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ABSTRACT:

The association of spleen tyrosine kinase (Syk), a central
tyrosine kinase in B cell signaling, with Vav SH2 domain is
controlled by phosphorylation of two closely spaced tyrosines
in Syk linker B: Y342 and Y346. Previous studies established
both singly phosphorylated and doubly phosphorylated forms
play a role in signaling. The structure of the doubly phospho-
rylated form identified a new recognition of phosphotyrosine
whereby two phosphotyrosines bind simultaneously to the
Vav SH2 domain, one in the canonical pTyr pocket and one
in the specificity pocket on the opposite side of the central 3-
sheet. It is unknown if the specificity pocket can bind phos-
photyrosine independent of phosphotyrosine binding the
pIyr pocket. To address this gap in knowledge, we deter-
mined the structure of the complex between Vavl SH2 and
a peptide (SykLB-YpY) modeling the singly phosphorylated-
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Y346 form of Syk with unphosphorylated Y342. The nuclear

magnetic resonance (NMR) data conclusively establish that
recognition of phosphotyrosine is swapped between the two
pockets; phosphorylated pY346 binds the specificity pocket
of Vavl SH2, and unphosphorylated Y342 occupies what
is normally the pTyr binding pocket. Nearly identical
changes in chemical shifts occurred upon binding all three
forms of singly and doubly phosphorylated peptides; how-
ever, somewhat smaller shift perturbations for SykLB-YpY
from residues in regions of high internal mobility suggest
that internal motions are coupled to binding affinity. The
differential recognition that includes this swapped binding
of phosphotyrosine to the specificity pocket of Vav SH2
increases the repertoire of possible phosphotyrosine binding
by SH2 domains in regulating protein-protein interactions
in cellular signaling. © 2013 Wiley Periodicals, Inc.
Biopolymers 99: 897-907, 2013.
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INTRODUCTION

pleen tyrosine kinase, Syk, is an essential component

of the B cell signaling network to produce antigen-

specific antibodies that target foreign molecules in

the adaptive immune response.' The B cell receptor,

BCR, recognizes foreign molecules and this engage-
ment of the receptor leads to phosphorylation of the BCR
intracellular tyrosine activation motif, ITAM, clustering of
BCR molecules, activation of Syk, and enhanced levels of
tyrosine phosphorylation of numerous intracellular proteins.
Syk activation and phosphorylation on many tyrosines gen-
erates recognition sites allowing Syk to interact with various
effector proteins and to participate in the formation of large
signaling complexes at the clustered receptors. The Vav fam-
ily of guanine nucleotide exchange factors, GEFs, is one such
effector protein2_4; in addition to GEF activity, the Vav fam-
ily acts as scaffolding proteins to promote the assembly of
the signaling complexes® and is essential for B cell develop-
ment.® As does Syk, Vav has multiple binding partners. The
SH2 domain of Vavl mediates its interaction with a wide
variety of binding partners with disparate functionality,
including kinases and phosphatases,”® receptor proteins,’
and several scaffolding proteins.'®'* This wide diversity in
molecular interactions suggests Vav SH2 recognition is
multifaceted.

Syk associates with Vav through the SH2 domain of Vav
and the linker B region of Syk connecting the two tandem
SH2 domains and the catalytic domain. Syk linker B con-
tains several tyrosines that are phosphorylated to regulate
Syk binding to its multiple binding partners and to couple
the BCR, as well as other ITAM-containing receptors, to
alternative signaling pathways." The highest proportion of
phosphorylation in humans occurs at two of these linker B
sites'®: Y348 and Y352, equivalent to Y342 and Y346 in
mouse (murine Syk numbering is used throughout this arti-
cle), and Y315 and Y319 in Zap-70, which is the only other
member of the Syk family of cytoplasmic tyrosine kinases
and is expressed in T cells. Vav binds the region of Y342
and Y346, which in its doubly phosphorylated form is an
unusual recognition site of two closely spaced phosphotyro-
sines that binds a single SH2 domain of certain Syk
partners.16

SH2 domains comprise approximately 100 residues that
fold independently into a central f-sheet flanked by two -
helices (Figure 1). Vavl SH2 (protein data bank, PDB code
2CRH) has a nonaromatic hydrophobic Ile residue at the fD5
position, and therefore, belongs to the new group IIA in the
classification'” of the more than 100 SH2 domains in the
human genome. The specificity derived from the proteins
known to interact with Vavl SH2 places proline at the pTyr
+3 position.”*'* This preference combined with the phos-

- " pTyr
specificity gc loop pocket
pocket
FIGURE 1 Ribbon diagram of the Vavl SH2 structure indicating

the regions of the specificity pocket and pTyr pocket on each side of
the central f-sheet. The central f-sheet comprises B, fC, and D,
and the secondary f-sheet comprises D', SE, and SiE.

phopeptide screening'” gives the sequence specificity pY®XP
where pY is phosphotyrosine, @ is a hydrophobic amino acid,
and X is any amino acid.

The canonical binding site of SH2 domains for phosphotyr-
osine lies on the side of the central -sheet near «A (Figure 1).
The phosphoryl group interacts with two highly conserved
SH2 residues: RB5 and HBD4.'® It is generally thought that
phosphotyrosine binding in this pTyr pocket provides as much
as half of the free energy for binding; equilibrium binding
constants for phosphorylated peptides are 10° to 10* higher
affinity than the unphosphorylated peptide of the same
sequence.'” " A second pocket on the opposite side of the cen-
tral ff-sheet, called the specificity pocket, has higher sequence
variability as well as structural variation in the secondary
B-sheet (BD’ to BF) and BG loop.'® This pocket is the site asso-
ciated with specific recognition of the SH2 domain for its
binding partner and interacts with amino acids C-terminal to
phosphotyrosine. Recognition determinants beyond these
canonical binding interactions include binding contacts that
extend N-terminal to phosphotyrosine,” phosphorylation-

222> and simultaneous binding of two

independent binding,
peptides.**

The Vav family SH2 domain recognizes the Syk linker B
region spanning Y342 and Y346 with an affinity that depends
on the phosphorylation state®; the doubly phosphorylated
state with both pY342 and pY346 has highest affinity, and the
singly phosphorylated states are two-fold lower for pY342 and
10-fold lower for pY346. Moreover, cellular response levels in
B cell signaling match these relative binding affinities, which
suggests that recognition of Y342/Y346 is a limiting factor in
signaling. The unusual recognition of two closely spaced tyro-

sines by a single SH2 domain occurs by binding pY342 in the
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canonical pTyr pocket and pY346 in the specificity pocket.”> A
similar binding orientation was determined for the interaction
of the same doubly phosphorylated region of linker B with the
C-terminal SH2 domain of phospholipase C-y (PLC-y),'®
another downstream target in B cell signaling. Here, we address
the question of how is the singly phosphorylated pY346 form
of Syk linker B recognized. Is the mode of binding with pY346
located in the specificity pocket sufficiently stable to be
preferred over one with a change in orientation that positions
the single phosphotyrosine in the canonical pTyr pocket? The
preferred orientation is unclear at the outset given that
the sequence C-terminal to both of these tyrosines,
Y34,ESPY344ADP, corresponds to the pY®XP consensus
sequence noted above, and that phosphotyrosine binding con-
tributes half of the binding free energy in other SH2 domain
interactions. Recent technological developments in high-
throughput assay of cellular SH2-protein interactions allow a
remarkable capability of detecting hundreds of potential func-
tional associations, many of which were previously unknown.*®
This growing set of SH2 interactions emphasizes the need to
expand our knowledge of the structural basis for SH2 mediated
protein-protein interactions.

RESULTS

Chemical Shift Perturbation (CSP) to Monitor Syk
Linker B Association with Vavl

The interaction of Syk with Vavl SH2 is regulated by tyrosine
phosphorylation of Syk linker B.*> The effect of phosphoryla-
tion was examined using peptides derived from the Syk linker
B sequence 338 to 353 (DTEVY;4,ESPY3,,ADPE) and contain-
ing phosphotyrosine at either position 342 (SykLB-pYY), 346
(SykLB-YpY), or both (SykLB-pYpY). Changes in the 1>N-het-
eronuclear single-quantum coherence (HSQC) NMR spectrum
of "N-labeled Vavl SH2 upon titration with phosphorylated
peptides were used to monitor the binding process.

NMR Lineshape Changes Reflect Relative Affinity. °N-
HSQC spectra of Vavl SH2 titrated with either SykLB-pYpY or
SykLB-YpY are overlaid for each titration point in Figures 2A
and 2B, respectively; the overlays upon titration with SykLB-
pYY are nearly identical to those of SykLB-pYpY. Several SH2
peaks have substantial shifts upon titration as a result of direct
intermolecular contact and/or alteration of the SH2 conforma-
tional equilibrium upon phosphopeptide binding. The spectral
changes upon titration of Vavl SH2 depend on the phospho-
rylation state; the titration pattern corresponds to the fast-
exchange limit on the chemical shift timescale for SykLB-YpY,
while most peaks show intermediate to slow exchange behavior
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FIGURE 2 Titration of Vavl SH2 with Syk-derived phosphopepti-
des monitored by ""N-HSQC. Contours are colored as a rainbow
from red, no ligand, to violet, saturating levels of ligand (see Meth-
ods for actual SH2:peptide ratios). (A) Titration with SykLB-pYpY,
residues DTEVpY;4,ESPpY34ADPE. (B) Titration with SykLB-YpY,
residues DTEVY;4,ESPpY34ADPE. (C) An expanded region show-
ing S708 and 1709 peaks during the titration with SykLB-pYpY,
SykLB-pYY (residues DTEVpY;4,ESPY;,ADPE), or SykLB-YpY
showing intermediate and similar exchange behavior for SykLB-
pYpY and pYY compared to the fast-exchange behavior for SykLB-
YpY consistent with the binding affinities (SykLB-YpY Kp =171
uM; SykLB-pYpY Kp = 7.4 uM; SykLB-pYY Kp = 14.6 uM).

when SykLB-pYpY or SykLB-pYY binds. The disparate
exchange behavior is illustrated for peaks from S708 and 1709
amide resonances in Figure 2C; in the case of SykLB-YpY
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(A) CSP values plotted as a function of Vavl SH2 residue number for titration with

SykLB-YpY (green), SykLB-pYY (blue), or SykLB-pYpY (red) phosphopeptide. (B) Ribbon drawing
of Vavl SH2 domain (PDB code:2LCT) with large CSP values mapped to the structure: gold are
residues with CSP > 0.15 ppm; green are large CSP values for which the SykLB-YpY complex value
is smaller than the other two complexes; black are residues for which the resonance is missing in at
least one of the three phosphopeptides complexes (residues 676, 678, 698:705, 720:721).

association (right panel), the S708 and 1709 resonances are
observed throughout the titration with SykLB-YpY with little
change in linewidth, whereas in the case of both SykLB-pYpY
and SykLB-pYY titrations (left and middle panels) the broad-
ening and loss of peak intensity characteristic of intermediate
exchange is evident. Given that the frequency difference
between the free- and bound-state chemical shift is similar for
the three peptides, these differences in exchange behavior are a
direct indicator of faster pseudo-on/off rates and a lower bind-
ing affinity for SykLB-YpY relative to that for SykLB-pYpY and
SykLB-pYY. The NMR exchange results are fully consistent
with the kinetic rates and equilibrium constant for binding
obtained using surface plasmon resonance measurements
reported previously.”® The affinity of SykLB-YpY is approxi-
mately 10-fold and 5-fold lower than the affinity of SykLB-
pYpY and SykLB-pYY, respectively (SykLB-YpY Kp =71 uM;
SykLB-pYpY Kp = 7.4 uM; SykLB-pYY Kp = 14.6 uM). Based
on NMR exchange dynamics,””*® a switch from fast-exchange
to intermediate-exchange behavior, for a resonance with
roughly the same total change in frequency upon binding two
ligands, corresponds to approximately an order of magnitude
difference in Kp, as observed for Vavl SH2.

Residue Profiles of CSP for Binding SykLB-pYpY, SykLB-
pYY, and SykLB-YpY. The association of the Syk phospho-
peptides with Vavl SH2 leads to large-magnitude changes in
the ""N-HSQC chemical shifts. CSP calculated from the differ-
ence in resonance frequency of the unligated and bound states
as described in Material and Methods, are plotted for each
SH2 residue in Figure 3A. The pattern of the residue profiles

has four regions showing large perturbations greater than 0.2
ppm, and is remarkably similar for the three complexes.
Indeed, the CSP values upon binding SykLB-pYpY (red sym-
bols) and SykLB-pYY (blue symbols) are nearly identical, while
the profile for the lower-affinity SykLB-YpY complex (green
symbols) is similar but somewhat smaller in magnitude for the
four regions of high CSP. Large CSP values occur for residues
lining the pTyr pocket (N-terminus of the oA helix, the two
ends of the BC loop), the central f-sheet (SC, D), the speci-
ficity pocket (BG loop), and parts of the secondary f-sheet
(pD' strand to the EF loop). The correspondence in the CSP
profiles infers the differentially phosphorylated peptides have
common binding surfaces and that the overall mode of bind-
ing is similar.

To visualize the CSP profiles, the values greater than 0.15
ppm are mapped onto the Vavl SH2 structure in Figure 3B;
orange represents residues with large CSP values common to
all three complexes, green represents those for which the
SykLB-YpY complex value is smaller relative to that for the
SykLB-pYpY and SykLB-pYY complex, and black represents
regions for which resonances are missing in one or more of the
phosphopeptides complexes. Whereas the near equivalence in
CSP values for the SykLB-pYpY/ and SykLB-pYY/Vavl SH2
complexes suggest the bound conformation of these two phos-
phorylation states are highly similar, the residues mapped in
green are regions with potential differences in the SykLB-YpY-
bound complex to accommodate the combination of phos-
phorylated pY346 and unphosphorylated Y342.

Examination of Figure 3B finds that resonances with
smaller magnitude CSP for the SykLB-YpY complex relative to

Biopolymers



Table I Structural Statistics of 20 Final Structures

NOE Distance Restraints

Protein NOE
Total 2508
Short range (li-jl <1) 1104
Medium range (1 < li-jl < 5) 478
Long-range (li-jl > 5) 925
Intermolecular NOE 26
Dihedral angle restraints 134
from TALOS
RMSD (A) to mean coordinates Backbone Heavy Atoms
Complex® 1.65 £ 0.33 2.15+0.29
SH2 domain residues 0.52 = 0.09 1.10 = 0.11
664-697, 706-767
Peptide residues 341-347 0.92 =£0.28 1.44 = 0.32
Ramanchandran plot (%)
Most favored regions 68.6
Additionally allowed regions 253
Generously allowed regions 4.0
Disallowed regions 2.1

*Vavl SH2 residues 661-767 and YpY residues 338-350.

the other two complexes (green) are from residues that are, for
the most part, in loops. In addition, the regions with
exchange-broadened resonances in the '"N-HSQC spectrum
(black in Figure 3B) are flanked by residues with relatively
smaller magnitude CSP, and two of these “hidden” regions
mapped in Figure 3B have no direct contact with the SykLB-
pYpY peptide®’; these are in the BC loop, and between D and
pD'. In the case of the SykLB-pYpY/Vavl SH2 complex, there
is a conformational change in the secondary f-sheet and EF

Differential Recognition of Syk-Binding Sites 901

loop upon binding. Moreover, this region shows an unusual
increase in mobility in the presence of the peptide; residues
M721 and T722 were found to exhibit microsecond-to-
millisecond motions in the SykLB-pYpY-bound state but not
in the unbound state.”> The sequential proximity of residues
with relatively smaller SykLB-YpY CSP values to exchange-
broadened residues that are distant from the binding site sug-
gests that the CSP in these regions results from a change in
conformational dynamics, as opposed to direct interaction
with the peptide, and that the structural differences of the
lower-affinity SykLB-YpY complex are also linked with SH2
regions of internal mobility.

NMR Structure of the Vavl SH2/SykLB-YpY Complex
Solution Structure Determination. To better understand
effects of differential phosphorylation of Syk Y342/346 on
Vavl interaction, we determined the structure of Vavl SH2 in
complex with SykLB-YpY using nOe-derived distance restraints
and TALOS-derived main chain dihedral angle restraints in
molecular dynamics simulations. The final complex structures
were calculated with 2,508 intramolecular SH2 distance
restraints obtained from iterative automatic assignment using
CYANA, and 26 intermolecular distance restraints assigned
manually between the Vavl SH2 domain and the SykLB-YpY
peptide. The majority of the intermolecular NOEs occur for
peptide residues including and around Y342 and pY346: Y342
has nine nOe’s; P345 has six nOe’s; pY346 has four nOe’s; and
A347 has four nOe’s. SykLB-YpY residues 343 and 344,
between the two closely spaced tyrosines, have no intermolecu-
lar nOe’s. A similar finding occurred for the SykLB-pYpY

FIGURE 4

Biopolymers

(A) set of 20 lowest-energy structures determined from NMR-restrained MD of the
Vavl SH2-YpY complex. Structures are represented by a main chain trace of SH2 (grey) and
SykLB-YpY (green), and superimposed based on main chain atoms of the central ff-sheet. (B) Rib-
bon drawing of the average structure obtained by averaging coordinates from the set of twenty
structures, followed by energy minimization. The SykLB-YpY peptide is green. Y342 (purple) occu-
pies the pTyr pocket, and pY346 (red) the specificity pocket. (C) Intermolecular nOe interactions
visualized with lines between the SykLB-YpY protons and Vavl SH2 protons.
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FIGURE 5 Ribbon representation in close-up view of the two binding pockets of Vavl SH2 (grey)
ligated with SykLB-YpY (green). (A) The specificity pocket occupied by phosphorylated pY346
(red sticks). K716 and K755 are highlighted with sticks. The key interaction for recognition of
phosphotyrosine in the specificity pocket is with K716. (B) The pTyr pocket occupied by unphos-
phorylated Y342 (purple sticks). Important residues are shown with blue sticks.

complex of Vavl SH2 where only one intermolecular nOe was
observed for these residues of the peptide.*” Structural statistics
for 20 final structures for the SykLB-YpY-bound state are
shown in Table I. The root mean square deviation (RMSD)
corresponding to the ordered regions in the Vavl SH2 domain
(residues 664697 and 706-767) is 0.52 = 0.09 A for the back-
bone and 1.10 + 0.11 A for heavy atoms. The RMSD for the
well-ordered region of the SykLB-YpY peptide, residues 341—
347, is 0.92 = 0.28 A for the backbone and 1.44 +0.32 A for
heavy atoms. This level of precision achieved from the NMR
restraints is sufficient to allow a reliable description of the
interactions between the Vavl SH2 domain and the SykLB-
YpY peptide.

Vavl SH2/SykLB-YpY Complex Structure and Recognition.
The set of 20 lowest-energy structures of the Vavl SH2/SykLB-
YpY complex is shown in Figure 4A, and the energy-
minimized average structure in panel B. In the SykLB-YpY-
bound state, the Vavl SH2 domain retains the well-known
topology with a central f-sheet followed by a smaller second-
ary f3-sheet, both flanked by two o helices, and the SykLB-YpY
peptide crosses the edge of the f-sheet (green in Figures 4A
and 4B). The BC loop is unstructured (Figure 4A) given that
the resonances for atoms in the BC loop are not observed, and
therefore, without restraints in the MD simulations. The BC
loop was similarly disordered in the case of the Vavl SH2-
SykLB-pYpY complex.*

A key point of the SykLB-YpY interaction with Vavl SH2 is
that pY346 (red, Figure 4B) binds the specificity pocket on the
side of the central f-sheet opposite to the canonical pTyr-
binding pocket, while the unphosphorylated Y342 (purple,

Figure 4B) inserts into the canonical pTyr binding pocket.
Consistent with the intermolecular nOe’s illustrated in Figure
4C, most of the intermolecular contact derives from Y342 and
pY346, plus P345 that matches the proline at (p)Tyr +3 in the
consensus sequence. The intervening residues E343 and S344
crossing the central ff-sheet have little direct interaction with
Vavl SH2. Two residues upstream of Y342, E340 (1 nOe), and
V341 (1 nOe), make weak contact with the N-terminal end of
the oA helix. These two residues also form intermolecular
interactions in the SykLB-pYpY complex, and thus likely stabi-
lize the orientation of the bound peptide with Y342 in the
pTyr pocket whether or not phosphorylated. These upstream
contacts are missing in the Vavl SH2 complex with the pY128
peptide derived from SLP-76 (PDB code 2ROR).

Figure 5 is a detailed view of pY346 (panel A) and Y342
(panel B) interactions with Vavl SH2. Instead of occupying
the canonical pTyr pocket, pY346 binds the specificity-
determining region on the left side of the ff-sheet as viewed in
Figure 5A. The phosphate group of pY346 interacts with the
positively charged ¢-amino groups of K716 in the fD3 posi-
tion. A lysine residue occurs at the D3 position in all SH2
domains known to have the ability to bind to the doubly phos-
phorylated peptide derived from Syk linker B,"'® and thus the
Vavl SH2/SykLB-YpY structure further emphasizes the impor-
tance of this recognition feature for the two-closely spaced
tyrosine residues in Syk linker B. In addition to the phosphoryl
group interactions, the aromatic ring of pY346 involves hydro-
phobic contact with the aliphatic portion of the K719 side
chain in the second binding pocket.

For association in the pTyr pocket (Figure 5B), the aro-
matic ring of Y342, without the phosphoryl group, is closer

Biopolymers



FIGURE 6 (A) Stereo-view of Vavl SH2 phosphopeptide com-
plexes in cartoon representation comparing the position of SykLB-
YpY (green) and SykLB-pYpY (gold) on the protein surface. Tyro-
sine and phosphotyrosine residues of the peptide are in stick repre-
sentation. The protein model is from the SykLB-YpY-SH2 complex.
(B) Comparison of the SH2 domains from the SykLB-YpY (green)
complex and the SykLB-pYpY (orange) complex. The BC loop is
colored in grey to indicate resonances from this loop are not
observed, and therefore, the loop is disordered.

to the universally conserved R696 on the B strand compared
to the contact in the SH2-SykLB-pYpY complex. Unphos-
phorylated Y342 has contact with R678 (xA2), R696 (fSB5),
R698, and K719 (D6).

SykLB-YpY versus SykLB-pYpY Recognition. Comparison of
the Vavl SH2 structures in complex with either SykLB-YpY or
SyKLB-pYpY* finds that although the two peptides bind in the
same general orientation and with each of the two closely
spaced tyrosine residues in the same binding pockets of the
Vavl SH2 domain (Figure 6A), the specific positioning and
intermolecular interactions differ. Without the phosphate
group on Y342, this tyrosine lies in closer proximity to the B
strand and the conserved Arg696 such that the overall position
of the SykLB-YpY peptide is shifted toward the oA helix rela-
tive to that of the SykLB-pYpY peptide. This shift appears to
propagate along the SykLB-YpY chain in that pY346 is drawn
toward the central ff-sheet, and does not interact with K755 in
the BG loop. In contrast, pY346 in the SykLB-pYpY-bound

Biopolymers
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complex forms salt bridges with both K755 and K716. For the
SykLB-YpY complex, the phosphoryl group of pY346 has
larger solvent-accessible surface area than in the SykLB-pYpY
complex and solvent must contribute some level of
stabilization.

The different peptide position arising from no phospho-
rylation on Y342 in the SykLB-YpY complex compared to
the SykLB-pYpY complex is accommodated by alternative
conformations in the specificity pocket of Vavl SH2 rather
than the pTyr pocket. The differences, illustrated with a trace
of the two complexes after aligning the structures by the cen-
tral f-sheet of Vavl SH2 in Figure 6B, are in the BG loop
and the secondary f3-sheet region including the EF loop. The
canonical pTyr binding pocket retains almost the same con-
formation to bind either phosphorylated or nonphosphory-
lated Y342. This observation of the specificity pocket being
the region of plasticity and the pTyr pocket being relatively
unchanged was also made upon comparison with Vavl SH2
binding the pY128 peptide derived from SLP-76.>> The con-
formational changes in the specificity pocket alter the pocket
dimension and thus can accommodate repositioning of the
peptide for SykLB-YpY versus SykLB-pYpY or can accommo-
date the alternative sequences for pY128 versus linker B.

The conformational adjustments for binding the singly
phosphorylated SykLB-YpY generate an electrostatic potential
surface of the SH2 domain to complement the reduced nega-
tive charge of the peptide. The electrostatic potential calculated
with the DelPhi program® is mapped to the surface of the
SykLB-pYpY complex in Figure 7A and the SykLB-YpY com-
plex in Figure 7B. Both binding sites are positively charged, but
changes in the conformation of K755 in the BG loop and R698
in the BC loop result in a relatively less electropositive potential
surface in association with SykLB-YpY.

DISCUSSION

Differential Recognition of Phosphotyrosine and Syk
Linker B-Mediated Antigen Signaling in B Cells

In contrast to the vast number of existing structures of SH2-
phosphopeptide complexes, the solution structure of the Vavl
SH2 complex with the singly phosphorylated peptide SykLB-
YpY derived from Syk linker B shows that phosphorylated
Y346 binds the specificity pocket rather than the pTyr pocket
typically occupied by phosphotyrosine. This atypical,
“swapped” binding mode exists even though the sequence C-
terminal to pY346 of SykLB-YpY (DTEVY;4,ESPpY;46ADPE)
matches the consensus recognition sequence pY®XP for Vavl
SH2,'7° and would, therefore, be predicted to bind the pTyr
pocket. The experimental evidence that establishes this atypical
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FIGURE 7 Electrostatic potential of the Vavl SH2 domain in the complex with (A) SykLB-pYpY
or (B) SykLB-YpY, calculated with the DelPhi program and mapped by color onto the surface of
the protein. Darker blue corresponds to increasingly positive charge, and darker red to increasingly
negative charge.

binding mode is the unambiguous intermolecular nOe interac-
tions of Y342 and pY346 with Vavl SH2 (Figure 4C), and the
nearly identical CSP profiles (Figure 2) upon binding SykLB-
YpY or SykLB-pYpY. That is, in the known structure of Vavl
SH2/SykLB-pYpY, pY346 binds the specificity pocket and
pY342 is positioned in the canonical pTyr pocket,”® and thus
the close similarity of the CSP profile of SykLB-YpY indicates
the same overall binding orientation of the phosphopeptides
on the surface of Vav SH2.

The results reported here provide a structural framework
to understand how linker B phosphorylation of the two
closely spaced tyrosines mediates Syk interactions with Vav
as well as other proteins critical to B cell signaling.! The
linker B-mediated association of Syk with Vav proteins
leads to Syk phosphorylation of Vav on tyrosines that regu-
late Vav activity.”' > An important point is that the relative
binding affinity of Vavl SH2 for the doubly and two singly
phosphorylated forms correlates with the cellular response
levels in B cell signaling measured by nuclear factor of acti-
vated T-cells, NFAT, activation.?’ Importantly, this differen-
tial response of cells indicates all three phosphorylation
states of Syk linker B Y342/Y346 function in the cell, and
the swapped mode of phosphotyrosine binding to the speci-
ficity pocket of Vav plays a role in signaling. Tuning the
affinity of the Syk-Vav association through phosphorylation
of Y342 and Y346 affects the competition for Syk among
multiple Syk-binding proteins, and possibly determines cel-
lular response by modulating the flux through alternative
signaling pathways.

This control of B cell signaling is associated with small
changes in the affinity of the Vav-Syk interaction. The effect of
a single tyrosine phosphorylation of Syk linker B on either
Y342 or Y346 is to promote binding to Vavl SH2, with
approximately five times higher affinity for Y342 phosphoryla-
tion relative to that for Y346. A second phosphorylation event
further increases affinity; in the presence of pY346 generation
of the doubly phosphorylated docking site with pY342 and
pY346 enhances affinity 10-fold, but has only a two-fold
increase in affinity when Y342 is already phosphorylated. Over-
all, these modest differences in affinity correlate with cellular
response levels of B cells.”

The differential recognition of Y342 and Y346 by both the
specificity pocket and the pTyr pocket of Vavl SH2 provides a
mechanism to enable association of multiple binding partners, a
fundamental component of cellular signaling networks. The
complex of Vavl SH2 with SykLB-YpY described here and the
simultaneous binding of the two closely spaced phosphotyro-
sines pY342 and pY346 to SH2 reported previously for Vavl®
and PLC-y'® together find that the phosphoryl group in the
specificity pocket interacts with the side chain amino group of
Lys at the D3 position. In addition, a Lys residue occurs at this
position in all other SH2 domains that bind the doubly phos-
phorylated form of Syk at Y342 and Y346,'® and thus this inter-
action appears to be a key recognition determinant for
phosphotyrosine binding the specificity pocket of SH2 domains.
This recognition of phosphotyrosine by the specificity pocket of
SH2, with no dependence on phosphotyrosine binding the pTyr
pocket, raises the intriguing possibility that various proteins
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with such SH2 domains have the ability to recognize a second
subset of binding partners mediated by the specificity pocket.

Peptide-induced conformational changes occur in the speci-
ficity pocket, while the pTyr pocket remains relatively
unchanged in conformation. There are small shifts in the main
chain of the secondary f-sheet and the BG and EF loops to
accommodate small differences in the orientation of the
SykLB-YpY peptide compared to SykLB-pYpY. These changes
in the BG and EF loops reflect the important role of loops in
conferring specificity of SH2 domains previously noted.*
Thus, the phosphorylation state of Y342 determines the spe-
cific position of tyrosine in the pTyr pocket, yet the adjustment
in SH2 conformation to accommodate this positioning is
found to occur remotely in the specificity pocket. The second-
ary fi-sheet and the BG and EF loops are also the regions of
Vavl SH2 that exhibit mobility based on Ny transverse relaxa-
tion,” so that as expected, the flexible regions of the SH2
domain are the more adaptive ones.

Phosphotyrosine-Independent Binding in the pTyr
Pocket

Phosphotyrosine-independent binding to SH2 has been
reported for two other SH2 domains, SAP and tensin2?%335:36
and structurally characterized for SAP*>** but to the authors’
knowledge, the Vavl SH2 recognition of Syk SykLB-YpY is the
first observation of an unphosphorylated tyrosine binding the
pTyr pocket when the peptide ligand also contains a recogniz-
able phosphorylated tyrosine.

In the complete absence of phosphotyrosine, unphospho-
rylated tyrosine binds the pTyr pocket of SAP*>*’
SH2-domain protein that recognizes the signaling lymphocyte
activation molecule, SLAM, and is associated with X-linked
lymphoproliferative syndrome. Unphosphorylated and phos-
phorylated peptides derived from SLAM adopt essentially the
same bound conformation in association with SAP SH2.>> Res-
idues N-terminal to the tyrosine interact with protein in
unphosphorylated SAP SH2 complexes*>** and are present as
well as in the Vavl SH2/SykLB-YpY complex. These additional
contacts, beyond the characteristic C-terminal residue interac-
tions, may help to stabilize the unphosphorylated tyrosine
binding.

For SAP and tensin2 SH2 that bind tyrosine independent of
phosphorylation, the affinity for unphosphorylated tyrosine is

a single

reduced less than 10-fold relative to the analogous phosphoryl-
ated peptide.”>*>?® Vavl SH2 affinity difference of SykLB-YpY
and SykLB-pYpY is 71 uM versus 7.4 uM, and thus, the stabili-
zation contributed by the phosphoryl group in the pTyr pocket
is only ~1.4 kcal/mol. In contrast, for Src SH2 the binding of
phosphotyrosine in the pTyr pocket can contribute as much as
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half of the total binding free energy based on results from iso-
thermal titration calorimetry studies,>'*”
half of the binding free energy to phosphorylation of tyrosine
is sometimes considered a general property of SH2 domains.'®

and attributing near

Nevertheless, the analysis of Vavl reported here, as well as the
previous reports for SAP and tensin2 SH2 domains, demon-
strate that the phosphoryl group alone can contribute consid-
erably less of the total binding energy depending on the
particular SH2 interaction.

CSP and Binding Affinity

The magnitude of CSPs is sometimes found to be proportional
to binding affinity”® or binding enthalpy.” Clearly, such a cor-
relation is not a general one in that the physical basis for such
a correlation is limited to comparisons in which it is reasonable
that the binding energetics can be linearly related to chemical
shift. As an example where affinity is not reflected in the mag-
nitude of the chemical shift changes, PLC-y SH2 binds the
same Syk-derived peptides examined here but with 100-1000
times higher affinity than Vavl SH2, yet the CSP values for
PLC-y SH2 are quite small; no CSP value is greater than 0.2
ppm, and only about 10 are greater than 0.1 ppm.'® Nonethe-
less, for similar ligands binding to a given protein, or the same
ligand to mutant proteins, a high correlation between CSP
magnitude and affinity can be observed.

A remarkable similarity in the CSP profile of Vavl SH2 for
binding SykLB-YpY, SykLB-pYpY, and SykLB-pYY was
observed (Figure 3A). Further, the profiles show a correspon-
dence between affinity and CSP magnitude; the reduced affin-
ity of SykLB-YpY relative to SykLB-pYpY and SykLB-pYY
corresponds to somewhat smaller magnitude CSP for a few
resonances in the SykLB-YpY complex. Of interest is that most
of these resonances with smaller magnitude CSP are from resi-
dues in high-mobility loop regions of Vavl SH2 (i.e., in Figure
3B, the residues mapped in green are adjacent to the black
regions). This behavior suggests the equilibrium between dif-
ferent conformations separated by low free-energy barriers is
somehow linked to the binding energetics and contributes to
the differences in binding affinity. Although the mechanism is
not established for how the internal motion of these loop
regions could contribute to binding, the premise is nonetheless
consistent with the fact that the differences in affinity are
reflected in the on rates for binding rather than the off rates.”

MATERIAL AND METHODS

NMR Sample Preparation and Titration
The "N-labeled Vavl SH2 sample was expressed and purified using
the protocol described in the Ref. 25. The protein was in Tris buffer
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containing 20 mM Tris at pH 7.0, 100 mM NaCl, 1 mM DTT, and
0.02% NaNj. The pure phosphopeptides, SykLB-pYpY, SykLB-pYY,
and SykLB-YpY, were purchased from EZBiolab. The concentration of
the doubly phosphorylated peptide, SykLB-pYpY, was measured using
an extinction coefficient of 1304 M~ 'cm ™" at 267 nm, based on an
extinction coefficient for phosphotyrosine of 652 M~ 'cm™".*° For
the singly phosphorylated peptides, SykLB-pYY and SykLB-YpY,
the extinction coefficient is 2079 M~ 'ecm ™! at 267 nm which rep-
resents the sum of extinction coefficients for tyrosine and
phosphotyrosine.*!

The ""N-labeled Vavl SH2 protein samples were prepared at 0.2
mM in 550 pl with 10% D2O. All titration experiments were per-
formed at 298 K on a Bruker Avance-III-800 spectrometer. A series of
sensitivity-enhanced "H-""N HSQC spectra for the sample at different
protein-peptide ratios were collected with eight scans and 1024 (*H)
X 64 ("N) complex points. The titration experiments were done at
protein-peptide molar ratios of 1:0, 1:0.15, 1:0.29, 1:0.44, 1:0.58,
1:0.73, 1:0.88, 1:1.17, 1:1.46, 1:2.04, 1:2.92, 1:4.67 for the SykLB-pYpY
peptide; 1:0, 1:0.15, 1:0.30, 1:0.44, 1:0.59, 1:0.74, 1:0.89, 1:1.18, 1:1.48,
1:2.07, 1:3.25, 1:5.61 for the SykLB-pYY peptide; 1:0, 1:0.17, 1:0.34,
1:0.51, 1:0.68, 1:0.85, 1:1.02, 1:1.35, 1:1.69, 1:2.37, 1:3.72, 1:6.43 for
the SykLB-YpY peptide.

CSP quantifies the chemical shift change upon binding to the pep-

tide, and calculated as
2
sare (45

where A0H and AJN are the chemical shift differences between the
free and bound states in the proton and nitrogen dimensions,
respectively.

CSP =

1
2

NMR Structure Determination

Except the backbone amide assignments which were carried out from
the titration, the structure of the SykLB-YpY-bound Vavl SH2 com-
plex was determined using the same protocol described in the Ref. 25.
Briefly, intraprotein nOe’s in simultaneous 15N/BC—NOESY—HSQC
and aromatic ">C-NOESY-HSQC were assigned by CYANA 2.1.*
Mainchain ¢ and y dihedral angle restrains were predicted using the
program TALOS+ based on the chemical shifts of Co, Cf3, Ho, and
HN.® Twenty six nOe resonances in the 3D (C/PN)-filtered *C-
edited NOESY-HSQC spectrum were manually assigned. The complex
structures were calculated and refined with XPLOR-NIH.**

The authors thank the Purdue University Interdepartmental NMR
Facility (PINMRF) for NMR support. C.C. was supported by a
Purdue Research Foundation Fellowship. Coordinates for the
Vavl SH2/SykLB-YpY complex have been deposited in the Protein
Data Bank with accession code 2MCl.
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