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Summary

The neuronal protein FE65 functions in brain development and Amyloid Precursor Protein (APP)
signaling through its interaction with the mammalian enabled (Mena) protein and APP, respectively.
The recognition of short polyproline sequences in Mena by the FE65 WW domain plays a central
role in axon guidance and neuronal positioning in the developing brain. We have determined the
crystal structures of the human FE65 WW domain (residues 253-289) in the apo form and bound to
the peptides PPPPPPLPP and PPPPPPPPPL, which correspond to human Mena residues 313-321
and 347-356, respectively. The FE65 WW domain contains two parallel ligand-binding grooves, XP
(formed by residues Y269 and W280) and XP2 (formed by Y269 and W271). Both Mena peptides
adopt a polyproline helical 11 conformation and bind to the WW domain in a forward (N-C)
orientation through selection of the PPPPP motif by the XP and XP2 grooves. This mode of ligand
recognition is strikingly similar to polyproline interaction with SH3 domains. Importantly,
comparison of the FE65 WW structures in the apo and liganded forms shows that the XP2 groove is
formed by an induced-fit mechanism that involves movements of the W271 and Y269 side chains
upon ligand binding. These structures elucidate the molecular determinants underlying polyproline
ligand selection by the FE65 WW domain and provide a framework for the design of small molecules
that would interfere with FE65 WW-ligand interaction and modulate neuronal development and APP
signaling.
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Introduction

FE®65 is expressed predominantly in the brain, where it plays critical roles in cortical
development and APP signaling.1 FEG5 possesses a WW domain (FE65 WW hereafter) and
two phosphotyrosine-binding (PTB) domains with distinct binding specificities. The FE65
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WW recognizes polyproline sequences present in several proteins, including the c-Abl tyrosine
kinase,~ the mammallan homolog of the Drosophila protein enabled (Mena), 3 and the neuronal
P2X, receptor. 4 The FE65 PTBL binds to the histone acetyltransferase TIP60, 5 the
transcription factor CP2, 6 and the cytoplasmic domains of the low density lipoprotein receptor-
related proteln7 and ApoER?2 receptor, 8 whereas PTB2 interacts with the APP intracellular
domain.? The multi- -protein complexes resulting from FE65-mediated mteractlons underlie the
function of this protein in regulation of neuronal growth cone motlllty 0,11 ATP-mediated
synaptic transmission, learning and memory 12 app processing, 13-15 and transcriptional
regulation of gene expressmn.5 16-22 The FE65 WW is essential for many of these functions.
In particular, the FE65 WW-mediated interaction with Mena plays a central role in axonal
g;ovvth cone dynamics, axon guidance, and neuronal positioning in the developing brain.23~

WW domains, named for two conserved tryptophan residues (Figure 1(a)), are highly compact
protein-protein interaction modules that fold into stable, slightly curved, three-stranded
antiparallel B-sheet structures.28-31 These domains interact with short proline-rich sequences
and are found in proteins of diverse functions, including regulation of transcription, RNA
processing, ubiquitin ligation, protein trafficking, receptor signaling, and control of the
cytoskeleton.z&32 WW domains were initially categorized into four groups based on their
ligand-binding specificity. Group | binds polypeptides with the core consensus PPXY (PY
motif), where X can be any residue; group Il recognizes the sequence PPLP (PL motif); group
I11 selects for proline-rich sequences with arginine residues (PR motif); and group IV interacts
with phospho(serine/threonine)-proline containing peptides (pS/pTP motlf) 8 The concave
surface of the WW domain contains a series of exposed, nearly parallel aromatic residues,
forming a hydrophobic cavity that receives the polyproline peptide. Group | and IV domains
have a single groove formed by two highly conserved aromatic residues (typically a tyrosine
in B2 strand and a tryptophan in 3 strand), which receives the XP residues of the peptide (XP
groove). 28,29 By contrast, group Il and 11l WW domains have an additional groove, XP2,
which is formed by the conserved tyrosine and an aromatic residue in 2 strand. 33,34 1 this
respect, groups Il and 111 are more similar to SH3 domains, which have two successive XP
grooves, suggesting that these structurally and evolutionary unrelated protein modules have
converged on a similar mechanism for polyproline recognition. Based on the distinct structural
features and similar binding specificities of group Il and Il WW domains, including
recognition of uninterrupted polyproline sequences (PPPPP) in addition to PL and PR motifs,
it was recently proposed that these groups be merged into a larger class /.3

Structural studies of WW domains bound to thelr cognate ligands, including the crystal
structures of dystrophm (group I) and Pin137 (group 1V), and the solution structures of
YAP65,38 Nedd4,39 40 and Smurf241 (group 1), and FBPll33 34 (group H/11T) WW-peptide
complexes, provided insights into the molecular mechanisms underlying ligand selectivity by
these modules. The peptides adopt a polyproline 11 (PPII) helical conformation with core
proline residues packing against the XP and XP2 grooves and carbonyl oxygen atoms hydrogen
bonding with WW residues. Interactions between residues outside the ligand core motif and
variable Ioops of the WW domain, as well as adjacent domains, contribute to the specificity
and affmlty 9,30,41 Importantly, WW domains can bind to ligands in opposite orientations,
as was first observed with SH3 domains.#2:43 For example, the Pinl WW binds to the ligand
inan N-C or “+” orlentatlon 37 whereas the dystrophin WW interacts with the peptide ina C-
N or “~" orientation 6 because of a twofold rotational pseudosymmetry in the shapes and
hydrogen bonding networks of the WW grooves and PPII helices.29

Insights into the architecture of the XP and XP2 grooves of group I1/111 domains were obtained
from the solution structure of FBP11 WW1 bound to a peptide having the core sequence PPLP.
34 A prominent feature of this structure is the non-parallel arrangement of the XP2 and XP
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grooves, with the former being occupied by the pair PP and the latter receiving the residues
LP. However, because this is currently the only structure of a group I1/I11 WW domain, it is
not clear whether the observed orientation of the XP and XP2 grooves is a common feature of
all members of this group. The FE65 WW in particular, is distinct from other group I1/111
domains because it has a tryptophan (W271) instead of a tyrosine in the B2 strand that forms
the XP2 groove (Figure 1(a)), suggesting that the size and orientation of this groove might be
different. Therefore, structures of the FE65 WW and other group 11/111 WW domains bound to
their ligands will advance our understanding of the molecular basis underlying ligand
recognition by these protein modules.

Here we report the atomic structures of FE65 WW in the apo form and bound to two polyproline
peptides from human Mena, which represent the first high-resolution crystallographic analysis
of a group 1I/1I1 WW domain. The FE65 WW contains two parallel ligand-binding grooves,
XP and XP2, the latter being formed by an induced-fit mechanism. These grooves select for
the PPPPP motif of the Mena peptides using a mechanism strikingly similar to that of
polyproline recognition by SH3 domains. These structures will facilitate the design of small
molecules that could modulate the function of FE65, with possible clinical applications.

Results and Discussion

Structure determination

We expressed a protein fragment of human FE65 (residues 253-289), which encompasses the
WW domain, as a glutathione S-transferase (GST) fusion in Escherichia coli cells, purified it
by affinity chromatography, and released the FE65 WW from the GST moiety by digestion
with the tobacco etch virus (TEV) protease. The FE65 WW protein was further purified by
size exclusion chromatography. The purified protein formed multimeric complexes in solution,
as judged by size exclusion chromatography and dynamic light scattering experiments (data
not shown), and it was crystallized by the sitting-drop vapor-diffusion method. Initial attempts
to determine the crystal structure of the apo FE65 WW by molecular replacement using other
WW structures as search models failed (data not shown). The structure was determined by
single-wavelength anomalous dispersion (SAD) methods of selenomethionine (SeMet)-
substituted crystals. The structure was refined to 2.28 A resolution with a crystallographic
factor Rryst 0f 21.6% and an Ryree 0f 28.2% (Table 1). Interestingly, there are eight molecules
(A-H) in the asymmetric unit that adopt two distinct conformations (see below). We also
crystallized the FE65 WW bound to the peptide Mn10 (PPPPPPPPPL), corresponding to
residues 347-356 of human Mena, and determined the structure by multiwavelength
anomalous dispersion (MAD) methods, using crystals of Mn10 bound to SeMet-substituted
FE65 WW. The crystal structure was refined to 1.33 A resolution with an Reryst 0f 17.2% and
an Rgree 0f 21.4%. Using this structure as a search model, we also solved by molecular
replacement the crystal structure of the FE65 WW bound to the peptide Mn9 (PPPPPPLPP)
spanning Mena residues 313-321, and refined it to 1.35 A resolution with an Reryst of 19.2%
and an Rgree 0f 22.4%. Both FE65 WW-Mn9 and FE65 WW-Mn10 crystals have one molecule
in the asymmetric unit.

Crystal structure of FE65 WW in the apo form

The FE65 WW adopts the typical WW fold, comprising an antiparallel B-sheet formed by three
B-strands (B1—B3) and two short loops (L1 and L2) (Figure 1(a) and (b)). At the convex surface
of the B-sheet the conserved aromatic residues Y270 and W259 stack against P282 and the
invariant P283, respectively, forming a hydrophobic cluster that stabilizes the fold (Figure 1
(b)). This hydrophobic core is shielded from the solvent by L255 and P256 and it brings together
the N and C termini, generating a domain that can be transferred as a functional unit between
proteins. The concave ligand-binding surface contains two distinct grooves, XP and XP2. The
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canonical XP groove is formed by Y269 and W280 and its size is determined by the L1 loop,
which is essentially a short -turn, and T278 in 3 strand. The XP2 groove is formed primarily
by Y269, W271, and V262. In loop L2, H272 stacks against P274 exposing the hydrophobic
side chain of 1273, which in turn restricts the movement of the W271 indole ring and indirectly
influences the XP2 groove. Because the FE65 WW has only twenty residues between the
conserved W259 and W280 (Figure 1(a)), its H272 has shifted towards the N terminus by one
residue compared to other WW domains and as a result, its imidazole ring lies below the -
sheet. By contrast, the corresponding histidine in group I WW domains lies above the B-sheet

%gdsréﬂilcipates in ligand recognition by hydrogen bonding with the tyrosine of the PY motif.

Formation of the FE65 WW XP2 groove by an induced-fit mechanism

Superimposition of the eight molecules present in the asymmetric unit shows that they are
grouped into two distinct conformations (Figure 1(c)). Molecules B, C, E, and H adopt a
conformation in which the XP2 groove is unoccupied and the side chains of W271 and Y269
are approaching each other, effectively closing this groove (Figure 1(c) and (d)). By contrast,
molecules A, D, F and G have a PEG400 molecule (from the crystallization solution) bound
to the XP2 groove, resulting in a rotation of the W271 indole ring plane by an average of 60°
relatively to the unbound one (Figure 1(c) and (e)). The phenyl ring of Y269 is also displaced
by ~1.5 A, effectively increasing the width of the XP2 groove to accommodate the ligand.
Sequence alignment shows that W271 corresponds to smaller aromatic residues (Tyr or Phe)
in other group 11/111 and 1V domains and hydrophobic residues in group | domains (Figure 1
(a)). Notably, mutation of the corresponding leucine (L190) to tryptophan in the YAP65 WW1
domain shifts the specificity of this domain from group | to that of group 1144 The present
crystal structure provides an explanation for this switch and elucidates the molecular basis for
the important role of the W271 indole ring in the formation of the XP2 groove by an induced-
fit mechanism.

Structural determinants of polyproline recognition by FE65 WW

It was previously shown that the human Mena polyproline sequences spanning residues 313—
321 and 347-356 are ligands for the FE65 WW.3 To evaluate the contribution of these motifs
to the Mena interaction with FE65 WW, we synthesized the peptides Mn9 and Mn10 that
correspond to these regions and determined their binding affinities for FE65 WW using
isothermal titration calorimetry. FE65 WW binds to Mn9 and Mn10 peptides with dissociation
constants 124 + 9.5 uM and 116 * 6.5 uM, respectively (Figure 2). The obtained micromolar
affinities are in agreement with previously measured affinities for other WW-ligand
complexes,45 and are thought to underlie the formation of transient complexes by these
modules during dynamic cellular processes.

The structural basis for the specificity and affinity of the FE65 WW-Mn10 interaction was
elucidated by the crystal structure of this complex (Figure 3(a) and (b)). The peptide adopts a
PPII helix and each of the XP and XP2 grooves is occupied by two proline residues: P5'P6’
insert into XP2 and P8'P9’ occupy XP (peptide residues denoted with primes hereafter). The
residues P1'-P4’ extend beyond the WW molecule (Figure 3(a)), with P1'P2’ contacting the
loop L2 of an adjacent crystallographic molecule. Notably, the side chain of L10’ faces toward
the solvent and does not make any contacts with the protein (Figure 3(a)). The XP2 groove is
in the open conformation, as observed in the PEG400-bound FE65 WW. Indeed, the W271
and Y269 side chains of FE65 WW bound to Mn10 superimpose almost exactly with the
corresponding side chains of the PEG400-bound FE65 WW, indicating that an induced fit
mechanism underlies polyproline ligand recognition by FE65 WW. Importantly, the separation
of the two grooves by Y269 and T278 necessitates the presence of a spacer residue between
the two pairs of prolines that occupy the grooves. Although in the FE65 WW-Mn10 complex
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the spacer is proline (P7"), this position could be occupied by any amino acid (X) without
breaking the PP1I conformation, indicating that the sequence PPXPP is the general recognition
motif of FE65 WW.

Because the Mn10 peptide does not contain an intact PPLP motif, previously reported to be
recognized by the FE65 WW,3 we also determined the crystal structure of the FE65 WW bound
to the peptide Mn9 that contains this sequence. Surprisingly, the XP and XP2 grooves of FE65
WW also bind to the PPPPP and not to the PPLP motif (Figure 3(c)). Like Mn10, the Mn9
peptide also forms a PPII helix, with P1'P2’ residues inserting into XP2 and P4'P5’ occupying
the XP groove, further corroborating the notion that the FE65 grooves have a stronger
preference for proline rather than leucine residues. It appears that the small size of the FE65
XP groove, which is determined by the short loop L1, plays an important role in the selection
of the pyrrolidine ring of proline over the bulkier isobutyl group of a leucine residue. By
contrast, the longer L1 loop of FBP11 WW1 generates a larger XP groove that can
accommodate a leucine residue. Nevertheless, in the FE65 WW-Mn9 structure the side chain
of L7’ clamps the indole group of W280 outside the XP groove, providing additional
stabilization to the complex (Figure 3(c)).

Superposition of the FE65 WW-Mn10 and FE65 WW-Mn9 complexes shows that the overall
structures are very similar (root-mean-square deviation 0.61 A for all C* atoms of the WW
region spanning L255-P283 and the atoms of the five proline residues that occupy the two
grooves). However, it is noted that the Mn10 and Mn9 proline residues occupying the XP
groove are not as well superimposed as those inserting into the XP2 pocket (Figure 3(d)), likely
reflecting the different crystal packing arrangements of the two complexes due to differences
in the crystallization conditions and/or peptide composition. Notably, the C-terminal region of
the Mn9 peptide extends beyond the WW domain and the side chain of L7’ makes hydrophobic
contacts with adjacent crystallographic molecules, resulting in a more tightly coiled PPII helix.
Notwithstanding the possible crystal lattice effects that may influence the position of the
peptide inside the XP and XP2 grooves, these structures demonstrate the flexibility of the FE65
WW grooves to accommodate slightly different positions of the ligand (Figure 3(d)). Both the
FE65 WW complexes with the Mn10 and Mn9 peptides are stabilized by similar interactions,
although subtle differences are observed in the hydrophobic contacts and hydrogen bonding
networks of the two structures (Figure 3(e) and (f)). Most notably, the carbonyl oxygen atoms
of P6" and P9’ in Mn10 (P2’ and P5' in Mn9) form direct hydrogen bonds with the hydroxyl
group of Y269 and the N1 of W280, respectively. By contrast, the O"! atom of T278 hydrogen
bonds directly with the carbonyl oxygen of the spacer residue P7' in the FE65 WW-Mn10
complex but indirectly through a water molecule with the carbonyl oxygen of P3’ in the FE65
WW-Mn9 structure.

Similarities between the FE65 WW and SH3 ligand-binding surfaces

A prominent feature of the FE65 WW-Mn10 and FE65 WW-Mn9 structures is the parallel
orientation of the XP and XP2 grooves, which is in large part due to the W271 indole ring that
forms the external wall of XP2 (Figure 4(a) and (b)). By comparison, two solution structures
of the FBP11 WW!1 bound to the peptide PPLP revealed that the XP and XP2 grooves are not
paralIeI:"’:'sv?’4 (Figure 4(c)). The FBP11 WW1 XP2 groove is formed by two tyrosine residues
(Y23 and Y25) instead of a tyrosine and a tryptophan in FE65 (Y269 and W271), and the
FBP11 grooves are nearly continuous because of the smaller side chain of S32 compared to
the T278 in FE65 WW. As a result, the FBP11 WW!1 grooves are occupied by successive pairs
of residues, without a spacer amino acid. In contrast, the parallel and non-continuous nature
of the FE65 WW grooves underlies the recognition of a ligand having two pairs of proline
residues separated by one spacer amino acid, the side chain of which makes no contributions
to the interaction.

J Mol Biol. Author manuscript; available in PMC 2009 June 9.
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The parallel orientation of the FE65 WW grooves is a novel structural feature of group 11/111
domains and is remarkably similar to the arrangement of the SH3 proline-binding grooves
(Figure 4(a) and (d)), despite the different folds of these protein modules. Indeed, superposition
of the FE65 WW-Mn10 and the Abl SH3-3BP1 crystal structures shows strikingly similar
positions of the three aromatic residues, which emanate from different secondary structure
elements in the WW and SH3 domains to form the two polyproline-binding grooves (Figure
4(e)). The almost identical spatial position of these critical aromatic triads provides strong
evidence that these evolutionary unrelated domains have converged upon a similar structural
mechanism for PPII recognition.29v46

This work presents the first crystal structure of a group 11/111 WW domain and provides
mechanistic insights into uninterrupted polyproline ligand recognition by FE65 WW at the
atomic level. A prominent feature of this domain is the presence of a second groove, XP2,
which is parallel to the conserved groove XP and is formed by an induced-fit mechanism. The
parallel and non-continuous arrangement of the XP and XP2 grooves necessitates a spacer
residue between the two pairs of proline residues, leading to the recognition of the PPXPP
sequence, where X isany residue. Remarkably, the architecture of these grooves is more similar
to that of SH3 domains than FBP11 WW1, the only other group 11/111 WW domain with known
structure, providing evidence for evolution convergence. Thus, the high-resolution crystal
structures of FE65 WW bound to polyproline ligands advances our understanding of the
principles underlying ligand selection by this versatile domain. This information will facilitate
the design of novel WW domains with desired ligand specificities and affinities, as described
previously.47’48 Importantly, the specific and low-affinity interactions of WW domains with
their polyproline ligands make them excellent targets for drug development.45 Given the
significance of the FE65 WW-mediated protein interactions in brain development and
pathogenesis of human diseases, including Alzheimer’s disease, the present work will provide
a framework for the development of small molecules that could modulate these interactions
and regulate the function of FE65, with possible clinical applications.

Experimental Procedures

Protein expression and crystallization

A DNA fragment encoding the human FE65 WW (residues 253-289) with a recognition site
for the TEV protease (ENLYFQ|G) at its N terminus was amplified by the polymerase chain
reaction method and was cloned into a modified pGEX-2T vector (GE Healthcare). The FE65
WW protein was expressed in E. coli BL21(DE3) cells as a GST fusion, purified on glutathione
Sepharose, released from GST with digestion with TEV, and was further purified by size
exclusion chromatography on a Superdex 30 column (GE Healthcare). SeMet-substituted FE65
WW protein was produced in E. coli B834 cells (Novagen) grown in M9 medium supplemented
with 40 mg/l SeMet (Sigma), and the protein was purified in the same manner as the unlabelled
protein in the presence of 5mM DTT throughout the entire purification process.

The FE65 WW protein was concentrated by ultracentrifugation to 40 mg/ml in 20 mM Tris—
HCI (pH 7.6), 150 mM NacCl, and was used for crystallization experiments by the sitting-drop
vapor-diffusion method. Crystals of FE65 WW in the apo form were obtained in 2.2 M
ammonium sulfate, 0.1 M HEPES (pH 7.5), 2% PEG400 at 20 °C. Crystals were cryoprotected
by stepwise transfer in 2.3 M ammonium sulfate, 0.1 M HEPES (pH 7.5), 10% glycerol, 10%
xylitol. The crystals belong to space group P6322 with unit cell dimensions a = b = 75.61 A,
c=226.49 A, o= B =90° y=120°. There are eight molecules in the asymmetric unit. The
crystallized FE65 WW protein includes the vector-derived residue G at its N terminus.
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For crystallization of FE65 WW-Mena complexes, the protein concentration was adjusted to
18 mg/ml in 20 mM Tris—HCI (pH 7.6), 150 mM NaCl, mixed with the peptides Mn10 or Mn9
at ~1:3 (protein/peptide) molar ratios, incubated at 4 °C for 1-2 h, and used for crystallization
by the sitting-drop vapor-diffusion method. Crystals of the FE65 WW-Mn10 complex grew
in 1.7-1.9 M ammonium sulfate, 0.1 M HEPES (pH 7.4), at 20 °C, and they were cryoprotected
in 1.8 M ammonium sulfate, 0.1 M HEPES (pH 7.4), 20% glycerol. They belong to space group
P3,21 with unit cell dimensions a=b=41.66 A, c=38.63 A, a = p =90°, y = 120°, and have
one molecule in the asymmetric unit. Crystals of the FE65 WW-Mn9 complex grew in 1.3 M
sodium citrate, 0.1 M HEPES (pH 7.6), and were cryoprotected in 1.52 M sodium citrate, 0.05
M HEPES (pH 7.6). They belong to space group P4412;2 with unit cell dimensionsa=b =
3750 A, c=78.46 A, a = p =y =90°, and there is one molecule in the asymmetric unit. The
data were processed using the HKL2000 package.49 Data collection and processing statistics
are given in Table 1.

Structure determination and refinement

The crystal structure of FE65 WW in the apo form was determined by SAD methods, using
SeMet-substituted protein and data collected on beamline X12C at the National Synchrotron
Light Source (NSLS), Brookhaven National Laboratory, Long Island, New York. The structure
of the FE65 WW-Mn10 complex was solved by MAD methods, using SeMet-substituted FE65
WW protein and data collected at NSLS, beamline X12B. Initial SAD and MAD phases were
calculated using SHELX,0 followed by several cycles of model building and refinement using
C0oO0T,%1 REFMACS5,52 and ARP/WARP.23 The FE65 WW-Mn structure was determined
by molecular replacement using MOLREP®4 and the FE65 WW-Mn10 complex as a search
model. PROCHECK?®® was used for analysis and validation of the refined structures (Table
1).

Isothermal titration calorimetry

Binding constants of FE65 WW for the synthetic peptides Mn9 and Mn10 were measured using
a VP-ITC microcalorimeter (MicroCal). Briefly, 0.71 mM Mn9 and 0.74 mM Mn10 were
titrated against 63.9 uM FE65 WW protein in 20 mM Tris—HCI (pH 7.6), 150 mM NaCl at 23
°C. Titration curves were analyzed using the program ORIGIN 5.0 (OriginLab). Protein and
peptide concentrations were determined by quantitative amino acid analysis on an ABI 420A
derivatizer/analyzer and an ABI 103A separation system (Applied Biosystems).
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APP

Amyloid Precursor Protein
GST

glutathione S-transferase
Mena

mammalian enabled
PPII

polyproline helix 11
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Figure 1.

(a) Sequence comparison of representative WW domains. The sequences of the single WW of
FEB5, dystrophin, and Pin1, the first WW of FBP11, PRP40, YAPG65, and Nedd4, and the
second WW of FBP28, were aligned using the program CLUSTAL w.56 Hyphens represent
gaps inserted for optimum alignment. The secondary structure elements of FE65 WW are
indicated at the top. Residues of human FE65 are numbered. Two conserved tryptophan
residues (after which the domain is named) are shown in white on blue background. Invariant
tyrosine residues (shown in white on red background) and bulky hydrophobic residues
(highlighted in yellow) form the XP2 groove in group I1/111 domains. Conserved threonine/
serine residues that hydrogen bond with the ligand are highlighted in green. (b) Ribbon diagram
of the FE65 WW domain. Residues that form the XP and XP2 groves are shown as yellow
stick models. The side chains of residues forming a hydrophobic core that stabilizes the fold
are shown in pink. (c) Stereo view of eight FE65 WW molecules present in the asymmetric
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unit. Superposition of these independent structures shows that they fall into two distinct
conformations highlighted in shades of green (apo form) and pink (bound to a PEG400
molecule). Note the conformational changes of the W271 and Y269 side chains in the bound
form. (d) Inthe apo form, the XP2 groove is shallow. (e) Binding of a PEG400 molecule induces
the formation of a deep XP2 groove, primarily through conformational changes of the indole
side chain of W271 and to a lesser degree of the phenyl ring of Y269. The figure was made
using PYMOL [www.pymol.org].
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Isothermal titration calorimetry results obtained for the FE65 WW interaction with (a) peptide
Mn10 and (b) peptide Mn9, as described in Experimental Procedures.
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Figure 3.

(a) Ribbon diagram of the FE65 WW bound to peptide Mn10, shown as a stick model. WW
residues critical for interaction with the peptide are shown as yellow stick models. N and O
atoms are colored blue and red, respectively. Hydrogen bonds are denoted by dashed lines. (b)
A weighted 2Fgps—Fcalc €lectron density map of the FE65 WW-Mn10 structure calculated at
1.33 A and contoured at 2c. (c) Ribbon diagram of the FE65 WW bound to peptide Mn9. Atoms
are colored as in Figure 3(a). A water molecule is indicated by a cyan sphere. (d) Superposition
of the FE65 WW (green) bound to Mn10 (yellow) with the FE65 WW (cyan) bund to Mn9
(orange) structures. For clarity, only the parts of the ligands that interact with the XP- and XP2-
forming aromatic residues of FE65 WW are shown. The figure was made using
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BOBSCRIPT®/ and POV-Ray [www.povray.org]. (e) and (f) Two-dimensional representation
of the FE65 WW interactions with the Mn10 and Mn9 peptides, respectively (made using
LIGPLOT58). FEG65 and Mena residues are colored orange and purple, respectively. Hydrogen
bonds are shown as dashed lines, hydrophobic interactions as arcs with radial spokes, and a
water molecule as a cyan sphere.
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Figure 4.

(a) Surface representation of the FE65 WW bound to the Mn10 peptide (shown as a stick
model). Semitransparent rectangles denote the parallel orientation of the XP and XP2 grooves.
(b) Schematic diagram of the FE65 WW bound to Mn10 PPII helix (shown as a triangular
prism), illustrating the parallel arrangement of the XP and XP2 grooves, the three aromatic
residues that form them, and the proline residues of the ligand that occupy them (orange
spheres). Unbound proline and leucine residues are shown as gray and cyan spheres,
respectively. (c) Surface representation of the FBP11 WW1 bound to PPLP sequence (PDB
code 2DYF), showing the non-parallel arrangement of the XP and XP2 grooves (rectangles).
(d) Surface representation of the Abl tyrosine kinase SH3 domain bound to the peptide 3BP1
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containing the sequence PPLPP (PDB code 1ABO), showing the parallel XP and XP2 grooves
(rectangles). (e) Stereo view of the FE65 WW-Mn10 structure superimposed to the Abl SH3-
3BP1 complex, showing the similar mode of PPII recognition by the aromatic triad of WW
(yellow) and SH3 (light green) domains. The Mn10 and 3BP1 peptides are shown in cyan and
pink, respectively.
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