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ABSTRACT: The N-terminal src homology 2 (SH2) domain of the p85 subunit of phosphoinositide 3-kinase
(PI3K) has a higher affinity for a peptide with two phosphotyrosines than for the same peptide with only
one. This unexpected result was not observed for the C-terminal SH2 from the same protein. NMR structural
analysis has been used to understand the behavior of the N-SH2. The structure of the free SH2 domain
has been compared to that of the SH2 complexed with a doubly phosphorylated peptide derived from
polyomavirus middle T antigen (MT). The structure of the free SH2 domain shows some differences
from previous NMR and X-ray structures. In the N-SH2 complexed with a doubly phosphorylated peptide,
a second site for phosphotyrosine interaction has been identified. Further, line shapes of NMR signals
showed that the SH2 protein-ligand complex is subject to temperature-dependent conformational mobility.
Conformational mobility is also supported by the spectra of the ligand peptide. A binding model which
accounts for these results is developed.

Phosphatidylinositol 3-kinases (PI3Ks)1 are broadly im-
portant in cell function (1-9). PI3Ks are important for
mitogenic signaling (10, 11), vesicle trafficking (4, 6), cell
movement (12), rearrangement of cytoskeletal actin (13), and
chemotaxis (14). Activation is also associated with acute
stimulation such as platelet activation by thrombin (15, 16),
stimulation of neutrophils by fMet-Leu-Phe (17), and stimu-
lation of phagocytosis (18). PI3K has an important role in
preventing apoptosis in a variety of cell types (19). Finally,
PI3K activation is associated with tumor invasion (20). Major
forms of PI3K are heterodimers consisting of a catalytic 110
kDa subunit and an 85 kDa regulatory subunit (21). The
regulatory p85 subunit contains two SH2 domains. These
domains are responsible for interactions of PI3K with
tyrosine phosphorylated sequences of oncogenes such as

middle T (22) or receptors such as the platelet-derived growth
factor receptor (PDGFr) (23, 24).

The src homology 2 (SH2) domains of p85 are representa-
tives of modules found in over 100 proteins (25-28). SH2
domains are sequences of approximately 100 amino acids
that bind phosphorylated (usually tyrosine) sequences. Since
many proteins are tyrosine phosphorylated, specificity is a
critical issue. Residues C-terminal to the phosphotyrosine
(pTyr) of the ligand are particularly important in this regard
(29). A large number of SH2 structures determined by both
X-ray and NMR methods (see, for example, the review in
ref 30) have provided structural explanations for specificity.

This work extends our NMR analysis on the N-terminal
SH2 domain of the regulatory subunit of phosphatidylinositol
3-kinase. The focus here is on interactions of the SH2 domain
with doubly tyrosine phosphorylated ligands. Closely spaced
tyrosine phosphorylation sites have been observed in a
number of different SH2 signaling contexts. Immunoreceptor
tyrosine-based activation motifs (ITAM) loosely defined by
the consensus sequence YXXLX6-8YXXL, where X is any
amino acid, have been identified in signaling subunits of the
T and B cell antigen receptors, the high-affinity Fc receptor
for IgE (FcR), and other FcRs (31, 32).

Clustering of ITAM-containing receptors results in phos-
phorylation of the two critical tyrosine residues in the ITAM
which converts it into a high-affinity ligand that interacts
with tandem SH2 domains of members of the Syk/ZAP-70
family of tyrosine kinases (31, 32). Closely spaced phos-
phorylation sites are also found in non-ITAM-containing
receptors such as the insulin or PDGF receptors. The spacing
is more variable than for ITAM motifs. In the case of the
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PDGF receptors, these two sites are 740 and 751. In the
insulin receptor there are six residues between two YXXM
motifs, while in IRS 1 there are 20. In the viral oncogene
polyoma middle T, residues 315 and 322 are tyrosine
phosphorylated (33-35).

Such closely spaced sites could potentially serve different
kinds of functions. In polyoma middle T, tyrosine 315 is
the major site for interaction with PI3K (36, 37), while
tyrosine 322 can support association with PLCγl (38). More
interesting possibilities arise from association of doubly
tyrosine phosphorylated sequences with multiple SH2s in the
same protein. The structures of ITAM motifs-SH2 interac-
tions show ways in which this can be achieved (39-41).
Activation of PI3K in Vitro works much better with doubly
phosphorylated peptides than with monophosphorylated ones
(42-45). One thought is that using two tyrosine phospho-
rylations and two SH2s is a method for enhancing the affinity
of interactions. However, evidence has also been presented
that diphosphotyrosine sequences can induce oligomerization
of PI3K (46).

This work examines the solution structure of the N-
terminal SH2 domain of PI3K bound to a doubly phospho-
rylated peptide from polyoma middle T antigen. It shows a
novel mechanism for SH2 interactions in which a second
phosphotyrosine participates in ligand binding. Line shapes
of NMR signals are presented which demonstrate tempera-
ture-dependent conformational mobility induced by the
doubly phosphorylated ligand. These data are used to discuss
an extended model for SH2-ligand interaction.

MATERIALS AND METHODS

All peptides including the doubly phosphorylated peptide
EEEpYMPMEDLpYLDIL-NH2 were synthesized and HPLC
purified by the Tufts Protein Chemistry Facility as described
earlier (47). The purity of the doubly phosphorylated peptide
was confirmed by NMR spectra and ESI and MALDI mass
spectra, which showed doubly phosphorylated peptide with
no single or unphosphorylated peptide present. Binding
assays have also been described previously (47, 48). Briefly,
tyrosine phosphorylated middle T was prepared by immu-
noprecipitation from Sf9 cells infected with MT and c-src
expressing baculoviruses and in vitro labeling with [γ-32P]-
ATP (2000 Ci/mmol, NEN). For competition experiments,
p85 N-SH2 fusion protein on glutathione beads was incu-
bated with competitor for 30 min at 4°C. 32P-labeled middle
T was added and the mixture incubated for 1 h on ice.
Washed samples were analyzed by SDS-PAGE. The gels
were stained with Coomassie Brilliant Blue to measure fusion
protein and analyzed using a Molecular Dynamics phospho-
rimager to determine bound labeled middle T.

Protein samples were expressed as described previously
(47, 48) using 1 L of CELTONE-CN (MARTEK Biosciences
Corp.). The concentration of the SH2 samples was ap-
proximately 1.5 mM. In the case of the complex a reduced
sample volume of 220µL was used in a SHIGEMI NMR
tube. NMR spectra were recorded at 500 and 600 MHz.
Sequential assignments for the free SH2 were initially
obtained from15N-edited NOESY (49) and TOCSY (50)
spectra and later confirmed and completed by HNCA (51)
and HN(CO)CA (52). Side chain assignments were primarily
obtained from CC(CO)NH and HCC(CO)NH (53) but also

from HCCH-TOCSY (54) experiments. Distance constraints
were obtained from15N- and13C-edited NOESY (49) spectra
recorded at 500 and 600 MHz.

NOESY assignments were obtained by a semiautomatic
procedure employing a program from Pristovsek (55). Lists
of all peaks derived from15N- and13C-edited NOESY spectra
were compared automatically to the chemical shift values
of all atoms and preliminarily assigned. The output was
filtered against existing structures. The obtained distance
constraints were directly incorporated into DYANA distance
geometry calculations, and rejected distance constraints were
eliminated before a second DYANA run. Resulting structures
were again used for subsequent filtering steps where again
all NOESY constraints were allowed. Tolerances in this
filtering process were chosen large enough to accept new
assignments varying from the given structure. This process
converged after 10-15 iterations when the RMSD between
structures of different filtering stages and those of one
DYANA run became equal. The final assignments were
probed by manual inspection of NOESY signals.

Initial calculations for the protein complex included only
intramolecular constraints. The observed intermolecular
NOEs derived from13C{F1}-filtered 2D NOESY spectra (56,
57) were incorporated into the structure calculation after the
protein fold had already converged in the absence of the
ligand. Structures were energy minimized with MSI DIS-
COVER employing the final constraints obtained by the
filtering process and manual inspection.

RESULTS

The SH2-ligand model used here is the p85 N-SH2 of
PI3K associating with peptide sequences from polyomavirus
middle T (MT). The ability of MT to activate PI3K is broadly
important for the ability of the virus to cause a wide variety
of tumors (58). The association of MT and PI3K depends
on tyrosine phosphorylation at residue 315 (59). Tyrosine
phosphorylated middle T associated with either N-terminal
or C-terminal SH2 domains cloned from rat PI3K (22). The
N-terminal SH2 domain construct used in these studies has
114 residues. It has a serine residue atâD4 compared to a
leucine found in p85 SH2s used in other structural studies
(60, 61). This SH2 has been used in a wide range of binding
and structural studies (22, 47, 48, 62). For example, chemical
shift analysis has been used to monitor interactions between
the SH2 and a number of tyrosine phosphorylated peptides
(47). One standard binding assay measures the ability of
phosphorylated peptides to block the binding of32P-labeled
tyrosine phosphorylated middle T to GST-p85 N-SH2 fusion
protein immobilized on glutathione beads (22, 47, 48). This
assay was used to show the large contributions of the pTyr
315 as well as the first and third residues C-terminal to this
pTyr in the MT sequence (EEEpY315MPME) to the ability
of peptides to compete with MT for binding to the N-SH2
(47).

Middle T is known to have a second tyrosine phospho-
rylation site at residue 322 (33, 59). The effect of phospho-
rylation at this site was determined using longer peptides
[EEEpYMPMEDL(p)YLDIL-NH2]. Table 1A compares the
ability of the singly phosphorylated middle T sequence
(EEEpYMPMEDLYLDIL-NH2, MT15/315pY) and the dou-
bly phosphorylated sequence (EEEpYMPMEDLpYLDIL-
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NH2, MT15/315pY/322pY) to compete with middle T for
binding to the p85 N-SH2. It required approximately 9 times
as much singly phosphorylated peptide to achieve the same
competition as the doubly phosphorylated peptide. To ask
whether this is a general effect of having a second phosphate,
the same kind of experiment was carried out using a
C-terminal SH2 construct (Table 1B). For the p85 C-SH2
construct, there was no difference in the ability of the two
peptides to compete. These results suggest that the N-SH2
domain has some site that is capable of interacting with the
second tyrosine phosphate. This observation provided the
impetus for the structural studies described here.

Our previous work (47) used HSQC analysis for evaluating
SH2-peptide interactions. A more complete structural
analysis was needed to examine the complex with the doubly
tyrosine phosphorylated peptide. Figure 1 shows 20 super-
imposed structures of the free N-SH2 obtained by distance
geometry and subsequent energy minimization and a corre-
sponding Richardson diagram. The structure is well-defined
for residues corresponding to positions 330-430 of the p85

sequence (RMSD of 1.71( 0.24 Å for all atoms and
0.92( 0.15 Å for the backbone). Residues of the BC loop
(361-365) were not observed in this wild-type SH2 or in a
series of p85 N-SH2 mutants, and there were consequently
no structural constraints for this region. A similar situation
has also been observed by Booker for the bovine p85 N-SH2
(63). A better RMSD (all atoms, 1.54( 0.23 Å; backbone,
0.78 ( 0.15 Å) is obtained when the unassigned residues
361-365 are not included in the RMSD calculation.

The p85 N-SH2 consists of the usual centralâ-sheet, an
additional small sheet, and two flankingR-helices (Figure
1). There are some differences between this structure and
those determined previously by either NMR (63) or X-ray
(61). For example, X-ray diffraction shows an N-terminal
R-helix that is not seen in any of the NMR structures. The
most striking difference between the two NMR structures is
found in the BG loop region. The overall fold of the BG
loop is similar in both NMR structures, but here A414 and
K423 adopt conformations that move the whole loop toward
the bulk of the protein. In the structure determined by Booker
the BG loop was more isolated from the bulk of the protein.
Our structure in this region is closer to that determined by
Nolte using X-ray diffraction. The cause of all these
differences may be that older NMR structures were mainly
based on constraints derived from15N-edited spectra where
the number of NOE distance constraints is limited and
constraints are only observed between backbone NH protons
and side chain protons in spatially proximal side chains.
Clearly, there was some uncertainty about the BG loop in
the earlier structure, because assignments of residues between
418 and 420 were missing even in a later structural paper
from the same group (60). The work here employs13C-
NOESY-HSQC spectra that result in a much larger set of
distance restraints, including constraints between side chain
signals. In fact, most constraints (58) between the BG loop
and the bulk of the protein stem from the13C-NOESY
spectrum while only 16 constraints were observed between
backbone and side chain resonances.

Additional, more subtle differences between the two NMR
structures include a slightly stronger twist in the large central
triple â-sheet of our NMR structure. The C-terminal part of
âD turns away more quickly from the centralâ-sheet toward
the EF loop. Thus there is now an angle of 30° betweenâD′

Table 1: Comparison of the Ability of the Middle T
Phosphopeptides MT15/315pY/322Y and MT15/315pY/322pY
To Compete with Middle T Binding to p85 N-SH2 (A) and p85
C-SH2 (B)a

(A) p85 N-SH2
peptide competitor concn (µM)

0.0 12.5 4.2 1.4 0.5

none 1.0b

315pY/322Y 0.22 0.45 0.76 ndc

315pY/322pY nd 0.13 0.23 0.56

(B) p85 C-SH2
peptide competitor concn (µM)

0.0 12.5 2 0.4 0.08

none 1.0b

315pY/322Y 0.07 0.16 0.51 0.82
315pY/322pY 0.07 0.16 0.51 0.89
a GST-N-SH2 was incubated with peptide for 30 min at 4°C prior

to addition of32P tyrosine phosphorylated middle T. After middle T
addition, incubation was continued for an additional 60 min. After being
washed, bound middle T was determined by SDS-PAGE and Phos-
phorimager analysis.b Relative 32P counts. No peptide addition was
given the value of 1.0. The other32P counts are given relative to this
control value.c Not detectable.

FIGURE 1: Left: Richardson diagram of the uncomplexed PI3K p85 N-SH2 NMR structure. The naming of structural elements follows the
description of Eck et al. (71). Right: Superposition of the CR, C′, and N backbone atoms of 20 structures obtained after distance geometry
and energy minimization. These figures were prepared using MOLMOL (72) and MOLSCRIPT (73).
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and the centralâ-sheet (âB, âC, andâD). In agreement with
the X-ray structure, theR-helices move closer to each other
than suggested by the original NMR structure (also owing
to the larger number of constraints in this NMR structure).

Both, the earlier and the present NMR structures show a
similar conformation of the EF loop, different than that
observed in the X-ray structure (61). In the X-ray structure
the tip of the EF loop with F392 points more toward the+3
binding pocket even in the free SH2. In our NMR structure
the loop seems more relaxed. There is an important conse-
quence to the EF and BG loop conformations seen here. The
side chains of residues F392 and Y416 are in close proximity
to one another so that stacking appears to be likely (Figure
2). Stacking of the phenyl and the tyrosine rings is supported
by several NOE contacts between the protons of the two
rings.

Chemical Shift Perturbations in SH2-Peptide Complexes.
We have previously shown that changes of chemical shifts
in HSQC spectra caused by peptide binding can be correlated
to binding sites and properties of the protein (47). In that
work the effects of changing residues in the peptide ligand
on chemical shift perturbations in the SH2 were used to map
interactions with peptide ligands such as MT8/315pY (47).

Figure 3A depicts a comparison of1H and15N chemical
shifts of the MT8/315pY- and MT15/315pY/322pY-SH2
complexes. The region of the primary pTyr binding site
including RA and most parts of the centralâ-sheet showed
chemical shifts very similar to those observed for the short
MT peptides (blue). The only differences in the central
â-sheet are observed for L372 and H385 (shown in red).
Additional differences are observed in the EF loop (F392
and D394 shown in red), theRB helix, and the BG loop

(V402,Y408-Q415, L420, and D421). To see the effect of
the second phosphorylation, we compared the HSQCs of
MT15/315pY and MT15/315pY/322pY. The differences
observed in1H-15N HSQC spectra are mostly small; they
can be grouped in distinct regions, which are depicted in
Figure 3B. Chemical shift differences between MT15/315pY
and MT15/315pY/322pY were observed for the residues
F392 and D394 in the EF loop and in BG loop residues
N410-A414, L420, and D421 (red in Figure 3B). An
additional difference is observed in residue A360, which is
very sensitive to any changes in the protein or ligand. Several
residues (green in Figure 3), including L370, 1381, S393,
and Y416, disappear upon addition of doubly phosphorylated
peptide at 303 K. These signals even disappear upon addition
of doubly phosphorylated peptide to a solution of p85 N-SH2
which is already bound to singly phosphorylated peptide.
This observation suggests that MT15/315pY is displaced by
MT15/315pY/322pY, which is consistent with the higher
affinity of the doubly phosphorylated peptide observed in

FIGURE 2: Two different views of the interaction of F392 (EF loop)
and Y416 (BG loop) in the structure of uncomplexed p85 N-SH2.
This arrangement is supported by NOESY signals between both
phenyl rings and is observed in all structures of the structural
ensemble.

FIGURE 3: Ribbon diagrams of p85 N-SH2. Colors depict NH
chemical shift changes. (A) Comparison of chemical shift perturba-
tions upon binding of MT8/315pY vs MT15/315pY/322pY. Blue:
Residues for which NMR signals are affected in the same way by
both ligands. Red: Residues for which NMR signals are differently
affected by each ligand. Green: Residues for which NMR signals
disappear upon binding MT15/315pY/322pY. (B) Comparison of
chemical shift perturbations upon binding of MT15/315pY vs
MT15/315pY/322pY. Blue: Residues for which NMR signals are
affected in the same way by both ligands. Red: Residues for which
NMR signals are affected differently by each ligand. Green:
Residues for which NMR signals disappear upon binding.
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the peptide competition experiments. Interestingly, all four
residues that disappear point toward the center of the+3
binding pocket (see below). Increasing the temperature to
311 K restored all four signals, and when the temperature
was lowered to 283 K, a large number of additional signals
disappeared.

Line Shapes in HSQC Spectra at Different Temperatures.
To look more closely at the loss of signal observed for L370,
I381, S393, and Y416, line shapes in one-dimensional slices
of HSQC spectra were examined at different temperatures.
Figure 4 shows1H and 15N slices for I381 compared to a
representative selection of residues which show different
kinds of behavior. In simple cases, such as W333 and Y334,
line shapes showed the typical behavior of lines narrowed
by reduced viscosity of the protein solution at higher
temperatures. Other signals such as R358 and K379 showed
multiple signal components with small frequency separations

at low temperature. In the proton dimension these signals
melt into one single signal at higher temperature. However,
in the 15N dimension various signal components were
observed even at higher temperature. For I381 a similar, but
more dramatic effect was observed. Here the overall mag-
netization of the NH signal was distributed over a larger
number of small signal components. Consequently, there was
hardly any signal at 303 K. The signal became stronger at
308 K where two to three signal components are observed
in both spectral dimensions. Signal component analysis
applied to the FID also showed at least two to three signal
components in the I381 signal at 311 K and at 308 K.
Shoulders are better resolved in the15N dimension despite
the presence of an unresolved NCR coupling. This fine
structure in the signal reflects the existence of different
conformers. The coexistence of signals for one atom with a
frequency separation of 20-30 Hz represents a typical case
of slow exchange on a NMR time scale. The rate for the
interconversion between signal components must be smaller
thanπ(δν/x2), which is<50 Hz for a frequency separation
of 20 Hz. The corresponding lifetime of the different states
is >20 ms.

Slow exchange between different forms is also observed
for some residues in the ligand in the13C{F1}-filtered
TOCSY and NOESY spectra (not shown). For example,
pY11, the second phosphorylated tyrosine of the ligand is
seen twice in the13C{F1}-filtered TOCSY at 305 K. The
HN frequency separation of the two spin systems is 0.285
ppm. The signals of M5, M7, I14, and L15 of the peptide
are highly sensitive to temperature variations. For pY11 two
sets of signals are even observed at 311 K. This shows that
conformational heterogeneity involves the ligand as well as
the protein.

CR Chemical Shift Perturbation Caused by MT15/315pY/
322pY Binding. Both chemical shift analysis and structural
calculations have been used to examine the structure of the
N-SH2-MT15/315pY/322pY complex. First CR chemical
shifts were examined. The correlation between chemical
shifts and the secondary structure is much better established
for CR chemical shifts (64, 65) than for NH chemical shifts
because CR chemical shifts correlate directly with theφ and
øl angles of the amino acid and are less dependent on other
influences. CR chemical shift changes upon ligand binding
provide key information about rearrangements in the protein
upon peptide binding. Although the analysis of CR chemical
shift perturbations is a common NMR approach, it has not
usually been applied to study SH2 ligand binding.

Figure 5 shows differences in CR resonances between free
protein and the MT15/315pY/322pY complex. The general
conclusion is that chemical shift differences in CR resonances
between free SH2 and SH2 binding MT15/315pY/322pY
effectively map structural rearrangements where the ligand
binds. The biggest chemical shift perturbations (red in Figure
6) occur for E411 (1.384 ppm), L413 (4.08 ppm), and A414
(2.28 ppm) in the BG loop. Other signals changing more
than 0.5 ppm are A360 and D367 flanking the BC loop, G375
betweenâC and âD, K379 in âD, F392 in the EF loop
region, V402, N410, S412, and L424 inRB, and the BG
loop region. Smaller CR chemical shift perturbations (0.4-
0.5 ppm) were observed for S339, S380, and K382 (orange
in Figure 6). Changes of 0.3-0.4 ppm (yellow in Figure 6)
were found for additional residues in the centralâ-sheet

FIGURE 4: Effect of temperature variation on slices of1H-15N
HSQC spectra of the SH2-MT15/315pY/322pY complex recorded
at 283, 293, 303, 308, and 311 K (cyanf red). W333 and Y334
show temperature-dependent line broadening. For R358, K379, and
I381 multiple signal components are seen at low temperature which
gradually disappear at higher temperature.
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(Y334 in âA, L370 in âC), at the lowerRA helix (R340), in
RB (N406), and in the BG loop (D421 and K423).

SH2-MT15/315pY/322pY Complex: Structure Calcula-
tion. Figure 6 shows the 20 best structure backbones obtained
after distance geometry and energy minimization for the
complex between the p85 N-SH2 and the MT15/315pY/
322pY. The RMSD calculated with the BC loop is 1.96(
0.26 Å for all atoms and 1.22( 0.19 Å for the backbone;

without the BC loop a value of 1.81( 0.25 Å is obtained
for all atoms and 1.12( 0.19 Å for the protein backbone.
To improve the quality of the structure, NOESY spectra
recorded at two different temperatures, 305 and 311 K, were
used for the structure calculation. This was necessary to
overcome the lack of distance constraints for key residues
such as I381 (âD5) with increased line widths at lower
temperatures. A total of 2050 NOESY constraints were
identified within the protein. Fifty-three distance constraints
between the13C-15N-labeled protein and the unlabeled
peptide were identified in13C{F1}-filtered 2D NOESY
spectra, mostly between side chains.

Fifty-three constraints observed between the ligand and
the SH2 is a substantial number, since a lack of intramo-
lecular distance constraints is a common problem in NMR
structural analysis. They were sufficient to define the location
of the peptide, but the detailed location of the peptide side
chains was not very well defined. For example, even though
there were constraints to the phenyl ring, the pTyr phosphate
group does not provide any constraints. The limited number
of constraints inevitably caused some uncertainty in the
structure, which is reflected in the increased RMSD com-
pared to the free protein.

To overcome the lack of constraints for the primary (315)
phosphotyrosine, phosphate interactions, known from X-ray
structures (e.g., ref61) involving the phosphate and the
phenyl ring of the primary phosphotyrosine were used as
constraints for the structure calculation (as shown in Table
2A). These constraints included such conserved hydrogen
bonds as formed by the oxygens of the phosphate with R340
and R358. Our own constraints derived from the13C{F1}-
filtered NOESY in the primary phosphotyrosine binding
pocket (Table 2B) are in good agreement with the position
of the phosphotyrosine in other SH2 structures. Ambiguities
in the assignment of the 2D13C{Fl}-filtered NOESY
spectrum, which correlates H12C of the ligand with H13C of
the protein, could not be resolved by editing the13C-filtered
NOESY in a third dimension because of limited signal to
noise. For this reason, chemical shift perturbations in15N

FIGURE 5: Chemical shift differences induced by adding MT15/
315pY/322pY to uncomplexed p85 N-SH2. Top: Differences of
CR chemical shifts. Bottom: Combined value for chemical shift
perturbations in1H-15N HSQC spectra (5× |∆δ(1H)| + |∆δ(15N)|).

FIGURE 6: Left: Superposition of 20 structures of the p85 N-SH2-MT15/315pY/322pY complex after DYANA and energy minimization
(ligand not shown). Right: Structure of the p85 N-SH2-MT15/315pY/322pY complex. Colors indicate CR chemical shift perturbations:
red > 0.5 ppm, orange> 0.4 ppm, and yellow> 0.3 ppm.
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HSQCs were used to assign potential binding partners in the
protein.

A clear picture of the interaction of the doubly tyrosine
phosphorylated peptide with the SH2 emerges from chemical
shift analysis and structure determination. The peptide
stretches from the primary phosphotyrosine binding site over
the centralâ-sheet to the BG loop where the second pTyr
interacts with several loop residues. Conformational changes
in the primary pTyr binding site are seen in CR chemical
shift changes of S339 and R340 in the lowerRA helix and
of A360 and D367 flanking the BC loop. This region
rearranges to form the pTyr binding pocket. However, on
the basis of comparison of chemical shift perturbations
between MT8/315pY and MT15/315pY/322pY, the structure
around the primary 315 phosphorylation site of the ligand
is quite similar to the complex with a shorter singly
phosphorylated peptide. The chemical shift perturbation of
A360 with MT15/315pY/322pY in this region is superficially
unexpected because the primary pTyr binding site is not
affected by phosphorylation of the second tyrosine. However,
because of conformational flexibility of the BC loop the
resonance of A360 is very sensitive to any change in the
protein or peptide.

The peptide bends at pTyr to cross the centralâ-sheet.
Conformational changes in the centralâ-sheet are caused
by steric requirements of the peptide. Specific interactions
between the backbone and the side chains of+1 and+3 in
the peptide involve rearrangements in K379, S380, and K382.
Secondary effects are seen in other strands of the sheet such
as CR chemical shift changes in Y334 inâA and L370 in
âD. G375 betweenâC and âD changes its conformation
because the wholeâ-sheet moves together, becoming more
compact. As a result, the long ligand has enough room to
bend between theâ-sheet andRB, before it can emerge
toward the BG loop. The M+ 1 side chain is coordinated
through hydrophobic contacts with the side chains of K379,
I381, K419, and L420.

The protein adapts to the binding of the peptide by
rearranging the EF and BG loops toward the bulk of the
protein. The BG loop presumably rearranges because of
bulky groups (leucines and isoleucine in the C-terminus of

the peptide). As a consequence, theRB helix is distorted at
its C-terminal end. This is in good agreement with the
observed CR chemical shift changes which were particularly
strong in the end ofRB and the lack of HN-HN NOESY
signals which are typical forR-helices.

The CR chemical shift change of V402 indicates the
position where the peptide bends toward the BG loop because
of steric requirements. V402 is nevertheless displaced.
Residues N410-A414 and D421 and K423 in the BG loop
show significant differences. The C-terminus ofRB moves
toward what is seen as the back of the protein in Figure 6,
so that theR-helices of complexed and free SH2 are at an
angle of 5° with respect to one another.

The EF loop in the complex structure resembles the
conformation reported in the X-ray structure (61). The tip
of the loop is oriented toward the+3 pocket. The most
dramatic conformational change upon peptide binding seen
in the X-ray structure is rotation of the side chain of Y416
(BG5) about ø1. In these NMR structures the phenolic
hydroxyl group of Y416 has moved 8 Å between free and
complex conformations. The CR position also moves 5 Å.
The result of this movement, which unstacks F392 from
Y416, is to open the+3 hydrophobic pocket and to move
F392 at the tip of the EF loop toward the peptide. This is in
good agreement with the large chemical shift change
observed for the amide of Y416 [∆δ(15N) ) 3.01 ppm]. A
conformational change in the backbone of the BG loop is
clearly observed.

Rearrangements in the BG loop are important for+3
coordination. The structure shows hydrophobic contacts with
I381, L413, A414, K419, and L420. All of these residues
also showed strong chemical shift perturbations upon binding
MT15/315pY/322pY (Figure 5). Not only are K419 and
L420 contacting both+1 and+3, but they are also affected
by the C-terminus of the peptide, since chemical shift
changes of K419 and L420 differ in complexes with MT8/
315pY and MT15/315pY.

The C-terminus of the doubly phosphorylated MT peptide
is bound in a mode that has not been seen with previous
SH2 domain structures. The second phosphotyrosine (322)
is coordinated by the BG loop and the C-terminal part of
RB. The minimized structure suggests a network of hydrogen
bonds which links the oxygens of the phosphate with the
backbone amides of E411 and S412 and with the side chain
amides of K423 as shown in Figure 7. The side chain of
K423 is the only positively charged binding partner possible
for the pTyr oxygens. Hydrophobic contacts are made with
L404, Y408, L413, L420, and L424. The importance of all
of these residues for MT15/315pY/322pY is supported by
small chemical shift changes resulting from addition of
doubly phosphorylated MT peptide in comparison to chemi-
cal shifts of singly phosphorylated peptide. The structure
suggests hydrogen bonds from D394 to the amide of+6
leucine and from F392 to the side chain carboxyl of+4
glutamate that appear to be significant for orienting the
residues between+3 and the second pTyr. At D9 (+5) the
peptide changes its direction, bending about 80°, so that it
is parallel to theRB helix.

DISCUSSION

Most attention to the interaction of peptides containing
two phosphotyrosines with SH2 domains has focused on the

Table 2: (A) Distance Constraints Derived from X-ray Structures
Used for Structure Calculation and (B) NOESY-Derived Distance
Constraints Involving the pTyr Binding Site

(A) Distance Constraints Derived from X-ray Structures
phosphopeptide SH2

Y315-phosphate R340 HH
Y315-phosphate R358 HH
Y315-phosphate A360 HB
Y315-phosphate S361 OH
Y315-phosphate T362 HG

(B) NOESY-Derived Distance Constraints
MT15/315pY/322pY SH2

Y315 phenyl R358 HG
Y315 phenyl R358 HD
Y315 phenyl R358 HE
Y315 phenyl D359 HN
Y315 phenyl T369 HG
Y315 phenyl S380 HB
Y315 HA I381 HG
Y315 HB K382 HD
Y315 phenyl K382 HD
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idea that the two tyrosine phosphorylated sequences interact
with different SH2 domains in the target protein. Experiments
here comparing the behavior of isolated single N-SH2 and
C-SH2 domains of the p85 regulatory PI3K subunit showed
that they behaved differently with respect to binding polyoma
virus MT sequences. It is clear that phosphotyrosine 315 of
MT is the major binding site for PI3K (22). Either N-SH2
or C-SH2 can bind this sequence. However, tyrosine 322 of
polyoma middle T can also be phosphorylated. Competition
experiments showed that this second phosphorylation has no
significant effect on the ability of a MT peptide to interact
with the C-SH2. However, the doubly phosphorylated peptide
showed nearly 10-fold higher binding to the isolated N-SH2
domain.

NMR structural analysis was undertaken to try to under-
stand the difference in affinity arising from the second
phosphate. The interaction of the N-SH2 with the doubly
phosphorylated MT sequences was also examined by analyz-
ing chemical shift perturbations. The two methods have
provided complementary insights into the nature of the
interactions. There was no indication in our NMR spectra
of dimerization of the SH2 domain caused by the second
phosphotyrosine. Therefore, the doubly phosphorylated
ligand bound with increased affinity to a single SH2. The
NMR results provided a satisfying explanation for the
binding of the second phosphotyrosine to the N-SH2
structure. Our results therefore indicate a novel mode of
interaction for SH2 domains and doubly tyrosine phospho-
rylated sequences.

To understand the structure of the SH2-phosphopeptide
complex, the structure of the free SH2 was first determined.
The rat N-SH2 variant used in these studies had serine instead
of leucine at the position corresponding to residue 380 in
human p85. The structure of the free SH2 showed some
differences from known NMR and X-ray structures in some
positions. As noted earlier, differences between this NMR
structure and that of Hensmann (60) are likely to be a
consequence of improving NMR technology. The NMR
structure here presents a clearer picture of the BG loop and
is in accordance with Nolte’s X-ray structure. It explains
why the side chains in the+1 position in the ligand (e.g.,
Val in peptides derived from PDGFr) cause particularly large
changes in chemical shift perturbations for residues K419
and L420 in the BG loop. This structure shows that the fold

of the BG loop brings these two residues in direct contact
with K379 in the upper part of the centralâ-sheet to form a
hydrophobic surface for+1 side chain interactions (Figure
8).

Both the present and earlier NMR structures show differ-
ences in the EF loop region from the X-ray structure. The
differences have an important consequence seen in our
structure. The EF loop folds so that the phenyl rings of F392
and Y416 are stacked (Figure 2). In the peptide complex
Y416 is no longer stacked with F392. The observation of
stacking would explain previous chemical shift perturbation
data. F392 and its surrounding residues titrate upon binding
of peptide. Titration of a Y416A mutant of the p85 N-SH2
showed little or no chemical shift perturbations for F392 (U.
Günther, unpublished results). Surprisingly, the Y416A
mutant showed a binding affinity similar to that of wild type.
It will be of interest to determine whether this stacking
interaction affects specificity for particular ligands.

The SH2-ligand complex presented here has a longer
C-terminal extension compared to previous structural studies
of SH2-ligand interactions. The second phosphotyrosine is
at position+7 with respect to the first. A major challenge
in such studies is identifying contacts between the ligand
and the protein. For example, even after developing new
methods to identify such contacts (66), Tsuchiya and
colleagues (67) were not able to establish contacts between
an epidermal growth factor receptor peptide and the Grb2
SH2. Our efforts met with more success. For ambiguous
peaks, chemical shift perturbations were used to distinguish
possible assignments. It was thus possible to assign13C-
filtered TOCSY and NOESY spectra.

Chemical shift perturbations clearly implicated the BG
loop in additional interactions with MT15/315pY/322pY. The
location of the C-terminus of the peptide in the complex is
supported by a series of NOESY contacts, despite the lack
of direct data for the phosphate oxygens. Efforts to use the
phosphate signal for additional NMR experiments failed
owing to the broadness of its resonance and the fact that
their resonance frequencies are degenerate.

The C-terminus of the peptide is relocated from EF toward
BG compared to the SH2 complex structures determined by
Nolte (61). This allows pTyr 322 (position 11 of the peptide)
to interact with the positively charged K423. The C-SH2
has a Thr in this position and no other positively charged
side chain nearby which would potentially adopt the role of
K423. This probably explains why increased affinity for

FIGURE 7: Coordination of the pTyr 322 in representative structures
of the p85 N-SH2-MT15/315pY/322pY complex.

FIGURE 8: Interaction of K379, K419, and L420 in the uncomplexed
p85 N-SH2.

SH2 Interaction with Doubly Phosphorylated Peptide Biochemistry, Vol. 39, No. 51, 200015867



doubly phosphorylated peptide is observed only for the
N-SH2 domain. A series of hydrophobic side chains in the
BG loop provide a surface for interaction with the bulky
hydrophobic residues after pY11. At present, it is not clear
whether the second phosphate also affects these interactions.

Perhaps the most astonishing observation in this work is
the behavior of line shapes of NMR signals in different
positions of the SH2. Line shapes became very complex
when there is a second tyrosine phosphorylation in the bound
peptide. The possibility that this was caused by sample
heterogeneity of the ligand was eliminated by ESI and
MALDI mass spectroscopy. Even if the sample was stored
at room temperature in aqueous solution, the ligand was
stable.

Thus the observed line shapes are an unambiguous
indication of the presence of multiple conformers in slow
exchange. There must be an equilibrium of different con-
formers with similar energies which exchange slowly because
of an energy barrier between the different forms. The close
proximity of the signal components suggests a similar
magnetic environment. Most residues involved in such
conformational exchange processes are directly involved in
the interaction with the peptide through their side chains.
For this reason, it is not surprising that conformational lability
was also observed in the ligand.

The presence of different types of line shapes in the same
protein shows that conformational heterogeneity is limited
to certain regions. Since the singly phosphorylated peptide
does not introduce conformational heterogeneity, it must be
the second pTyr interaction that is responsible.

Additional complexity arises from the fact that raising the
temperature reveals multiple forms in slow exchange for
residues such as I381 and to some degree R358 and K379.
Clearly, we do not observe a transition from intermediate to
fast exchange when raising the temperature. One possible
explanation is that signals from a large number of conformers
become too weak to be observed at low temperature. As the
temperature is raised, signals sharpen because the correlation
time of the protein is reduced. Exchange rates will also
increase, and consequently, conformers with relatively small
energy barriers will melt into one signal. Thus the overall
number of conformers is reduced. The presence of multiple
signal components even at 311 K indicates that slow
conformational averaging on a millisecond time scale is
present.

There is more than one possible interpretation of the
observation of conformational heterogeneity. In one view,
the unliganded protein has conformational exchange on a
rapid time scale. The exchange between conformers could
be slowed by interaction of the second pTyr so they become
detectable. It is even possible that the doubly phosphorylated
ligand interacts favorably with SH2 conformers that never
give productive binding with a peptide that is singly
phosphorylated. However, since heterogeneity was not
observed in the free SH2 or in the single pTyr complex, and
given the demonstration of the second pTyr binding site, we
favor the explanation that the formation of conformers is
triggered by the second pTyr.

An ensemble of energetically equal or similar conformers
which all bind the ligand with comparable affinity may cause
an increase in entropy, and thus the overall affinity is higher.
However, it seems unlikely that this gain of affinity would

compensate losses from conformational flexibility. This may
be the reason phosphorylation of tyrosine 322 causes an
increase of affinity of only 1 order of magnitude. Previous
data showed that removing phosphate from tyrosine 315
reduced binding 3 orders of magnitude (47). This difference
may be biologically relevant. The 322 sequence can be
involved in other interactions (PLCγl) resulting in an
equilibrium between different interactions. This sort of
interpretation is supported by a recent isothermal titration
calorimetry study by O’Brien et al., which suggests that an
individual doubly phosphorylated binding site which interacts
with SH2 domains can recruit different proteins (68).

In conclusion, this work demonstrates that SH2 domains
can have a second, nontraditional phosphotyrosine binding
site. This may well be relevant to earlier observations that
SH2 domains can interact with non-phosphotyrosine-contain-
ing peptides in a phosphorylation-dependent manner (69, 70).
For this SH2, the challenge from the structural studies is to
go back to new genetic and biological analysis to assess the
real importance of this novel mode of interaction and to probe
the role of conformational behavior by additional NMR
experiments.
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