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Abstract

Src homology 3 (SH3) domains are mediators of protein-
protein interactions. They comprise approximately 60 amino
acid residues and are found in many intracellular signaling
proteins. Here, we present the crystal structure of the SH3
domain from phosphatidylinositol 3-kinase (PI3K) in com-
plex with the 12-residue proline-rich peptide PDIR
(HSKRPLPPLPSL). The crystal structure of the PI3K SH3-
PDI1R complex at a resolution of 1.7 A reveals type I ligand
orientation of the bound peptide with an extended confor-
mation where the central portion forms a left-handed type II
polyproline (PPII) helix. The overall structure of the SH3
domain shows minimal changes on ligand binding. In addi-
tion, we also attempted crystallization with another peptide
ligand (PD1) where the residue at anchor position P is a
tyrosine. The crystals obtained did not contain the PDI1
ligand; instead, the ligand binding site is partially occupied
by residues Argl8 and Trp55 from the symmetry-related
PI3K SH3 molecule. Considering these crystal structures of
PI3K SH3 together with published reports, we provide a
comparative analysis of protein-ligand interactions that has
helped us identify the individual residues which play an
important role in defining target specificity.

Keywords: phosphatidylinositol 3-kinase; polyproline
helix; protein-ligand interaction; Src homology 3;
 stacking.

Introduction

Src homology 3 (SH3) domains are found in several proteins
involved in signal transduction pathways, cell polarization,
and membrane-cytoskeleton interactions (Koch et al., 1991;

Musacchio et al., 1992; Pawson and Gish, 1992; Pawson and
Schlessinger, 1993). SH3 domains are generally small pro-
tein domains composed of 55-70 amino acid residues. The
role of SH3 domains is to mediate protein-protein interac-
tions, for example, via binding to proline-rich motifs in the
target proteins, enabling the formation of multimeric signal-
ing complexes (Koch et al., 1991). These functions have
been extensively studied in the family of protein tyrosine
kinases, critical components of signaling pathways which
catalyze phosphorylation of tyrosine residues on protein sub-
strates, a key step in cellular signaling (Koch et al., 1991;
Hanks and Hunter, 1995; Stout et al., 2004). One prototype
family of tyrosine kinases is the Src-type tyrosine kinase
family. Members of this family consist of a unique N-ter-
minus followed by a SH3 domain, a SH2 domain, and a C-
terminal tyrosine kinase domain. The SH3 domain is known
to play a role in localization of the protein, as well as in
substrate recognition (Kaplan et al., 1994; Weng et al., 1994;
Faux and Scott, 1996). The focus of our research are various
SH3 domains that are known to negatively regulate kinase
activity because mutations in this domain often result in con-
stitutively active kinases (Franz et al., 1989; Jackson and
Baltimore, 1989; Superti-Furga et al., 1993; Rodrigues et al.,
1997). Molecular level studies of the tyrosine kinases and
their subdomains are particularly important owing to their
implications in the treatment of cancer, because kinases are
frequently overexpressed and/or hyperactive in cancer cells.

Three-dimensional structures of several SH3 domains as
well as SH3 domains in complex with physiologically rele-
vant or engineered ligands have been deposited in the Protein
Data Bank (PDB). SH3 domains recognize unique proline-
rich peptides bearing the core sequence PxxP (where x
denotes any amino acid), flanked by other residues specific
to the type of SH3 domain (Feng et al., 1994; Yu et al., 1994;
Kuriyan and Cowburn, 1997; Tran et al., 2005). The xP-
dipeptide part of the ligand peptide core sequence PxxP con-
tacts the hydrophobic pockets while a common basic residue
at position P_; (anchor position) contacts a highly conserved
acidic residue within the SH3 compass pocket and deter-
mines the binding orientation of the ligand (Feng et al.,
1994). Dependent on the binding orientation, which can be
type I or type II, positions P, and P; or P, and P_,, respec-
tively, are occupied by proline residues (for clarity on posi-
tions, see Figure 1A). The binding constants of these
peptides are rather low, in the milli- to micromolar range,
and frequently the interactions are not specific.

Previously, we identified several artificial peptide ligands
by screening a phage-displayed peptide library against the
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Figure 1 Crystal structure of the PI3K SH3 domain in complex with ligand peptide PD1R.

(A) PI3K SH3 domain is shown as ribbon structure where (3 strands (31 4—11, B2 28-33, B3 54-60, B4 64-70, B5 74-80), loops (12-27,
42-49, 61-63, 70-73), and « helices (a1l 34—41, a2 50-53) are colored red, yellow, and blue, respectively. Two 3,, helices (45-47, 70-73)
are shown within the loops in dark blue. Residues 3—11 of the ligand peptide (with side chains) are shown as stick model and colored by
element: carbon, yellow; nitrogen, blue; oxygen, red. The peptide interacts in a class I orientation, where the central part adopts a left-
handed type II polyproline (PPII) helix. The amino acid sequence of the peptide PDIR is 'HSKRPLPPLPSL'? (B) Superposition of crystal
structures of the PI3K SH3 domain bound to PDIR (red) and the free PI3K SH3 domain (yellow, PDB ID 1PHT). Note the residues in
n-Src loop that shows conformational differences; side chains of selected residues are shown in stick mode.

lymphocyte specific kinase (Lck) SH3 domain (Tran et al.,
2005). Most of the selected peptides follow a Class I
(+XXPXXP) consensus (where + is a basic residue, X is
any amino acid, and P is the conserved residue Pro), although
none of these contains the very common positively charged
amino acid at position P (Feng et al., 1994; Musacchio,
2002). The binding affinities of the dominating peptide
named PD1 (HSKYPLPPLPSL) to SH3 domains from Lck,
Hck, Fyn, Src, and PI3K vary in a broad range between
0.2 wMm and 120 M (Schmidt et al., 2007; Stangler et al.,
2007). The tightest complex formed is between PD1 and Hck
SH3, and the weakest between PD1 and the SH3 domain
from PI3K. We have reported the solution structure of the
high affinity complex between Hck SH3 and the PD1 pep-
tide, where the P_; anchor position is occupied by a Tyr res-
idue instead of the common basic residue, and which
revealed novel interaction modes (Schmidt et al., 2007). A
PD1 variant named PD1R (HSKRPLPPLPSL), which carries
the common Arg anchor instead of P_; tyrosine, binds to the
SH3 domains of Lck, Hek, Src, Fyn, and PI3K kinases with
binding constants from 0.5 wMm to 40 w™m (Schmidt et al.,
2007; unpublished results). Compared with the peptide PD1,
affinity of PDIR varies in a smaller range. The tightest
PDIR complex is formed with Hck SH3, the weakest with
the SH3 domain of PI3K.

Here, we present the crystal structure of the SH3 domain
from phosphatidylinositol 3-kinase (PI3K) in complex with

the peptide PDIR at 1.7 A resolution. PI3K belongs to the
lipid kinase family and is a heterodimer consisting of a reg-
ulatory subunit p85 that contains one SH3 and two SH2
domains, and a catalytic subunit p110 that contains the lipid
kinase domain (Otsu et al., 1991; Skolnik et al., 1991; Hiles
et al., 1992). When activated by growth factor stimulation,
the catalytic subunit of PI3K phosphorylates phosphatidyl-
inositols at the D3 position of the inositol ring. PI3K plays
important roles in a diverse number of cellular functions
including cell growth, proliferation, differentiation, motility,
and vesicle transport (Fruman et al., 1998; Katso et al.,
2001; Knight et al., 2006). Structural investigation of the
PI3K SH3 domain in complex with peptide PDIR is
expected to first elucidate the molecular interactions
involved in binding, and second to shed light on the issue
of affinity and specificity of ligand binding to SH3 domains
in general.

Both X-ray and solution structures of the PI3K SH3
domain have been determined previously (Booker et al.,
1993; Koyama et al., 1993; Yu et al., 1994; Liang et al.,
1996). However, no structure of a ligand-bound complex of
the PI3K SH3 domain is available in the PDB database. With
a focus on the crystal structure of PI3K SH3 domain in com-
plex with PDIR, we provide a comparative analysis of pro-
tein-ligand interactions that will enhance our understanding
of the molecular determinants of binding specificity of these
versatile adaptor modules.
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Results and discussion

Overall structure

The crystal structure of the SH3 domain from human PI3K
kinase (residues 1-83) in complex with the PDIR peptide
("HSKRPLPPLPSL'?) (Figure 1A) has been determined at
1.7 A resolution (Table 1). The final atomic model contains
two chains, a SH3 domain with residues 2—82, a peptide
chain with residues 3—11, and 69 water molecules. The other
residues of the SH3 domain are disordered, and those of the
peptide show weak electron density. According to Rama-
chandran plots generated with PROCHECK (CCP4), the

model exhibits good geometry (Table 1), with none of the
residues in the disallowed region of the Ramachandran plot.

The overall structure of the PI3K SH3 follows the typical
3-barrel fold observed for the SH3 domains (Booker et al.,
1993; Koyama et al., 1993; Yu et al., 1994; Liang et al.,
1996; Larson and Davidson, 2000). The root mean square
(rms) distance among 81 equivalent Co atoms in ligand-
bound (this work) and free PI3K SH3 (PDB ID 1PHT) struc-
tures is 0.63 A. As described in previous publications, the
structure consists of two orthogonal (3-sheets containing five
antiparallel strands (4-11, 28-33, 54-60, 64-70, 74-80),
two helices (34—41, 50-53), and four loops (12-27, 42-49,
61-63, 70-73) containing two short 3,, helices (45-47,

Table 1 Data collection and refinement statistics.

PI3K SH3-PDIR PI3K SH3

Data collection

Space group P3,21 P2,
Cell dimensions
a (A) 60.37 49.33
b (A) 60.37 61.05
¢ (A) 40.11 61.01
o, B,y (®) 90, 90, 120 90, 111.4, 90
Resolution (A) 1.7 3.0
Beamline ESRF ID14-1 ESRF ID14-1
Detector ADSC 210 ADSC 210
Wavelength (A) 0.934 0.934
Unique reflections 11076 6390
Average redundancy 6.7 33
Completeness (%) 99.7 (96.5)* 94.0 (95.2)*
Rinerge (%) 4.7 (24.3) 11.3 (50.9)*
Wilson B-factor 18.12 54.05
/o (1) 26.5 (5.5)* 10.3 (2.6)*
Refinement
Resolution 34.75-1.7 45.9-3.0
Ry o (%) 17.9 24.0
Riee (%) (test set size, %) 21.8 (4.75)° 29.9 (4.56)°
Residue range protein 2-82 A, B, C, D 4-80 (ncs restrained)
Residue range peptide 3-11 -
Number of atoms
Protein 644 2489 (4 mol/asu)
Peptide 70 -
Water 69 -
Average B-factor
Protein 19.86 34.99
Peptide 31.91 -
Water 33.97 -
rms deviations
Bonds (A) 0.008 0.005
Angles (A) 1.254 0.799

“Numbers in parentheses indicate the value for the outermost resolution shell.
Values in parentheses refer to the percentage of (reserved free R) reflections that were not

included in the refinement.
Common residue range (only Ca atoms):

RMSD: for PI3K SH3; molA to molB: 0.170 A, molA to molC: 0.204 A, molA to molD:

0.169 A;

RMSD: from PI3K SH3-PDIR to PI3K SH3-molA: 0.755 A;
RMSD: from PI3K SH3-molA to 1PHT: 0.457 A;
RMSD: from PI3K SH3-PDIR to 1PHT: 0.633 A.
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70-73) in loop 2 and loop 4, respectively (Figure 1A). The
RT loop located between strands (31 and 32 contains impor-
tant residues which are generally involved in ligand binding.
Strands 32 and B3 are connected by the second loop called
n-Src loop. In the case of PI3K SH3, the n-Src loop contains
a unique insertion of 15 amino acid residues (for explanation
of nomenclature of the loops, see Musacchio, 2002). In con-
trast to the free PI3K SH3 crystal structure (PDB ID 1PHT),
residues in the n-Src loop are well defined in the complex
structure. The main difference is seen in the first part of the
loop (residues 41-44), which is most probably as a result of
the presence of ligand and/or in addition, owing to differ-
ences in crystal packing causing rearrangements in this loop
located on the surface (Figure 1B). Residues in this loop
make a close contact with the ligand. Moreover, rearrange-
ment of side chains of residues GIn46 and Glu52 in this loop
lead to an additional salt bridge providing stability to the
conformation of the loop. Loop 3 connecting 33 and 34; and
loop 4 connecting 34 and 5 are short, have well-defined
electron densities and are similar to the previously reported
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crystal structure of the free PI3K SH3 domain (PDB ID
IPHT).

Protein-ligand binding site

SH3 ligands are pseudosymmetrical and can bind in two
opposite orientations, type I orientation with the consensus
sequence +pXPpP (class I ligands, where + is a basic res-
idue; P is conserved residue Pro; p is Pro preferred), and
type II orientation with the consensus sequence XPpXPp+
(class II ligands) (Feng et al., 1994; Lim et al., 1994; Yu et
al., 1994; Kuriyan and Cowburn, 1997). In the two XP-
dipeptide parts, Pro residues are main contributors to van der
Waals interactions within the complex. The basic residue at
position P_; (for nomenclature, see Figure 2A) is the anchor
position that interacts with a conserved acidic residue in the
SH3 domain and is thought to determine the binding orien-
tation of the peptide (Kuriyan and Cowburn, 1997).
Electron densities for residues 3—11 of the bound peptide
PDIR are well defined in our structure (Figure 2A). The

Figure 2 Protein-ligand interactions in the PI3K SH3-PDIR complex.

(A) The 2F,-F, electron density map of the ligand PDIR contoured at 1.3 o. The density of the core segment of the peptide (residues R4
to P10) is well defined. (B) Molecular surface of PI3K SH3 with the bound PDIR peptide showing binding pockets — for residues R4, P7,
and P10. For clarity, the amino acid designation used for the protein and the peptide is in three-letter and one-letter code, respectively. (C)
Intermolecular interactions at the ligand binding site. Both residues from the bound PDIR peptide and the side chains of protein residues
(light blue) playing a crucial role in ligand binding are shown as stick models. The Ca trace of the SH3 domain is shown in blue. Only
the hydrogen bonds between the SH3 domain and its ligand are shown as dotted lines. (D) Superimposition of ligand-bound SH3 structures
showing the conformations of conserved residues Trp55, Pro70, and Tyr73 (numbering according to PI3K SH3 sequence). The Abl SH3
domain in complex with a type I ligand (PDB code 1ABO, colored green) and the c-Crk SH3 domain in complex to a type II ligand (PDB
code CKB, colored yellow) were superimposed on the PI3K SH3 domain in complex with peptide PDIR (colored blue). The conserved
residues Trp and Pro are known to adopt the SH3-I and SH3-II orientation in the case of Abl and c-Crk, respectively. In the PI3K SH3-
PDIR complex, they adopt the SH3-II orientation, classifying PDIR as a class I' ligand.
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bound peptide adopts a left-handed type II polyproline (PPII)
helix conformation and is seen in the type I orientation. The
residues with their side chains facing the protein are Arg4,
Pro7, and Prol10, where Arg4 is at the anchor position P_;,
and residues Pro7 and Pro10 correspond to positions P, and
P, critical for ligand binding. Pro7 sits in the pocket formed
by the residues Tyr14, Trp55, Pro70, and Tyr73 of the SH3
domain (Figure 2B,C). Prol0 and the side chain of residue
Leu9 are located in a common pocket, interacting with res-
idues Tyrl12 and Tyr73 of the SH3 domain. Residues Lys3
and Pro5 have no contact to the protein. The side chain of
Leu6 is close to the protein surface but shows no specific
interaction with the SH3 domain. Arg4 lies sandwiched
between residues Argl8 and TrpS55 of the protein, and is
surrounded by acidic residues Glul7, Asp21, and Asp68,
where it forms salt bridges with Glul7 and Asp21 located
on the RT loop (Figure 2C).

The salt bridge between anchor residue Arg4 of the ligand
and negatively charged residue Asp21 is critical for ligand
binding and ligand specificity. In a previous study, Yu et al.
reported the solution structure of the PI3K SH3 domain
complexed to another class I peptide ligand called RLP1
(RKLPPRPSK) containing Arg at position P; (Yu et al.,
1994). The authors did not observe the salt bridges men-
tioned above in the structure, but their importance could be
confirmed by mutagenesis experiments where the mutation
of residue Asp21 to Asn led to a 50-fold decrease in binding
affinity of the ligand. Interestingly, the acidic nature of posi-
tion 21 is highly conserved among all SH3 domains where
it is occupied by either Asp or Glu, with the single exception
of Abl SH3 domain that contains Thr at this position. Locat-
ed at the far end of the RT Loop, residue Asp21 is involved
in highly conserved interactions within the loop. For exam-
ple, the side chain of Asp21 is hydrogen bonded to the amide
nitrogen of Argl8, and to the side chain of Tyr14. Such inter-
actions are common to several SH3 domains, highlighting
the importance of conserved residues in maintaining the opti-
mal conformation of RT loop for peptide binding (Larson
and Davidson, 2000). Mutation of these residues will thus
perturb the interactions which in turn will have a significant
effect on ligand affinity or specificity.

The main chain carbonyl group of residue Pro8 of ligand
PDIR forms a hydrogen bond to the hydroxyl group of Tyr73
of the protein, and the Pro side chain is otherwise turned
away from the protein molecule. Residue Leu9 shows a loose
stacking with the Tyr12 of the protein. Despite the absence
of interaction with the SH3 domain, the first and last residues
in the peptide ligand (Lys3 and Ser11) show electron density
(Figure 2A).

PD1R peptide binds to the SH3 domains as a class I
ligand

The PDIR peptide contains the core consensus LPX(L/A)P
with Leu at positions P, and P, as found in SH3 class I’
ligands (Tran et al., 2005; Schmidt et al., 2007). Classifica-
tion of ligands in class I' is based on the orientation of a
conserved Trp in the ligand binding site of the SH3 domain,

which determines the type of ligand (I, I’ or II) binding to
the domain (Fernandez-Ballester et al., 2004). In general,
class I' ligands bind to the SH3 domain in type I ligand
orientation, but the PPII helix conformation shows higher
similarity to the class II ligands, with the two Leu residues
that are typical for class I' ligands occupying the same bind-
ing pocket positions as usually the Pro residues in the type
II orientation. A superimposition of the PI3K SH3-PD1R
complex structure with different SH3 domains bound to class
I and class II ligands reveals that in our PI3K SH3 structure
the conformation of the conserved residues Trp55 and Pro70
is similar to that in class II ligand complexes (Figure 2D).
Thus, PDIR binds to PI3K SH3 as a class I' ligand. Previ-
ously, we have reported the binding of ligand PD1 to the
Hck SH3 domain as a class I' ligand (Schmidt et al., 2007).
Furthermore, we compared the Chi torsion angles for the
conserved Trp and Pro residues from SH3 domains bound to
class I, class II, and PDIR peptides. Interestingly, we find
that the Chi angles of the Pro residue (Pro70 in our structure)
show a significant difference between class I and class 11
ligands. A typical Pro residue can have three rotamers with
Chi angles 1 and 2 as -14° and 30° for rotamer 1; 29° and
-28° for rotamer 2; and 0° and 0° for rotamer 3. When bound
to class I ligands, the Pro residue is in rotamer 1 confor-
mation while in the presence of class II ligands it has the
typical torsion angles of rotamer 2. In the presence of peptide
PDIR, the Pro residue is in rotamer 2 conformation as
expected for a class I' ligand. The torsion angles of the Trp
residue did not show significant variations in class I, class
II, and class I" ligands.

We then compared our PI3K SH3-PDIR structure with the
available structures of SH3 domains bound to class I' ligands.
Interestingly, the structures available in the literature for SH3
domains in complex with class I' ligands are from NMR
studies in solution. Superimposition of the PI3K SH3-PDI1R
structure on eight different class I' ligand-bound SH3
domains reveal similar conformations of the conserved Trp
residue (Trp55 in our structure). The other conserved residue
Pro (Pro70 in our structure) adopts the rotamer 2 confor-
mation in all cases. Our complex structure is the first crystal
structure in complex with a class I' ligand.

A novel self-interaction mode of SH3 domains via
the ligand binding site

Next, we attempted to co-crystallize the PI3K SH3 domain
with the originally selected peptide PDI, carrying a Tyr at
position P_; (‘HSKYPLPPLPSL'?). The binding affinity of
PD1 for the PI3K SH3 domain, as measured by surface plas-

Table 2 Affinities of the peptide ligands
to the PI3K SH3 domain.

Sequence K, value
(M)
PDIR HSKRPLPPLPSL 40
PD1 HSKYPLPPLPSL 120
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mon resonance analysis, was three times weaker than for
PDIR (Table 2). Theoretically, the K; value in the micro-
molar range and the presence of two-fold molar excess of
the peptide ligand during crystallization (2 mM peptide and
1 mm protein) should predominantly result in a ligand-bound
population. However, in the case of the PDI1 peptide, the
protein crystallized as free PI3K SH3 domain and not as
PI3K SH3-PD1 complex.

The crystals obtained of free PI3K SH3 domain belong to
space group P2,, diffracted to 3 A resolution and the struc-
ture was determined by molecular replacement using the X-
ray structure of the PI3K SH3 domain (PDB code 1PHT;
Liang et al., 1996) (Table 1). The structure is similar to those
determined previously with an rms distance of 0.46 A
between 81 equivalent Ca atoms of the two free structures,
and 0.75 A between our free and the PDIR complex struc-
ture. No electron density could be observed for the peptide
ligand PD1, and part of the binding site of the PI3K SH3
domain is occupied by residues Argl8 and Trp55 of a sym-
metry-related molecule (by operation of x, y+1/2, z, shown
in light coral in Figure 3A). As seen in Figure 3A, residues
Argl8 and Trp55 of the protein form a stack with the resi-
dues Argl8’ and TrpS5’ of the symmetry related molecule
such that the Arg side chains are sandwiched between the
indole moieties of the Trp residues. The Trp-Arg-Arg inter-
actions seen here are similar to those observed between res-
idues Argl18' and Trp55’ of the protein and the anchor residue
Arg4 of the ligand peptide PDIR in the PI3K SH3-PDIR
complex (Figure 3B).

Residue Trp55 is strictly conserved among SH3 domains.
It participates in the formation of the hydrophobic pocket
where ligand binding takes place. In contrast, structure-based
alignments show that residue Argl8 is not conserved and

much structural variation is seen at this position upon ligand
binding (Larson and Davidson, 2000). Such non-conserved
positions important for ligand binding are predicted to play
a role in defining specificity for the ligand. Here, we show
that the ligand PD1, which is PD1R with a Tyr at the anchor
position instead of Arg, interacts with PI3K SH3 in solution
(Table 2), but in the crystal the PD1 ligand is not present. It
is plausible that the Trp-Arg-Arg stack formation (as seen in
the PDIR complex structure) is entropically a favorable
event. The stabilizing role of Trp-Arg-mediated - stack-
ing has been recognized in crystal structures for several
receptors (de Vos et al., 1992; Livnah et al., 1996). Because
the Arg residue is absent at the anchor position in the PD1
ligand, the protein prefers residue Argl8 of the symmetry
related protein molecule instead, allowing for crystal packing
where the ligand is omitted. Residue Tyr when modeled in
place of the Arg in the PI3K SH3-PDIR complex structure
does not clash with the SH3 domain, because the space is
sufficient in the binding site. However, the site favors a pos-
itively charged residue as shown in the case of PI3K SH3-
PDIR and Hck SH3-PD1 complexes, where the residues
Arg4 and Lys3 are present, respectively. Owing to a shorter
side chain of Tyr, the stacking with Trp55 and Argl8 residues
in the SH3 domain is not ideal and will be less favored than
with Arg. In addition, instead of the conserved salt bridge
between anchor residue Arg (peptide) with Asp21 (SH3
domain), the only possibility with residue Tyr (peptide) and
Asp21 is a hydrogen bond.

In a previous report, the solution structure of the PI3K
SH3 domain was determined in a peptide complex using
NMR spectroscopy where the peptide RLP1 (RKLPPRPSK)
binds to the SH3 domain with a K, of 9.1 uwMm (Yu et al,,
1994), which is approximately 10-fold and 4-fold stronger

PDIR
peptide

Figure 3 Ligand binding site in the crystal structure of unliganded PI3K SH3 domain at pH 5.5.

(A) Residues Argl8 and Trp55 are stacking with the same residues (indicated with the prime symbol) from the symmetry related molecule
in the crystal. Ribbon structures of PI3K SH3 domain and the symmetry related molecule are shown in light blue and in coral, respectively.
The salt bridge between Argl8 (usually contributed by the basic anchor residue in the ligand) and Asp21’ is shown as a dotted line. (B)
Superimposition of unliganded PI3K SH3 domain as shown in (A) and the crystal structure of the PI3K SH3-PD1R complex (dark blue
ribbon structure where the backbone of bound peptide PDIR is shown in magenta). Note the exact overlap of residue Arg4 of the PDIR
ligand (R4 in magenta) and the Argl8' of the symmetry related molecule.
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Crystal structure of ligand-bound PI3K SH3 domain 39

than PD1 and PDIR, respectively. However, co-crystalliza-
tion in the presence of the same ligand at a 1:1 molar ratio
resulted in a free PI3K SH3 domain crystal structure (Liang
et al., 1996). In this case, the binding site in the crystal struc-
ture is occupied by residues from two symmetry related mol-
ecules. These are Argl8 from one molecule occupying the
anchor residue position, and the four C-terminal residues
8le-Ser-Pro-Pro® of another molecule where the diproline
takes the place of the Pro-Pro motif of the class I ligand.
Although the authors emphasize the significance of the C-
terminus interaction owing to the presence of two prolines,
these residues are absent in our own free structure which
terminates at position Ser83. The polyproline binding site is
thus unoccupied in our structure and the only close interac-
tion seen is with the Argl8 of the symmetry related molecule
via Trp-Arg-Arg stacking (Figure 3).

To understand which parameters exactly determine wheth-
er SH3-SH3 dimers or certain SH3 ligand complexes will
crystallize more readily is complicated to predict and is cer-
tainly not solely dependent on the K, value of the respective
SH3-ligand complex but also on the absolute concentrations
of the components, as well as solvent conditions, e.g., pH
and salt concentrations.

Binding modes of PD1R and PD1 peptides -
comparison of PI3K SH3-PD1R and Hck SH3-PD1
complexes

We compared the PI3K SH3-PD1R complex crystal structure
with the previously reported NMR solution structure of
hematopoietic cell kinase (Hck) SH3 domain in complex

with PD1 (Figure 4A) (Schmidt et al., 2007). Good agree-
ment is observed for the conformation of residues 5-10 of
the ligand peptides, but terminal residues 1-4 and 11-12
show significant differences, with residues 10-12 being
poorly defined in both structures. The residues of peptide
PDIR adopt a regular left-handed PPII conformation
throughout, whereas the N-terminal residues 1-4 of PD1 in
the Hck SH3-PD1 structure bind to the protein surface in a
S-shaped manner. Here, the lysine residue at position P_, sub-
stitutes the function of the anchor residue (usually found at
position P ;) (Figure 4B). The Ca-Ca distance between Lys3
of PDI and Arg4 of PDIR is 0.74 A and Cy-Cy is 0.92 A.
In the Hck SH3-PD1 structure, the side chain of residue Lys3
is not well defined because the intermolecular NOEs
between the side-chain protons of Lys3 and protons of Hck
SH3 residues are absent (Schmidt et al., 2007). However,
among 20 calculated conformers, some yielded the side chain
of Lys3 to be within the compass pocket. The final position
of the Lys3 side chain, as shown in Figure 4B, was based
on the structure calculations employing additional constraints
defining a salt bridge between Lys3 and Asp95 (of the
HckSH3 domain) (Schmidt et al., 2007). Residues 6-10
occupy the conventional PxxP motif site where Pro7 and
Pro10 occupy the binding pockets and adopt left-handed PPII
helix conformation. The kink at Pro5 is a result of the shifted
anchor residue (Figure 4B). N- and C-terminal residues of
PD1R do not show interactions with the protein and are float-
ing ‘free’ in solvent, whereas in PD1 they generate several
hydrophobic and electrostatic interactions giving the peptide
a compact conformation on the protein surface. Structural
alignment of both SH3 domains shows that the core residues

Figure 4 Superposition of the crystal structure of the PI3K SH3-PDIR complex (blue) and the solution structure of the Hck SH3-PD1

complex (orange).

Only the coordinates of the SH3 domains were the basis for the overlay with the UCSF Chimera package using the Smith-Waterman
algorithm (weightings used: 70% sequence and 30% secondary structure). (A) Ribbon representation of both SH3 domains and bound
peptides. (B) Two views (lower view is rotated by ~45° along the x-axis and ~20° along the y-axis relative to the upper view) on the
stick mode representation of the bound peptides PDIR and PD1. Note residue Lys3 in PD1 taking the anchor position (the Ca-Ca distance
between K3 of PD1 and R4 of PDIR is 0.74 A) and the kink at position Pro5. Unlike the N- and the C-terminus, the core region of both

peptides overlays well from position Leu6 to Prol0.
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involved in ligand binding are well conserved. The N-ter-
minal residues of PD1 show interaction with residues of the
n-Src loop of the Hck SH3 domain. The residues of this loop
show the least degree of sequence conservation among SH3
domains (Larson and Davidson, 2000). Such additional inter-
actions, as seen in the case of the Hck SH3-PD1 structure,
could be the reason for a many-fold higher affinity of PD1
peptide to Hck SH3 (Ky: 0.2 M) (Schmidt et al., 2007)
compared with PI3K SH3. In the case of the PI3K SH3
domain, the n-Src loop is 15 residues longer and does not
show interactions to the N-terminal residues of the ligand
PDIR (K4: 40 wMm). This suggests that residues of this loop
play an important role in affinity selection of ligands. Future
studies on the role of non-conserved residues of the RT loop
and the n-Src loop will provide additional insights on how
SH3 domains select their respective ligands.

Biological relevance

Protein-ligand interactions characterize and govern the cur-
rent state and the fate of a living cell. It is important to
realize that regulatory networks within the cell are largely
based on transient (low affinity) interactions between pro-
teins. Thus, high and low affinity interactions are important
in vivo. The availability of potential ligands and the speci-
ficities of each protein determine the extent to which com-
plexes will form. As an important consequence of this, not
only the absolute affinity of a certain protein-ligand pair
governs the concentration of its complex but the affinity in
relation to other available ligands and the absolute concen-
trations of both protein and ligands have to be considered.
The majority of knowledge on protein-ligand interactions
is based on high affinity complexes. This is simply because
of the fact that it is easier to obtain co-crystals of proteins
with high affinity ligands, and NOE-based NMR structures
rely on the average lifetime of a protein-ligand contact,
which is long enough in most cases only for high affinity
complexes. The complex structure of the PI3K SH3 domain
with the low affinity ligand PD1R reported herein is a rare
case of a 3D structure showing a low affinity complex. It
reveals that basically only the anchor residue and the PXXP
motif engage in direct contacts with the SH3 domain. This
could lead to the conclusion that increased affinity is
achieved only by additional contacts of residues other than
the anchor residue and the PXXP motif, as seen in the Hck
SH3-PD1 complex structure. The important role of the
anchor residue in peptide-SH3 recognition is underlined by
the observation that even formation of a PI3K SH3 dimer,
which does not occupy the PXXP binding sites, is favored
over the formation and crystallization of the SH3-PD1 pep-
tide complex, which is lacking the optimal anchor residue.

Concluding remarks

To summarize, both ligands PD1R and PD1 bind to the PI3K
SH3 in solution in the micromolar range. Crystallization tri-
als of both complexes yielded co-crystals of PI3K SH3 only
with PDIR, but not with PD1. The ligand binding site in the

latter case is partially occupied by residue Argl8 from a
symmetry related SH3 molecule. The 12 amino acid residues
long peptides PDIR and PD1 are identical except for posi-
tion P; where Arg and Tyr are present, respectively. Our
investigation of the two crystal structures presented here sug-
gest that the residues Argl8 and Trp55 in the ligand binding
site of the PI3K SH3 domain prefer Arg over Tyr at the
anchor position. The study thus helped us to identify residues
which play an important role in defining target specificity, a
subject of great interest in the area of protein chemistry.

Materials and methods

Protein expression and purification

The PI3K SH3 cDNA was expressed as a glutathione-S-transferase
(GST) fusion protein, as described previously (Tran et al., 2005).
Briefly, the DNA encoding the SH3 domain of PI3K (residues 1-83)
was amplified from plasmid IMAGp998J21580 (imaGenes GmbH,
Berlin, Germany) by PCR and cloned into the vector pGEX-6P-2
(GE Healthcare, Freiburg, Germany) using the restriction sites
BamHI and Xhol. DNA sequencing of the final construct confirmed
100% identity with human PI3K SH3 (accession code: P27986).
The GST-PI3K SH3 fusion protein was produced in Escherichia coli
strain BL21 transformed with the vector pPGEX-PI3K SH3. The cells
were grown at 37°C until they reached an Ay nm Of 0.6. At this
stage, induction was performed by the addition of 1 mm isopropyl-
{3-D-1-thiogalactopyranoside (IPTG) and the cells were grown fur-
ther for 4 h at 37°C before the harvest. GST-PI3K SH3 fusion
protein was purified using affinity chromatography on glutathione
sepharose. The N-terminal GST tag was removed from the PI3K
SH3 protein by proteolysis using PreScission protease (GE Health-
care) according to the manufacturer’s protocol. The resulting protein
mixture was then loaded on the gel filtration column Superdex-75
prep grade to obtain the purified PI3K SH3 protein used for crys-
tallization studies.

Peptide PDIR was purchased from JPT Peptide Technologies
GmbH (Berlin, Germany). Identity of the peptide was confirmed by
matrix-assisted laser desorption ionization time of flight mass spec-
trometry (MALDI-TOF MS).

Determination of dissociation constants (K;) by
surface plasmon resonance (SPR) analysis

The dissociation constants for the complexes between the SH3
domain from PI3K and peptides PD1 or PDIR were measured using
a BIAcore X instrument (GE Healthcare). The PI3K SH3 domain
was immobilized on a CM5 carboxymethyldextran biosensor chip
(GE Healthcare) via amine coupling. Immobilization of the SH3
domain (in 10 mm sodium acetate, pH 4.5) was performed at 25°C
at a flow rate of 5 wl/min in HBS-EP running buffer (10 mm
HEPES, pH 7.4, 150 mm NaCl, 3 mm EDTA, 0.005% P20 surfac-
tant). In each case a second channel on the same chip was treated
only with the sodium acetate buffer as a negative control. The bind-
ing curves of peptide PD1 or PDIR at various concentrations to the
SH3 domain were determined at 25°C with a flow rate of 5 l/min.
The K, values were calculated using the Biacore Analysis Software
(BIAevaluation, GE Healthcare) by fitting the mean maximum
response values from the binding curves to a simple 1:1 ligand
receptor binding model.
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Crystallization and data collection

The purified protein was concentrated to 1 mm in 10 mm Tris buffer
(pH 8.0) and mixed with a 2-fold molar excess of the peptide in
10 mm Tris buffer (pH 8.0). The protein-peptide mixture was incu-
bated for 12 h at 23°C prior to crystallization setup. Crystals were
grown at 17°C using the sitting drop vapor diffusion method by
combining 1 Wl of the protein-peptide mixture and 1 pl of the
reservoir solution (for the PDIR complex: 100 mm CAPS buffer,
pH 10.5, 2 M ammonium sulfate and 0.2 M lithium sulfate; for PD1
complex: 100 mm Na-citrate buffer, pH 5.5, 0.5 M ammonium sul-
fate and 1 M lithium sulfate). After several weeks, single crystals
appeared that were flash frozen in liquid nitrogen for data collection
at 100 K. Prior to cryocooling, the crystals were soaked in reservoir
solution containing up to 25% (v/v) glycerol for a few minutes.

Native data were recorded at beamline ID14-1 of the ESRF (Gre-
noble, France) tuned to a wavelength of 0.934 Aona Quantum
ADSC-210 detector. Data processing including reflections up to 1.7
A resolution was carried out using MOSFLM (Leslie, 1992) and
SCALA, which is part of the CCP4 software suite (http://
www.ccp4.ac.uk).

Structure determination and refinement

Crystals of the PI3K SH3-PDIR complex belonged to space group
P3,21. The structure was determined by molecular replacement
using MOLREP (CCP4) with a single native dataset. The search
model was created from the crystal structure of PI3K SH3 (PDB
code IPHT) (Liang et al., 1996). Crystals were found to contain
one molecule per asymmetric unit, corresponding to a Matthews
coefficient of 2.3 A*Da and a solvent content of 46.3%. The model
was improved by several cycles of rigid body refinement and in a
second stage by positional, B-factor and TLS (Translation/Libration/
Screw) refinement using the PHENIX package (Adams et al., 2002).
Separate TLS groups were chosen for the protein and the peptide
chain. For manual rebuilding the program O was used (Jones et al.,
1991). For statistics on data collection and refinement refer to Table
1. The final model comprises amino acids 2—82 of the protein mol-
ecule (chain A) and amino acids 3—11 of the peptide (chain B). The
structure of PI3K SH3 in the unbound state was determined essen-
tially using the same strategy. In this case, the crystals belonged to
space group P2, and contained four molecules per asymmetric unit
(Table 1).

Figure preparation

Unless otherwise indicated, Figures were generated with MOL-
SCRIPT (Kraulis, 1991) and RASTER3D (Merritt and Bacon, 1997)
using secondary structure assignments as given by the DSSP pro-
gram (Kabsch and Sander, 1983). The surface representation in
Figure 2 was prepared with PyMOL (DeLano, 2008).

The superposition in Figure 4 was performed with the UCSF
Chimera package (Meng et al., 2006) using a Smith-Waterman
algorithm (weightings used: 70% sequence and 30% secondary
structure).

Database accession codes

The atomic coordinates and structure factors for free PI3K SH3 and
the complex with PD1R (codes 3I5R and 3I5S, respectively) have
been deposited in the PDB (http://rutgers.rcsb.org/pdb).
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