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The Syk protein-tyrosine kinase plays a major role in signaling
through the B cell receptor for antigen (BCR). Syk binds the
receptor via its tandem pair of SH2 domains interacting with a
doubly phosphorylated immunoreceptor tyrosine-based activation
motif (dp-ITAM) of the BCR complex. Upon phosphorylation of
Tyr-130, which lies between the two SH2 domains distant to the
phosphotyrosine binding sites, Syk dissociates from the receptor.
To understand the structural basis for this dissociation, we inves-
tigated the structural and dynamic characteristics of the wild type
tandem SH2 region (tSH2) and a variant tandem SH2 region
(tSH2pm) with Tyr-130 substituted by Glu to permanently introduce
a negative charge at this position. NMR heteronuclear relaxation
experiments, residual dipolar coupling measurements and analyt-
ical ultracentrifugation revealed substantial differences in the
hydrodynamic behavior of tSH2 and tSH2,. Although the two SH2
domains in tSH2 are tightly associated, the two domains in tSH2pm
are partly uncoupled and tumble in solution with a faster corre-
lation time. In addition, the equilibrium dissociation constant for
the binding of tSH2,m to dp-ITAM (1.8 uM) is significantly higher
than that for the interaction between dp-ITAM and tSH2 but is
close to that for a singly tyrosine-phosphorylated peptide binding
to a single SH2 domain. Experimental data and hydrodynamic
calculations both suggest a loss of domain-domain contacts and
change in relative orientation upon the introduction of a negative
charge on residue 130. A long-distance structural mechanism by
which the phosphorylation of Y130 negatively regulates the in-
teraction of Syk with immune receptors is proposed.

allosteric regulation | multidomain dynamics | Syk kinase regulation |
tyrosine phosphorylation | NMR "N relaxation

Syk, a 72-kDa cytoplasmic protein-tyrosine kinase essential to
receptor-mediated signaling in B cells, has two N-terminal SH2
domains connected by a 45-residue region (interdomain A). These
tandem SH2 domains are separated by a longer, 104-residue region
(interdomain B) from a C-terminal kinase domain. Syk mediates B
cell signaling through a variety of immune-recognition receptors,
including the B cell antigen receptor (BCR). The receptors have
similar subunits bearing cytoplasmic, immunoreceptor tyrosine-
based activation motifs (ITAMs) (1) with the consensus sequence
YXX(LN)-X6-o-YXX(L/I) (2). Phosphorylation on both ITAM
tyrosine residues occurs after receptor engagement and is required
for Syk binding via the tandem SH2 domains to initiate subsequent
signaling cascades (3). Zap-70, the other member of the Syk family,
functions similarly in T cell receptor signaling as Syk does in B cells.
Events of receptor-dependent signaling in these two cells are highly
analogous.

Syk is physically and functionally coupled to receptors with
ITAMs that vary in the sequence and length of the spacer that
separates the two phosphotyrosines (4). The tandem SH2 domains
associate with high affinity in a head-to-tail orientation with each
SH2 domain binding to one of the two phosphotyrosines of ITAM.
Arginine residues 22 and 42 of N-SH2 and 175 and 195 of C-SH2
directly contribute to the network of hydrogen bonds coordinating
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the phosphate groups. Structural and biophysical studies indicate
that the adaptability of the Syk tandem SH2 domains is made
possible by relatively weak interactions between the two SH2
domains and the flexibility of interdomain A (5-8).

In stimulated cells, the interaction of Syk with the phosphory-
lated ITAM of clustered antigen receptors leads to phosphorylation
of Syk itself on multiple tyrosines through a combination of
autophosphorylation and phosphorylation in trans by Src-family
tyrosine kinases (9, 10). These phosphorylations both modulate
Syk’s catalytic activity (11) and generate docking sites for SH2
domain-containing proteins, such as c-Cbl, PLCv, and Vavl. Al-
ternative patterns of phosphorylation in interdomain B are differ-
entially recognized, such as the preferential binding of a doubly
phosphorylated region by a single SH2 of PLCy (12), and elicit
either inhibitory or activating effects on downstream signaling
events according to the binding partner (13, 14).

Despite the tight binding of tandem SH2 domains to phosphor-
ylated ITAM, much of the activated, tyrosine-phosphorylated Syk
can be found dissociated from the receptor (15). Syk has even been
identified in the nucleus of activated lymphocytes (16, 17). One
factor that has been proposed for modulating the interactions of Syk
with the receptor ITAM is the phosphorylation of Syk on Y130
(11), even though Y130 is >20 A away from either of the two SH2
binding sites. The covalent modification of Y130 occurs readily in
vitro through autophosphorylation and has been observed in cells
treated with protein-tyrosine phosphatase inhibitors (18). Once
phosphorylated, Syk is not found associated with the activated B cell
antigen receptor (BCR) complex, an effect that can be mimicked by
replacing Y130 with a glutamate (11). In cells expressing a
Syk(Y130E) variant, the variant exhibits a greatly reduced ability to
associate with the clustered BCR, and BCR-dependent phosphor-
ylation of cellular proteins is dampened. Kinase-receptor interac-
tions and receptor-stimulated protein-tyrosine phosphorylation
are, however, enhanced in cells expressing Syk(Y130F), which
cannot be phosphorylated within interdomain A. Thus, the acqui-
sition of a negatively charged residue within interdomain A dimin-
ishes association of Syk with the antigen receptor. The structural
basis for this effect was unknown.

We have investigated the molecular mechanism for how the
acquisition of negative charge at the remote position Y130 regulates
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against the association of Syk with antigen receptor. First, we
present evidence that modulation of receptor association by Y130
phosphorylation is the result of diminished affinity (20- to 1,000-
fold) of Syk for the ITAM, and that Y130 is phosphorylated in
stimulated cells. How the acquisition of negative charge at position
130 alters the structural and dynamic properties of the tandem SH2
region of Syk is elucidated by NMR studies, coupled with analytical
ultracentrifugation and theoretical hydrodynamic calculations con-
ducted on a 28-kDa Syk construct comprising the two SH2 domains
plus interdomain A (tSH2) and on the same construct with the
substitution Y130E to mimic phosphorylation (tSH2;,,,). Glutamic
acid substitution of tyrosine is commonly used for experiments in
cells to mimic Tyr phosphorylation, and the results are generally
accepted to report on the functional mechanisms of phosphoryla-
tion. The in-cell results described above and the observation from
the crystal structure that Y130 has few intramolecular interactions
establish the use of Y130E substitution to investigate the structural
response to the introduction of negative charge in interdomain A,
although we recognize the substitution may not fully reproduce the
effects of phosphorylation. We find that negative charge at position
130 disrupts interdomain A structure and SH2-SH2 contact, alters
the orientation of the SH2 domains relative to each other, and
induces a more extended shape. We propose a model for the
long-distance mechanism of the Y130 phosphorylation-dependent
dissociation of Syk from immune receptors and discuss its impli-
cations in Syk signaling through BCR.

Results and Discussion

Tyr-130 Phosphorylation Affects Syk Association with ITAM. Measure-
ments in cells indicate the interaction of Syk with the BCR is
modulated by phosphorylation on Y130 (11). To further define the
effect of Y130 phosphorylation on Syk binding to BCR, Syk
association was measured in a pull-down assay, using a biotinylated
phosphopeptide corresponding in sequence to the doubly phos-
phorylated ITAM (dp-ITAM) of CD79a immobilized on strepta-
vidin-agarose. Syk was recovered from detergent cell lysates by
immobilized dp-ITAM peptide (Fig. 14, WT) and not by nonphos-
phorylated ITAM peptide (data not shown). Pretreatment of cells
with the phosphatase inhibitor H>O,, to increase the cellular levels
of phosphorylation, reduced by nearly 90% the amount of WT Syk
recovered by the immobilized phosphopeptide. Phosphorylation of
Syk on Y130 in H,O»-treated cells was established by phosphopep-
tide mapping of the protein recovered by immunoprecipitation
from cells prelabeled with orthophosphate (Fig. 1 B Upper). When
Phe is substituted for Y130, the reduction caused by the treatment
of cells with H,O, in the amount of Syk recovered with the
dp-ITAM peptide was largely eliminated (Fig. 1.4, Y130F); the
amount was reduced by only 11%.

The substitution of Y130 with a glutamate residue, Syk(Y130E),
mimicking Syk fully phosphorylated at residue 130, eliminated all
detectable recovery of Syk to the dp-ITAM peptide (Fig. 14,
Y130E). Furthermore, a catalytically inactive form of Syk
[Syk(K396R)], which cannot catalyze the autophosphorylation
reaction of Y130, is recovered, and no reduction in response to
H,0, was observed (Fig. 14, KD). These results indicate that the
autophosphorylation of Y130 decreases the binding of Syk to
doubly phosphorylated ITAM and the observed (11) reduction in
Syk associated with antigen receptor was most likely, therefore, a
consequence of the reduced binding of Syk to phosphorylated
ITAM tyrosines on BCR components. The pattern of recovered
Syk in Fig. 1A for the variants Syk(Y130E) and Syk(Y130F) is
similar to that generated by WT in the presence of H,O, and by KD
Syk, respectively. Accordingly, substitution of Y130 is a reasonable
mimic for the phosphorylated (Y130E) and unphosphorylated
(Y130F) forms of Syk.

Phosphorylation on Y130 in cells was demonstrated only in the
presence of the phosphatase inhibitors pervanadate or H,O, (19).
To better characterize Tyr-130 phosphorylation in cells, DT40 cells
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Fig. 1. The binding of Syk to a phosphorylated ITAM is inhibited by the
autophosphorylation of Y130. (4) Syk-deficient DT40 cells stably expressing Myc-
tagged murine Syk (WT), Syk(K396R) (KD), Syk(Y 130E) or Syk(Y 130F) were treated
without (—) or with (+) the phosphatase inhibitor H,O, (10 mM). Detergent
lysates were adsorbed to an immobilized phosphopeptide corresponding to the
doubly phosphorylated CD79a ITAM. Bound Syk, plotted here, was detected by
Western blot analysis with an anti-Syk antibody and quantified by densitometry.
(B) Myc-tagged Syk was immunoprecipitated with anti-Myc antibodies from
lysates of cells preincubated in [32PJorthophosphate and treated with H,0,
(Upper) or anti-lgM antibodies (Lower). The recovered protein was digested with
trypsin and the resulting phosphopeptides separated electrophoretically and
detected by autoradiography (Upper) or with a phosphoimager (Lower). The
region of the gel containing the smaller and more rapidly migrating phos-
phopeptides is illustrated. The positions of the phosphotyrosines within each
peptide are numbered based on the murine Syk sequence.

expressing Myc-tagged murine Syk were preincubated with
[3*P]orthophosphate and stimulated with anti-IgM antibodies with-
out addition of phosphatase inhibitors. For comparison, results
were also obtained for cells treated with the phosphatase inhibitor
H,0,. Syk was immunoprecipitated and digested with trypsin. The
resulting phosphorylated peptides (Fig. 1B) demonstrate that Tyr-
130 is phosphorylated in anti-IgM-antibody stimulated cells
(Lower) and in cells treated with H,O, (Upper).

The effect of Y130 phosphorylation on the interaction of Syk
tSH2 with dp-ITAM peptide was further characterized by sedi-
mentation velocity ultracentrifugation. Binding equilibrium of dp-
ITAM with either tSH2 or tSH2,, was monitored by direct
measure of the fraction of bound peptide as a function of total
peptide concentration. The equilibrium dissociation constant esti-
mated for tSH2,, is 1.8 0.3 uM [see supporting information (SI)].
In the case of tSH2, at the lowest detectable concentration, dp-
ITAM peptide was fully bound at all concentrations <1:1 molar
ratio. Kp for tSH2 binding dp-ITAM is therefore too low for
determination by AUC, a result consistent with reported K, values,
which range from 2 to 100 nM (5, 6). Given these literature values,
tSH2,,,, binds dp-ITAM with 20-1000 times lower affinity than
unphosphorylated tSH2. The Kp value reported here for tSH2,r,
(1.8 uM) is similar to that reported for an R45 variant of Syk tSH2
(1.3 uM), which interacts with phosphotyrosine only through the
C-SH2 domain (20), and to the dissociation constants for single
SH2 domains binding to phosphotyrosine peptides (1-10 uM).
Introduction of the negative charge at position 130 of tSH2 there-
fore appears to change the recognition between tSH2 and BCR-
ITAM from a high-affinity two-site interaction to a low-affinity
single-site interaction.

Chemical Shift Differences Indicate Structural Changes in Interdomain
A and the SH2-SH2 Interface. A comparison of the 'H->N HSQC
spectra of tSH2 and tSH2,,, is shown in Fig. 24. Of the 245 amide
cross peaks anticipated from the protein sequence, only 160 peaks
were observed for tSH2 and 154 peaks were assigned. Similar
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Fig.2. Spectral differences between tSH2 and tSH2n. (A) Overlay of part of the
TH-15N HSQC spectra of tSH2 (red) and tSH2pr, (black) recorded at 600 MHz, 20°C.
A number of peaks from residues in interdomain A and at the SH2 domain
interface are observed in the tSH2py, spectrum, but missing in the tSH2 spectrum.
(B) Spectral differences are mapped onto the crystal structure for the Syk tSH2
complexed with the phosphorylated CD3e-ITAM (PDB 1A81). Residues are col-
ored based on HSQC peaks: observed for tSH2 but not tSH2,,, (blue), a difference
in chemical shift >0.04 ppm (green), or <0.04 ppm (tan), not observed (gray).
Y130is shown in sticks. Spheres show the location of the two phosphotyrosine
binding pockets. The amide group chemical shift difference between the
two protein constructs, Aiy+1sn, is calculated from the frequency difference,

e LML
§;, of nucleus i (33): Aqy+1sn = \/(5H)2 + (0.1543[\1)2.

results were reported for uncomplexed ZAP-70 tSH2; only 134 of
242 mainchain amide groups were assigned (8). A considerably
larger number of resonances (209) are observed for the tSH2,,, and
200 were assigned. This set includes all of the resonances assigned
for tSH2.

The majority of the chemical shifts for residues in the SH2
domains are nearly identical for tSH2 and tSH2,,,,,, indicating that
the overall SH2 domain structures are unchanged. A number of
residues, however, exhibit larger differences. Residues with chem-
ical shift differences Ajp+1sn > 0.04 ppm are mapped onto the
crystal structure of Syk tSH2 (PDB entry 1A81) in green (Fig. 2B),
and resonances missing in the tSH2 HSQC spectrum, but present
in the tSH2,,,, spectrum, are in blue. For both comparisons, the
majority of the mapped residues are located either in interdomain
A or at the interface of the two SH2 domains. Notably, for tSH2,
none of the residues in interdomain A have detectable NMR
signals, similar to observations for ZAP-70 tSH2 (6-8). Such
exchange broadening of resonances indicates this linker region
interconverts between conformations on a us-ms time scale either
among multiple ordered states, or between an ordered and disor-
dered state. For tSH2,,, many resonances of interdomain A are
observed, but the amide and C, and Cg chemical shifts (data not
shown) are near random coil values. There are no trends in the
chemical shifts of tSH2,,;,, interdomain A consistent with transient
helical structure.
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Fig.3. >N relaxation data (600 MHz, 293 K) for tSH2 (black) and tSH2,m (gray).
Heteronuclear NOE values (Lower) and Ry/Rq values (Upper) are plotted on
individual residues basis. The secondary structure elements in the Lower are as
follows. B-strand (Black): BA (residues 15-17, 168-171), BB (residues 38-43,
191-196), BC (residues 51-57, 202-209), BDBD’ (residues 60-69, 212-221), BE
(residues 74-76, 225-228), BF (residues 80-82, 232-234), BG (residues 105-107,
257-259). a-helix (Gray): aA (residues 22-31, 175-183) aB (residues 85-93,237-
246). Errors were calculated by pairwise root mean square deviation of duplicate
experiments.

Examination of the "N HSQC spectrum of a variant Y130F of
tSH2 (see SI) finds that the spectra of Y130F tSH2 and wild-type
tSH2 are nearly identical. This observation, combined with the
similarity of in vitro binding to dp-ITAM for Syk(wt) and
Syk(Y130F) (Fig. 14), provides evidence that the tSH2 structure is
insensitive to conserved substitution at position 130.

Together, the HSQC chemical shift differences suggest that
introduction of negative charge at position 130 induces structural
disorder in the linker region, and interactions at the SH2-SH2
interface are altered.

Changes in Domain Structure Probed by >N Relaxation. The effect of
negative charge at position 130 on the overall molecular shape and
hydrodynamic behavior of Syk tSH2 was investigated with main-
chain amide N relaxation of tSH2 and tSH2,,, (Fig. 3).

For tSH2, the heteronuclear NOE values (Fig. 3, black) are
uniformly close to the slow tumbling limit of 0.83 except for those
from residues at the C terminus. R»/R; values vary considerably,
consistent with the anisotropic shape of the crystallographic struc-
ture of tSH2 (7). The average R»/R; value equals 36.3 and analysis
based on rotational anisotropy with crystallographic coordinates
for full length tSH2 yielded an overall correlation time of 7, = 19.2
ns (Table 1).

Substantially different relaxation behavior is observed for
tSH2,,, (Fig. 3, gray). For residues within the SH2 domains, R»/R;
values are ~15, and therefore considerably smaller than those for
tSH2. R, values are greatly reduced, whereas R; values increased
relative to tSH2 (see SI). The residue-by-residue variation in R»/R;
remains for tSH2,, but is less apparent in Fig. 3 because of the
reduced range of values expected for smaller R/R;. Analysis of the
relaxation rates finds that both tSH2,, and tSH2 tumble anisotro-
pically (see SI). The NOE values from interdomain A resonances
are small (average ~0.2) and reflect internal mobility, which is
inferred to be on a faster timescale than the motion of this linker
region in tSH2 given that single resonances are observed in tSH2,,,,
whereas these resonances are exchange-broadened in tSH2. Al-
though the slightly positive NOE values for interdomain A in
tSH2,,,, are comparable with those for unfolded proteins (21), R2/R;
values are significantly larger (5 vs. 2 for unfolded), suggesting
conformational mobility intermediate to an ordered tertiary struc-
ture and random-coil state. Given the changes in the R»/R; residue
profile and the small NOE values of interdomain A, correlation
times were estimated for each SH2 domain independently. A value
of 7~12.2 ns is estimated for either domain (Table 1).
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Table 1. Comparison of experimental R2/R:1 (600 MHz, 293 K) and 7. with those predicted from
crystal coordinates of Syk tSH2 (PDB entry 1A81), using HYDRONMR(34)

Experimental NMR HYDRONMR prediction*
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Protein R>/R1*t Average percent error* T8 NS Protein® R>/Rq To NS
tSH21 36.3 12.3 19.2 tSH2 37.8 19.5
tSH2,m (N-SH)T 15.1 7.8 12.1 N-SH2 6.7 7.6
tSH2pm (C-SH)T 15.8 7.0 12.1 C-SH2 6.5 7.5
tSH2pm (interdomain A)T 7.5 27.9 NA NA NA NA

*Radius of the atomic elements, a = 2.5 A, 293 K.

TAverage taken over residues with 'H-'5N NOE > 0.65. Individual residue values for Ry and R, given in supplementary

material.
See Sl for definition.

SEstimated from the Ry/R; values used for the average Ry/R;.
MSH2, residues 2-262; N-SH2, residue 9-114; C-SH2, residue 160-262; interdomain A, residue 115-159.

To gain insight into the structural basis for the observed differ-
ences in Ry/R; values of tSH2 and tSH2,,,,, the experimental results
were compared with values predicted from molecular structure by
a hydrodynamic analysis, using the program HYDRONMR (Table
1). The values predicted for full-length tSH2, using coordinates for
Syk residues 9-262 from the crystallographic structure of the
complex with ITAM peptide (PDB 1AS81), are 7. = 19.5 ns and
R»/R; = 38, which compare well with the respective values of 19.2
ns and 36 from NMR data for the unphosphorylated tSH2. The
agreement between the experimental NMR results and the values
calculated from molecular structure shows that, in the unphosphor-
ylated state, the SH2 domains are rotationally coupled and suggests
the overall molecular shape and orientation of the two domains are
similar to those observed crystallographically.

In contrast to tSH2, the relaxation properties of tSH2,,, with a
negative charge at position 130, indicate faster rotation than
full-length tSH2. A perspective on the effective size was sought by
comparison with the predicted parameters for isolated SH2 do-
mains (Table 1). For N-SH2 (residues 9-114) and C-SH2 (residues
160-262), the predicted values for 7. are 7.6 ns and 7.5 ns, and the
average Ry/R; values are 6.7 and 6.5, respectively. The experimen-
tally determined values for 7. (12.1 ns) and the average Ro/R; (15.1
and 15.8) for tSH2,, are therefore intermediate to the predicted
values for full-length tSH2 and isolated SH2 domains. The intro-
duction of negative charge at Y130 therefore acts to partially
decouple the SH2 domains by altering the 45-residue interdomain
A conformation in a manner that enhances flexibility but retains
sufficient compactness to restrain SH2 domain rotation. The de-
coupling of domain motion in tSH2,,,, infers less contact between
the two SH2 domains, and rationalizes the appearance of reso-
nances from the SH2-SH2 interface in tSH2,,, that are not ob-
served in tSH2 (Fig. 2B).

Changes in Domain Structure Probed by Residual Dipolar Couplings
(RDCs). Additional information on the decoupling of the two SH2
domains by negative charge at position 130 was obtained from
RDC:s of mainchain amide groups measured for tSH2 and tSH2,,,,.
RDCs, which depend on angular orientation of the N-H bond
vector in the molecular alignment frame, were fit for a given domain
to a crystallographic model by varying the alignment tensor pa-
rameters to minimize differences in observed and calculated RDCs
(22). The Euler angles for conversion of the alignment frame to the
crystallographic coordinate frame, along with the axial (Aa) and
rhombic (R) components of the alignment tensor, were determined
by independent optimization of RDCs from either N-SH2 or
C-SH2 (Table 2). This procedure of fitting SH2 domains sepa-
rately provides a more definitive comparison of domain reori-
entation for tSH2 and tSH2,, than a simultaneous fit of the
whole structure (see SI).

In the case of tSH2, parameters from independently fitting either
N-SH2 or C-SH2 RDC:s have similar values (Table 2, rows 2 and 3),
and thus the domain orientation in the structural unit for alignment
is approximated by the crystal structure shown in Fig. 2B. By
contrast, optimal fit of tSH2,,, RDC data from either N- or C-SH2
yields significantly disparate alignment parameters for Aa and the
a and vy Euler angles (Table 2, rows 4 and 5). Therefore, the domain
orientations of tSH2,;, indicated by alignment are not simulta-
neously consistent with the crystal structure of Syk tSH2. The RDC
data are also not consistent with the SH2 domain orientation in the
crystal structure of an unligated form of Zap-70 tSH2, which shows
a change in SH2-SH2 orientation of ~50° relative to the complex
structure (8) (see SI). Overall, the RDC analysis demonstrates that
negative charge at position 130 in tSH2,, substantially alters the
SH2-SH2 orientation compared with that in unphosphorylated
tSH2, although specification of the change in terms of exact
structure or domain motion requires further investigation.

Table 2. Comparison of alignment tensor and sedimentation velocity parameters for tSH2 and

tSH2,m

Protein Domain a*, ° B*, ° v*, ° Aat Rt Raip* ns 520w fIfo?

tSH2 N-SH2 80 65 140 —0.00166 0.39 0.37 29 2.61 1.28
C-SH2 75 82 131 —0.00161 0.59 0.29 26

tSH2pm N-SH2 92 49 133 0.00120 0.38 0.34 48 2.28 1.46
C-SH2 6 31 15 —0.000884 0.44 0.28 50

Alignment was estimated from RDCs of the N-SH2 and C-SH2 domains independently using the program RDCA

(22).

*a, B, and vy are Euler angles for the conversion of the alignment tensor frame into the molecular frame.
TA, and R are the unitless axial and rhombic components of the alignment tensor.
*Raip = \/5<(D'"Eas — D@I2Y[2(DAB)2(4 + 3R?)], the quality factor that describes the fit of observed RDCs (D™35) to RDCs

calculated from crystal structure (D<),
SNumber of RDC values in the fit.
TIFriction ratio estimated from s0.w/Sma
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Fig. 4.
ylation to down-regulate association of Syk with the antigen receptor. Phosphor-
ylation destabilizes interdomain A structure, which alters SH2-SH2 domain ori-
entation and retains an increased distance between pY binding sites beyond the
limit permitted for bifunctional binding of ITAM.

Model of a long-distance mechanism for Y130 (red sphere) phosphor-

Large-Scale Conformational Change from Sedimentation Velocity.
The large scale conformational difference between tSH2 and
tSH2,,, suggested by >N relaxation was further investigated by
analytical ultracentrifugation to examine the overall shape of the
two proteins. Loosely coupled SH2 domains and a more mobile
linker A for tSH2,,;,, implies a less compact structure that would
exhibit greater viscous drag with correspondingly higher hydrody-
namic friction and slower sedimentation by analytical ultracentrif-
ugation than the more compact tSH2. Discretization analysis of
sedimentation velocity data (23) yielded an s»,, value of 2.61 S for
tSH2 and 2.28 S for tSH2,, with an error of + 0.05S (Table 2).
Thus, the expected decrease in s, for tSH2,,,, was observed. The
friction ratio, f/f, where fis the observed frictional coefficient, and
fois that of a sphere with equal volume, was correspondingly higher
for tSH2pm (fifo = 1.46) than for tSH2 (fif, = 1.28). Without
interdomain A phosphorylation, tSH2 has a relatively compact
domain structure, whereas that of tSH2,,,, is more extended and less
spherical in shape.

Biological Implications. The role of Y130 phosphorylation in mod-
ulating Syk interaction with the B cell receptor proposed earlier (11)
is supported here by direct assessment of binding with immobilized
dp-ITAM (Fig. 14) and the 20- to 1,000-fold lower affinity mea-
sured for tSH2,,,,. Further, Syk phosphorylated on Y130 can be
recovered from anti-IgM-stimulated cells (Fig. 1B), using an
epitope tag at the N terminus of Syk to enhance detection from cell
lysates. Y130 phosphorylation was demonstrated only in the pres-
ence of phosphatase inhibitors (11, 19), likely because of a low
phosphorylation level as a result of the dynamics of phosphatase/
kinase activity.

We propose a model (Fig. 4) for modulation of Syk receptor
binding by Y130 phosphorylation that is a long-distance mechanism
based on changes in domain structure. Differences between tSH2
and tSH2,,, in 7. (Table 1), relative orientation of the two SH2
domains and overall shape (Table 2), and affinity for dp-ITAM
indicate that, in tSH2,,,, with negative charge at position 130, the
SH2 domains are partly rotationally decoupled but orientationally
restricted in a manner that precludes high-affinity ITAM binding.
This behavior is in contrast to the tightly coupled SH2 domains of
unphosphorylated tSH2, for which the NMR data are modeled
relatively well by the crystallographic structure. Negative charge
does not simply lead to reorientation of SH2 domains while
retaining a joined SH2 structure, as observed crystallographically
for unligated Zap-70 tSH2; for tSH2,,,, the measured RDC:s are not
fit by the Zap-70 crystal structure and the substantial decrease in 7.
suggest the SH2 domains of tSH2,,,, are loosely connected, rather
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than only rotated with respect to each other. These results support
a model (Fig. 4) in which Syk, without phosphorylation of Y130 in
interdomain A, binds receptor with high affinity attributed by
two-site binding of the SH2 domains appropriately oriented to fit
the separation of two phosphotyrosines in the ITAM. Phosphory-
lation at position 130 is proposed to destabilize interdomain A
conformation, resulting in an altered SH2-SH2 orientation and a
more extended structure, less compatible with two-site ITAM
binding and with an affinity comparable to single pY binding. By
this long-distance mechanism, Y130 phosphorylation of Syk at the
membrane would switch Syk from high to low affinity binding of the
antigen receptor and release Syk into the cytoplasm. An analogous
proposal was made in ref. 24, where conformational destabilization
in one domain of a heat-shock protein was found to participate in
regulating the function carried out by other domains.

Interdomain A undergoes conformational exchange in solution,
suggesting the tertiary structure of this region is marginally stable
and disrupted by a perturbation, such as phosphorylation. In the
crystal structure of Syk tSH2 bound to peptide (7), Y130 is located
in one helix of interdomain A (Fig. 2B). The tyrosyl hydroxyl is
neither buried or otherwise sterically confined, nor proximal to
acidic residues. As such, this structure does not provide an imme-
diate understanding of the physical basis for the observed structural
perturbation from a negative charge at position 130. An analogous
effect of tyrosine phosphorylation to negatively regulate molecular
association by altering conformational equilibrium was reported for
erythrocyte band 3 (25). A region of band 3, recognized by other
proteins, forms an ordered loop with Tyr located in the center of
the loop. Phosphorylation of this Tyr destabilizes the loop structure
and regulates against protein—protein interaction of band 3. The
mechanism proposed here for regulation by Y130 phosphorylation
similarly inhibits the association of Syk with the receptor by altering
conformation of the linker but differs by introducing a destabilizing
effect distant to the actual binding site.

Diminished tSH2 binding affinity by SH2-SH2 reorientation can
be rationalized in terms of thermodynamic factors. In the crystal
structure of the tSH2-peptide complex, ligand interactions span the
interface between the two SH2 domains so that optimal binding
energy requires proximity of the two domains and altering this
interface would diminish binding enthalpy. Two phosphotyrosine
binding sites locked in tandem also benefit dp-ITAM binding by an
increase in effective local concentration, which enables fast rebind-
ing when one phosphotyrosine dissociates from its binding pocket.
The gain from increased effective concentration could be as high as
103 given the estimated affinities for unphosphorylated and Y130
phosphorylated tSH2. When the two binding sites are not properly
positioned, as proposed for the case of phosphorylated tSH2, the
individual SH2 domains would recognize only one phosphotyrosine
of dp-ITAM with no entropic advantage from two-site binding.

In addition to receptor binding, Y130 phosphorylation is known
to alter Syk kinase catalytic activity (11); the intrinsic activity of
Syk(Y130E) isolated from unstimulated cells is substantially higher
than that of Syk(WT) and the level of Syk(Y130E) activity does not
depend on receptor stimulation. Analogous behavior was reported
for the Syk variant lacking the tSH2 domain. Thus, similar to
activation of Src kinases, regulating Syk in cells under resting
conditions appears to depend on the proper organization of the two
SH2 domains (26) with the catalytic domain (see below). This
organization may be controlled in part by Y130-phosphorylation
acting to perturb interdomain A conformation and eliminate an
inhibitory effect imposed by specific positioning of the tSH2 relative
to kinase domain.

The conclusions of the current work related to Y130 phosphor-
ylation are corroborated by the crystal structure of an autoinhibited
form of Zap-70 tyrosine kinase, residues 1-606, and a model for
autoinhibition (27). Syk and Zap-70 kinases serve analogous roles
in B cells and T cells, respectively, are highly conserved in sequence
and tyrosine phosphorylation sites, and the structural mechanisms
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for regulating their function are most likely similar. In the assem-
bled structure of autoinhibited Zap-70 (which includes the tandem
SH2 region, interdomain B, and the catalytic domain) two helices
of interdomain A contact the C-lobe of the catalytic domain on the
surface opposite to the catalytic site. The tyrosine residue equiva-
lent to Y130 remains exposed. This interface between interdomain
A and the catalytic domain is the basis of the proposed mechanism
for autoinhibitory kinase activity (27) in which binding to dp-ITAM
is coupled to a conformational change in interdomain A and alters
interactions at the interface between interdomain A and the
catalytic domain. Destabilization of the interface would promote
disassembly of tSH2 from the catalytic domain and facilitate
phosphorylation of Zap-70/Syk on tyrosines. Further disruption of
SH2-SH2 contact by interdomain A phosphorylation, as described
here, would promote kinase release from the membrane if phos-
phorylation occurs in the disassembled state and would contribute
to relief of autoinhibition if phosphorylation occurs in the assem-
bled state. Phosphorylation of interdomain A and B are suggested
to be involved with kinase activation (11, 27, 28), whereas only
interdomain A phosphorylation is thought to promote antigen-
receptor release. It is intriguing to speculate that Y130 phosphor-
ylation redirects the kinase to allow its participation in other
signaling pathways as Syk(Y130E) exhibits an enhanced activation
of integrins in B cells through “inside-out” signaling (29), and an
enhanced association with, and tyrosine-phosphorylation of, cen-
trosomal components in breast cancer cells (30).

Materials and Methods

NMR Samples. Wild-type murine Syk tandem SH2 domain (tSH2), Ser-9-GIn-265,
and the tSH2py variant, with Tyr-130 substituted by Glu-130, were '>N-'3C-H
labeled and purified by affinity chromatography on phosphotyrosine-agarose
(see SI for details). Samples were concentrated to 0.7 mM-1 mM in sodium
phosphate buffer at pH 7.5 and stored at 4°C. The sample was >95% homoge-
nous based on SDS/PAGE analysis.

Phosphopeptide Mapping and Pull-Down Assays. cDNA for full-length Syk was
subcloned into the pCMV-Myc vector (BD Biosciences) to generate a plasmid
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coding for Syk with a Myc epitope tag at the N terminus. Syk-deficient DT40
B cells stably expressing Myc-Syk were generated (16). For phosphopeptide
mapping experiments, Myc-Syk was immunoprecipitated with an anti-Myc
antibody from cells (3 X 108) that had been preincubated with 5 mCi
[32P]orthophosphate and treated for 10 min at 37°C with 10 mM H,0; or 5
ng/ml goat anti-chicken IgM antibody. The recovered kinase was digested
with trypsin and the resulting phosphopeptides were separated by alkaline
gel electrophoresis and identified as described in ref. 31. For pull-down assays,
lysates from Syk-deficient DT40 cells expressing exogenous Syk, Syk(Y130E),
Syk(Y130F), or catalytically inactive Syk(K396R) (KD) that had been treated
with or without 10 mM H,0; were applied to a biotinylated dp-ITAM peptide
immobilized on streptavidin-agarose. Adsorbed proteins were separated by
SDS/PAGE and analyzed by Western blot with an anti-Syk antibody. The
relative levels of binding were determined by densitometry.

15N Relaxation and Residual Dipolar Couplings (RDC). Mainchain resonances
assignments for tSH2 and tSH2,r, identified 96% of the HSQC peaks. >N relax-
ation rates were measured at 600 MHz field strength, 293 K, in duplicate and Ry,
R, and NOE values extracted for 97 residues of Syk tSH2 and 134 residues of
tSH2,m. Correlation times and anisotropic tensors were determined from Ry, Ry,
and crystallographic coordinates, using the program TENSOR2.0. Alignment
parameters were estimated from N-H RDCs obtained in the presence of filamen-
tous phage Pf1, using the MATLAB-based program RDCA (22) and an input
molecular structure.

Analytical Ultracentrifugation. Protein samples were sedimented at 50,000 rpm
for 8 h. Experimental s values from SEDFIT (32) were corrected to obtain syo,w. The
degree of asymmetry was estimated from s/smaxvalues by SEDNTERP (www.
jphilo.mailway.com).

Equilibrium binding constants for dp-ITAM associating with different Syk
constructs were determined by using a final peptide concentration ranging from
1 uMto 10 uM. The concentration of 5'-carboxyfluorescein-dp-ITAM peptide was
determined from 490-nm absorbance and the concentration of protein from
Reyleigh interference fringe displacement. Kp was estimated from five sets of
binding data, using Origin software. Details are in SI.
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