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The binding properties of Src homology-2 (SH2) domains to phospho-
tyrosine (pY)-containing peptides have been studied in recent years with
the elucidation of a large number of crystal and solution structures.
Taken together, these structures suggest a general mode of binding of
pY-containing peptides, explain the specificities of different SH2 domains,
and may be used to design inhibitors of pY binding by SH2 domain-con-
taining proteins. We now report the crystal structure to 1.8 A resolution
of the C-terminal SH2 domain (C-SH2) of the P85a regulatory subunit of
phosphoinositide 3-kinase (PI3 K). Surprisingly, the carboxylate group of
Asp2 from a neighbouring molecule occupies the phosphotyrosine bind-
ing site and interacts with Argl8 (¢A2) and Arg36 (BB5), in a similar
manner to the phosphotyrosine-protein interactions seen in structures of
other SH2 domains complexed with pY peptides. It is the first example
of a non-phosphate-containing, non-aromatic mimetic of phosphotyrosine
binding to SH2 domains, and this could have implications for the design
of substrate analogues and inhibitors. Overall, the crystal structure
closely resembles the solution structure, but a number of loops which
demonstrate mobility in solution are well defined by the crystal packing.
C-SH2 has adopted a binding conformation reminiscent of the ligand
bound N-terminal SH2 domain of PI3K, apparently induced by the sub-
strate mimicking of a neighbouring molecule in the crystal.

© 1999 Academic Press

Keywords: inhibitor; SH2; PI3K; phosphotyrosine mimic; structure-aided
design

Background

Src homology-2 (SH2) domains are protein
modules of approximately 100 residues that bind
to proteins containing phosphotyrosine (pY) in the
well-characterised  motifs
(Songyang et al., 1993). The SH2 domain-containing
class IA phosphoinositide 3-kinase (PI3K) is an
important second messenger generator that has
been implicated in many intracellular signalling
pathways, including growth factor-induced mito-

context of short,

genic responses (Toker & Cantley, 1997;
Vanhaesebroeck et al., 1997). Phosphoinositide 3-
kinases belonging to this class and which are regu-
lated by growth factor receptor tyrosine kinases,
are tightly coupled heterodimers consisting of an
85 kDa regulatory subunit (p85) and a 110 kDa cat-
alytic subunit (p110). The p85 subunit consists of a
Src homology-3 (SH3) domain, a BCR/Rho GAP
homology domain, an SH2 domain (N-SH2), a ca
200 residue region involved in the interaction with
the p110 subunit, and a second SH2 domain (C-
SH2) (Otsu et al., 1991; Dhand et al., 1994). The two

Abbreviations used: SH2, Src homology-2; pY,
phosphotyrosine; PI3K, phosphoinositide 3-kinase; SH3,
Src homology-3 C-SH2, C-terminal SH2 domain; N-SH2,

N-terminal SH2 domain.
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SH2 domains of p85 recognise similar consensus
pY motifs with the sequence pattern pY-Val/Met-
X-Met in the activated PDGF receptor, pY740 and
pY751 (Songyang et al., 1993; Kashishian et al.,
1992; Panayotou ef al., 1993; Rordorf-Nikolic et al.,
1995). It has been postulated that C-SH2 binds the

© 1999 Academic Press
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pY740 site and N-SH2 the pY751 site (Siegal et al.,
1998).

Over the past few years a number of high-
resolution three-dimensional structures of SH2
domains, both in the presence and the absence of
their phosphotyrosine peptide ligands, have been
obtained. At present, the protein database contains
12 crystal structures of SH2 domains with a resol-
ution of 2 A or better, and 14 NMR structures
(Abola et al., 1997). Figure 1 shows a sequence
alignment based on the 3D structure of a subset of
SH2 domains whose high-resolution X-ray struc-
tures or NMR solution structures have previously
been determined. The polypeptide fold of the SH2
domains is highly conserved and primarily consists
of a central three-stranded PB-sheet comprising -
strands B, BC and BD, flanked by conserved o-
helices oA and oB (Figure 2), according to the
nomenclature described by Eck ef al. (1993). The
basis for the recognition of high-affinity pY pep-
tides by SH2 domains was revealed by a number
of NMR and X-ray structures of SH2 domain-pep-
tide complexes (Waksman et al., 1993; Eck et al.,
1993; Pascal et al., 1994). In what has been termed
the “plug and socket” mechanism, side-chains of
the pY peptide at positions pY, pY + 1 and pY + 3
are directed into binding pockets on either side of
the central B-sheet. The most strongly conserved
interaction between the SH2 domain and the pep-
tide ligand occurs at the pY-binding site with the
guanidinium group of the invariant arginine resi-
due at position BBS (Waksman et al., 1993) directly
ligating the oxygen atoms of the anionic pY phos-
phate group. Additional interactions include the
side-chains of a second arginine residue (¢A2) and
a serine residue (BB7), but these interactions are
less strictly conserved. The binding pocket for
pY+1 and pY +3 provides additional binding
specificity of the SH2 domain for particular pY-
peptide sequence motifs. The residue at position
BD5 (Cys 57 in C-SH2) plays an important role in
determining the ligand binding specificity at both
the pY + 1 and pY + 3 positions (Songyang et al.,

1 10 20 30 40 50

¢SH2 EDLPHHDEKTWNVGSSNRINKAENLLRGKRD. . GTFLVRESS.[K. 0cCyacsvvy.p. .

1995; Siegal et al., 1998). Whilst the side-chain of
residue BD5 has been recognised to play a signifi-
cant role in determining the ligand specificity, the
precise selection of residue type in each of the
pY+1 and pY+3 positions is not readily
explained.

Structure-based design of substrate analogues
and inhibitors of SH2 domains has been initiated
in a number of research groups in recent years
(Groves et al., 1998; Fu & Castelhano, 1998; Yao
et al,, 1999). Ongoing structural studies are still
required for a better understanding of the mode of
interaction of these proteins with various ligands.
Of particular interest is the interaction of SH2
domains with compounds other than pY peptides.
Here we present the crystal structure of C-SH2 at
1.8 A resolution. The crystal structure reveals a
surprising interaction at the pY binding site with
implications for the design of non-pY and non-pep-
tide SH2 inhibitors.

Crystal formation and structure elucidation

Crystals of C-SH2 were obtained serendipitously
from a sample prepared for NMR (50 mM Tris-
HCl (pH 7.5), 50 mM NaCl, 1 mM EDTA, 1 mM
DTT, 1 mM protein (~13 mg/ml) at 4°C). Later
attempts to crystallise C-SH2 from this particular
solution only resulted in micro-crystals of non-
defracting quality. A data set from a single crystal
was taken at the Daresbury synchrotron source,
consisting of 45 frames with 2° oscillations at
100 K. Data were indexed with Mosflm and scaled
with Scala (CCP4, 1994; Evans, 1997). C-SH2 crys-
tallised in the P2,2,2; space group with unit cell
dimensions of x = 38.68 A, y=4692A and
z=6298 A. Previously, it has proven difficult to
solve SH2 domain structures using molecular
replacement techniques (Nolte et al., 1996). How-
ever, we were able to obtain a solution with the
ensemble of 30 NMR-derived conformers using a
“brute force” approach. Once satisfactory trans-
lation and rotation functions were found, phases

60 70 80 90 100
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Figure 1. Structural alignment of several SH2 domains. The nomenclature of the secondary structure elements is
given underneath the sequence. Residues involved in ligand binding are boxed, conserved residues are printed in
bold. Abbreviations: C-SH2, C-terminal SH2 domain of PI3K p85a (this study); N-SH2, N-terminal SH2 domain of
PI3 K p85a (Nolte et al., 1996); Src, SH2 domain from Src tyrosine kinase (Waksman et al., 1993); Lck, the SH2 domain
of p56ck (Mikol et al., 1995); Hck, SH2 domain of hematopoietic cellular kinase (Zhang et al., 1997); Grb2, SH2 domain
of Grb2 adapter protein (Rahuel et al., 1996); cZAP, SH2 domain of ZAP-70 protein tyrosine kinase (Hatada et al.,
1995).
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Figure 2. Ribbon diagram of the crystal structure of
C-SH2. The various structural elements are labelled
using the nomenclature described by Eck et al. (1993).
The disordered BC loop (residues 39-42) is indicated
with a broken line.

were improved using unrestrained refinement with
the new “autobuilding” module in wARP
(Perrakis et al., 1999). In the end the structure was
refined using data to 1.8 A with an R, of 23.6%
(see Table 1).

Structure comparison

Here we compare the present crystal structure of
C-SH2 with the solution structure of the same mol-
ecule both free (PDB entry code 1BFJ) and in com-
plex with a peptide derived from the pY751 site of
the PDGF receptor (PDB entry code 1PIC). In order
to gain additional insight into the ligand protein
interaction, we compare the present structure with
the crystal structures of the N-terminal SH2
domain of p85a (N-SH2), both free and with
bound pY peptides (Nolte, 1996; PDB codes
not deposited). We will refer to the pY peptide
TNEpYMDMK derived from c-kit Y721 as simply
pY-c-kit and the pY peptide SIDpYVPMLDMK
derived from PGDF receptor Y719 as pY-PDGER.

Figure 3 shows a superposition using the con-
served secondary structure elements of the crystal
structure and the ensemble of NMR conformers of
C-SH2. As expected, the structures are quite simi-
lar with an RMSD of 0.92 A to the energy-mini-
mised mean NMR structure for all C* atoms in
non-loop regions (residues 11-14, 19-24, 32-37, 43-
50, 53-59, 78-86, 103-105). There are, however, sig-
nificant differences in the orientation of helix oA
and the BC loop. Helix oA forms part of the pY
binding site and we focus on this region first.

Table 1. Data collection, structure determination and
refinement statistics

23-1.8 A 1.85-1.80 A
Total reflections 37,237 2058
Unique reflections 10,984 677

R eas (%) 44 6.8

I/c 7.2 10.2
Multiplicity 34 3.0
Completeness (%) 98.7 84.5
Final refinement statistics

123-1.80 11.89-1.80

A A
R-factor (%) 15.8 11.8
No. refl. working set 9826 1159
Reee (%) 236 231
No. refl. test set 1121 135
RMS deviation bond lengths A) 0.008
RMS deviation bond angles (deg.) 2.10
Overall coordinate ESU based on Ry, (A) 0.14
Overall coordinate ESU based on ML (A) 0.08
Average B-value protem (832 atoms)gAz) 19.2
Average B-value main-chain atoms QAZ) 17.5
Average B-value side-chain atoms (A?) 20.9
Average B-value water (185 water

molecules) (A2) 35.7

An MR model was found using a brute force approach,
translational searches were done in AMoRe (CCP4, 1994) for all
rotations of each of the NMR solution conformers in increments
of 5°, followed by rigid body refinement. The final MR solution
was generated from several NMR structures after several
rounds of simulated annealing in X-PLOR (Briinger, 1992) and
careful interpretation of generated electron density maps. This
model was used as a starting point for extensive unrestrained
refinement, using the new Auto-tracing option in ARP/wARP
version 5.0 (Perrakis et al., 1999), in combination with manual
rebuilding in O (Jones et al., 1991). Eventually, 97 out of 111
residues were traced with a connectivity index of 0.94. In the
map generated from this model the protein could be traced
completely, with the exception of three residues in the BC loop
(residues 39-41) and the final four residues of the C terminus
(residues 108-111). Final refinement was done with Refmac
(Murshudov et al., 1997) and wARP with anisotropic bulk
solvent correction. All reflections measured were used in refine-
ment. In the last refinement round anisotropic B-values were
refined. After refinement the model was checked for errors
using WHAT_CHECK (Hooft et al., 1996).

pY binding site

A most surprising aspect of the crystal structure
determination was the discovery that Asp2, which
is completely disordered in solution (Siegal et al.,
1998; Kristensen et al, unpublished results),
occupies the phosphotyrosine binding site of a
neighbouring molecule in a manner highly remi-
niscent of structures of SH2-pY peptide complexes
(Figure 4(a) and (c)). The residues normally
involved in pY binding, Argl8 (¢A2) and Arg36
(BB5) (Figure 1), form intermolecular salt bridges
to the carboxylate group of Asp2 (Figure 4(a)).
Interestingly, the interatomic O to O distance is
very similar in carboxylate and phosphate groups,
thus allowing nearly perfect, simultaneous inter-
action of both guanidinium nitrogen atoms of
Arg36 (PB5) with the side-chain oxygen atoms of
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Asp2 (N-O distances 2.9 and 2.8 A). The absence
of the bulky phenyl ring allows an unusually close
roach of the Arg18 (2A2) N"" atom to the Asp2
atom (2.8 A). This is the first experlmentally
based structure in which a non-phenyl ring-con-
taining compound is seen bound in the phospho-
tyrosine binding pocket of an SH2 domain. This
observation possibly opens the way towards
design of a new class of SH2 domain inhibitors
that do not contain a phenyl ring. Interestingly, the
isolated C-SH2 domain has a high tendency to
form aggregates in solution, as seen in dynamic
light-scattering experiments and NMR relaxation
times (data not shown). The tendency to aggregate
is diminished by the addition of pY peptides. This
fact implies that the interaction seen in the crystal
may also be present in solution, albeit weakly.

The binding of Asp2 in the pY pocket results in
important differences between the solution and
crystal structures of C-SH2. First, the side-chains of
Argl8 (0A2) and Arg36 (BB5) are well defined in
the crystal structure (mean isotropic B-values are
18.5 and 13.9 A2, respectively), whereas their local
displacements are greater than average in solution
(Siegal et al., 1998). The Asp2 side-chain binds to
the pY binding pocket from a different angle and
in a different peptide backbone context than
observed for pY peptide ligands, demonstrating
the adaptability of the pY binding pocket. The
interaction is stabilised by a number of well-
ordered water molecules, especially in the vicinity
of Arg36 (see Figure 4(b)). In solution, Argl8 (aA2)
is solvent exposed and therefore has few steric con-
straints. In the crystal, Argl8 (2A2) takes part in
additional stacking interactions with His56 (fD4)
and with His6 (aN) from the same neighbouring
molecule (Figure 4(a)). Yet another intermolecular
hydrogen bond is formed between Asnl7 (aAl)
and E70 (BF1) of a second crystallographic neigh-
bour, although this interaction does not appear to
have a physiological relevance. It is likely that
these three interactions (pY site binding, stacking
and intermolecular hydrogen bonding) serve to
lock helix oA into one conformation resulting in
the low B-values. By comparison, the conformation

PP

Figure 3. Stereo image of the
superposition of the ensemble of
NMR conformers and the crystal
structure of C-SH2. The backbone
of the crystal structure is shown in
red, while that of the NMR confor-
mers is shown in blue. The N and
C termini are marked. The disor-
dered BC loop (residues 39-42) is
replaced by a pseudobond between
C’ of residue 38 and N of residue
43. The superposition was based
on the backbone atoms of residues
11-14, 19-24, 32-37, 43-50, 53-59, 78-
86, 103-105.

of helix oA is not as well defined by the NMR
data. It is also likely that these three interactions
force helix oA closer to the central B-sheet than in
the NMR solution structure of either the ligand-
free or ligand-bound forms of C-SH2. Superposi-
tion of the crystal structure of C-SH2 with that of
the ligand-free N-SH2 results in an RMSD of
0.89 A for all C* atoms in non-loop regions (resi-
dues 11-14, 19-24, 32-37, 43-50, 53-59, 78-86, 103-
105). Here again helix oA lies closer to the central
B-sheet in C-SH2 than in N-SH2. The stacking and
intermolecular hydrogen bonds seen in the crystal
structure of C-SH2 are not present in N-SH2. Prob-
ably due to the pY mimicking function of the
neighbouring Asp2, the side-chain of C-SH2 Argl8
(¢A2) faces into the pY pocket placing it in a con-
formation closer to that of Argl9 (xA2) in the
ligand-bound N-SH2 than in the ligand-free form.

BC loop

The BC loop also contributes residues towards
ligation of pY, however their precise nature and
location in the primary structure differs from one
SH2 domain to the next (Figure 1). We have pre-
viously shown by mutagenesis that residues Ser38
(BB7), Ser39 (BC1l) and Lys40 (BC2) are increas-
ingly important for binding of target pY peptides
(Siegal et al., 1998). In the solution structure of C-
SH2 we noted that the BC loop was poorly defined
by the NMR data. Recently we have shown that
this loop undergoes fast dynamic behaviour as
well as conformational exchange (Kristensen ef al.,
unpublished results). The BC loop in the present
crystal structure is mostly disordered. No interpret-
able density was found for residues Ser39 (BC1),
Lys40 (BC2), and GIn41 (BC3). Therefore, determi-
nation of the conformation of this loop and how
it interacts with the pY residue awaits further
experimentation.

BD strand

In the crystal structure, the side-chain of His56
(BD4) makes a hydrogen bond with Glu22 (aA6).
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Figure 4. Detailed (divergent) stereo images. (a) The binding of Asp2 of a crystallographic neighbour to the active-
site residues Argl8 («A2) and Arg36 (BB5). Pro71 of a third SH2 molecule is also involved in this crystal contact.
(b) Water structure surrounding the binding pocket: a network of well-ordered water molecules forms one side of the
binding pocket. (c) The binding pocket for the ligand residue Met pY + 3. Ligand-free N-SH2 is shown in grey,
N-SH2 liganded to pY-PDGEFR is shown in blue (with part of the pY peptide in green), and C-SH2 is shown in CPK
colouring. His BG6 is in a position comparable with liganded N-SH2 and not with unliganded N-SH2, making a
hydrogen bond to Tyr aB9. The insertion of Tyr72 in the sequence is clearly visible.
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This interaction is not seen in the NMR structure
of the ligand-free C-SH2, where the carboxylate
group of Glu22 («A6) faces into the solution. How-
ever, the hydrogen bond is seen in the energy-
minimised, mean structure of the C-SH2-pY751
complex (Breeze et al., 1996). This interaction looks
to be incompatible with the binding of the pY-2
residue (Asn) as seen in the crystal structure of N-
SH2 with pY-c-kit (data not shown). As the peptide
chosen for the solution studies did not include the
i — 2 residue, conformation of this hypothesis must
await further efforts.

BE and BF, EF loop

In the solution structure of the ligand-free C-
SH2, the entire region from residue Asn60 (BD’2)
to Ser76 (FG2) is poorly ordered (Figure 3). We
proposed that this region is involved in either
dynamic behaviour on the intermediate (milli-
second) time-scale and/or  conformational
exchange processes in solution (Siegal et al., 1998).
Recent work confirms this hypothesis (Kristensen
et al., unpublished results). However, in our pre-
sent crystal structure, this region is well defined
with B-factors typical of the protein as a whole (on
average 19.2 A%). Two important crystal contacts
appear to contribute to the “locking in”" of the con-
formation of this region. First, residues Ala69 (EF1)
through Tyr75 (FG1) form a protuberance from the
surface of C-SH2. In the crystal structure, this
region primarily packs tightly against exposed
hydrophobic residues in helix aB of a neighbouring
molecule. A second crystal contact is made by
Glu70 (EF2), which forms an intermolecular hydro-
gen bond to Asn 17 (¢Al) of a second neighbour.
Another important contribution to the confor-
mation of this region seems to be the docking of
the side-chain of Phe68 (BE4). In the crystal struc-
ture, the phenyl ring of Phe68 is tucked into the
core of the protein forming the “roof” of a hydro-
phobic binding pocket for the pY +1 and pY + 3
ligand residues. In contrast, Phe68 seems to occupy
a more solvent-exposed position in the solution
structure, although its conformation is not well
defined by the NMR data.

In order to form a tight turn in the EF loop,
Pro71 (EF3) adopts a cis conformation. The homo-
logous proline residue in N-SH2 also adopts the cis
conformation, as shown in the crystal structures. In
the NMR study of C-SH2 no resonances for this
residue could be found, probably due to exchange
broadening. As described above, Pro71 (EF3)
makes an important crystal contact that may serve
to freeze out the exchange processes observed in
solution. However, the cis conformation also seems
to be important for positioning Phe68 (BE4) and for
allowing O° of Asn73 (BF2) to form a hydrogen
bond to N° of Asn60 (BD'3). Recent evidence
implies that the entire EF region may be under-
going slow, concerted motions in solution (Kristen-
sen et al., unpublished results).

Superposition of the crystal structures of C-SH2
and N-SH2 shows that Tyr72 (BFI) in C-SH2 is an
insertion rather than a substitution (see Figure 4(b)).
It is possible that this residue prevents the binding
of bulky side-chains at the pY + 6 position, as seen
in the N-SH2/pY-c-kit structure (data not shown).
However, since its position in the solution struc-
ture is also not precisely determined, this conjec-
ture awaits experimental verification.

BG loop

In the crystal structure of C-SH2, N° of His93
(BG6) at the tip of the BG loop forms a hydrogen
bond to the side-chain hydroxyl of Tyr85 (aB9). In
N-SH2, residue BG6 is Tyr95. Upon superposition
of the backbone structures of C-SH2 and N-SH2
bound to pY-PDGEFR, residues BG6 and oB9 in
both structures also superimpose (see Figure 4(b)).
This particular interaction is only seen in the
liganded N-SH2 structures. In unliganded N-SH2,
residue BG6 is exposed to solvent and aB9 makes
a hydrogen bond to BG5 (GIn94) instead. Once
again, the crystal structure of C-SH2 looks more
like the ligand-bound structures in this respect.
However, in the solution structure of C-SH2 com-
plexed to the pY740 peptide, His93 (BG6) is shifted
away from the core of the protein. In fact, super-
position of the crystal structure and the solution
structure of the liganded C-SH2 results in steric
clash between His93 (BG6) of the crystal structure
and the peptide backbone. Clearly a crystal struc-
ture of the ligand-bound C-SH2 is required to
resolve this difference.

Conclusions

The crystal structure of C-SH2 is unique in that
it has characteristics of both a ligand-free and a
ligand-bound SH2 domain. This is understandable
for the residues that contribute to the pY binding
pocket, as the interaction with Asp2 of a neigh-
bouring molecule clearly mimics that of the phos-
phate moiety of the natural ligand. Because of this
interesting interaction, and probably also because
of other crystal contacts, some regions in the pro-
tein adopt specific conformations not observed in
the solution structure. This structure both corrobo-
rates the recent finding that non-phosphate-con-
taining ligands can be potent inhibitors of pY
binding of SH2 domains in vitro and in vivo (Yao
et al., 1999), and extends them to define the par-
ticular intermolecular interactions. It is somewhat
surprising that the side-chain of an aspartate
residue can productively occupy the pocket
designed to accommodate the much larger phos-
photyrosine. It is apparent that SH2 domains have
at least some flexibility in adapting to particular
ligands. However, it should be said that in solution
the aspartate residue is expected to have signifi-
cantly lower binding affinity than phenyl phos-
phate. Nonetheless, given the principle of SAR-by-
NMR (Hajduk et al., 1997), it is expected that
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studies with mono-carboxylic, non-aromatic
compounds may lead to productive new paths in
the discovery and development of inhibitors of
SH2 domain binding to phosphotyrosine ligands.

Protein Data Bank accession number

Structure factors and atomic co-ordinates have
been deposited with the PDB (accession number
1QAD).
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ERRATUM

Crystal Structure of the C-Terminal SH2 Domain of
the p85a Regulatory Subunit of Phosphoinositide
3-Kinase: An SH2 Domain Mimicking its Own Substrate

F. J. Hoedemaeker, G Siegal, S. M. Roe, P. C. Driscoll and
J. P. Abrahams
J. Mol. Biol. (1999) 292, 763—-770

The legends to Figure 4(b) and Figure 4(c) were switched and should have appeared as follows:

Figure 4. Detailed (divergent) stereo images. (a) The binding of Asp2 of a crystallographic neighbour to the active-
site residues Argl8 (¢A2) and Arg36 (BB5). Pro71 of a third SH2 molecule is also involved in this crystal contact.
(b) The binding pocket for the ligand residue Met pY + 3. Ligand-free N-SH2 is shown in grey, N-SH2 liganded to
pY-PDGER is shown in blue (with part of the pY peptide in green), and C-SH2 is shown in CPK colouring. His BG6
is in a position comparable with liganded N-SH2 and not with unliganded N-SH2, making a hydrogen bond to
Tyr aB9. The insertion of Tyr72 in the sequence is clearly visible. (c) Water structure surrounding the binding pocket:
a network of well-ordered water molecules forms one side of the binding pocket.
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