease in the affinity between the PAK 8.
peptide and the PIX-SH3 domain. This change in affinity
could be responsible for the lack of recruitment of PAK to
GIT1/PIX complexes once it is activated and phosphorylated. 9.

There were no intermolecular NOEs observed between
Ser-199 and PIX-SH3 in our NMR spectra. Examination of
the structure, however, shows that Ser-199 is close to an 10.
acidic patch on the surface of PIX-SH3 (Figure 4B)
composed of the side chains of Asp-23 and Glu-24. Glu-24
makes a salt bridge with the side chain of Arg-193 in the
PAK peptide. The effects of the addition of the phosphate
group (and thus two negative charges) to Ser-199 are likely
to be 2-fold. First, charge repulsion will cause Asp-23 and
Glu-24 to be pushed away from the peptide, destabilizing
the salt bridge between Glu-24 and Arg-193. This would
lead to Arg-193 being free to form an intramolecular salt
bridge with the phosphoserine. The overall effect will be a
rearrangement of the charges in this region and the removal
of one of the crucial intermolecular interactions. 14.

The residues important for the interactions described here
are conserved between the mammalian PAK isoform8 1 15
and the mammalian- and-PIX homologues. DPAK and
the Drosophila melanogastenomologue of PIX also have
these residues conserved, suggesting that this interaction is ¢
conserved. TheCaenorhabditis elegan® AK/PIX homo-
logues have several compensating changes compared to the
human versions of the proteins. In CePAK, the equivalent
residue to Pro-186 is a Val while Ala-191 is changed to a
Pro. These residues are packed on either side of Asn-58 from
PIX-SH3. In CePIX this Asn is changed to an Ala side chain, 18-
whose smaller size should compensate for the effect of the
replacement of Ala-191 with a bulkier Pro. Interestingly, Lys-

198 is replaced by a Leu in CePAK, so it can no longer 19.
form a salt bridge with Glu-39. Glu-39, strictly conserved
in mammalian andD. melanogasterPIX-SH3s, is cor-
respondingly replaced by its uncharged equivalent, Gin, in
CePIX. The Leu equivalent in CePAK could still be partially
buried by the residues equivalent to Trp-43 and Trp-54,
which are conserved.

The PIX/PAK interaction between PIX-SH3 and the
atypical Pro-rich peptide from PAK not only is important
for PAK localization via the PIX/PKL interaction but also
is implicated in PAK activation and nucleotide exchange of
Rac and Cdc42. PAK activation leads to autophosphorylation
of PAK at Ser-199, which then decreases the affinity for
PIX. The PIX/PAK interaction thus drives PAK to cycle oo
between focal complexes and the cytosol.
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