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Structural flexibility plays a crucial role in protein function. To assess whether specific
structural changes are associated with the binding of an immunoreceptor tyrosine-based
activation motif (ITAM) to the tandem Src homology-2 domains (tSH2) of the spleen tyrosine
kinase [EC 2.7.7.112] (Syk), we used an approach based on protein hydrogen/deuterium
exchange in the presence and absence of the diphosphorylated ITAM peptide. The protein
deuterium uptake by the intact Syk protein was monitored in time by electrospray mass
spectrometry, which revealed a dramatic relative decrease in deuterium uptake when the
protein was bound to the ITAM peptide, suggesting an overall change in protein dynamics.
Subsequently, the deuterium incorporation of individual segments of the protein was
investigated using proteolysis and matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) peptide mass-analysis, which revealed that several regions of Syk tSH2 are
significantly more protected from exchange in the presence of the ITAM peptide. Four
protected regions encompass the phosphotyrosine and hydrophobic binding sites on the SH2
domains, whereas two other protected regions are located in the inter-SH2 linker motif and do
not make any direct contacts with the peptide. Interestingly, our data suggest that binding of the
ITAM peptide to Syk tSH2 induces distal structural effects on the protein that stabilize the
inter-SH2 linker region, possibly by raising the degree of helical structure upon binding. (J Am

Soc Mass Spectrom 2005, 16, 1039-1051) © 2005 American Society for Mass Spectrometry

ubstrate recognition and allosteric regulation are

vital events in cell signaling. In these processes,

protein flexibility plays a key role. Proteins are
assumed to exist in a number of energetically similar
conformations. Under this assumption, a ligand will
selectively bind the best fitting conformer(s). The study
of the structural mobility of a protein in its free (un-
bound) state is challenging, as experimental structure
determinations of flexible parts of a protein are often
ambiguous. Here, the impact of ligand binding on the
structural flexibility of the tandem SH2 domains of the
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Syk protein kinase is investigated using hydrogen/
deuterium exchange in combination with mass spec-
trometry.

The Syk family of nonreceptor protein-tyrosine
kinases (PTKs) comprises two known members,
Zap-70 and Syk. Syk is a 72-kDa cytoplasmic protein
that has been implicated in a variety of hematopoietic
cell responses, in particular immunoreceptor-signal-
ing events that mediate diverse cellular responses as
proliferation, differentiation, and phagocytosis [1].
Syk was also shown to be functionally important in
nonhematopoietic cells like fibroblasts, epithelial
cells, breast tissue, hepatocytes, neural cells, and
vascular endothelial cells [2].

The Syk family PTKs possess two Src homology-2
(SH2) domains positioned in tandem (tSH2) and located
N-terminally to the kinase domain. These proteins are
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recruited to cell surface receptors through the interac-
tions of their tandem SH2 domains with tyrosine-
phosphorylated sequence motifs termed immunorecep-
tor tyrosine-based activation motifs (ITAMs) [3]. ITAMs
have the consensus sequence Yxx(L/I)-x;,s Yxx(L/I)
[3]. Phosphorylation of both tyrosines residues within
ITAM [diphosphorylated ITAM peptide (2pITAM)] by
the Src-family PTKs [4] is required for binding of the
Syk family kinases to the receptor subunits. This motif
is present in the 8 and vy chains of FceRI (IgE receptor),
in the & subunit of the T-cell receptor complex, and in
the immunoglobulins IgB and Iga of the B-cell receptor
[5, 6]. In vitro, binding of Syk to the 2pITAM of FceRI
results in a conformational change in Syk, accompanied
by an increase in its enzymatic activity [7, 8]. This
suggests the functional importance of the tSH2 domain-
mediated association of Syk with FceRI [9]. The catalytic
domain of Syk may be regulated by intramolecular
interactions with its adjacent domains [10] and it has
been suggested that Syk binding to phosphorylated y
subunits following FceRI engagement in vivo stimu-
lates Syk kinase activity, somewhat similar to the in-
tramolecular interactions that regulate the catalytic ac-
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tivity of the Src kinases [11-13]. The tandem SH2
domains of the Syk kinase (Syk tSH2) are able to
recognize a variety of doubly phosphorylated ITAMs,
varying considerably not only in sequence but also in
the length of the region between the two phosphoty-
rosines [14-16]. Previous studies have shown that the
inter-SH2 domain of the Syk family PTKs have a
coiled-coil structure that may be involved in protein—
protein interactions and the regulation of kinase activ-
ity [9].

The elucidation of the crystal structure of the tSH2
domain of Syk in complex with a 2pITAM derived from
the CD3-¢ chain of the T-cell receptor (e-2pITAM)
(Figure 1a) [17] gave the first structural hint on the
substantial flexibility of the protein. Already six differ-
ent copies of the bound protein were found in the
asymmetric unit, and alignment of the different struc-
tures revealed remarkable flexibility in the relative
orientation of the two SH2 domains. The latter may
explain the ability of Syk to bind ITAMs differing in
inter-motif sequence. The crystal structure of the li-
gand-free Syk tSH2 is not available to date, but the
structure of the tSH2 domains of the family-related
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Figure 1. Ribbon diagrams of (a) the tandem SH2 domains of Syk in complex with e-2pITAM and
(b) Zap-70 in its ligand-free state. The N-SH2 domains are depicted in blue, the C-terminal SH2 in
green, and the inter-SH2 linker region in red. The bound ITAM peptide ligand is shown in gray.
Secondary structure elements are labeled according to the notation adopted in Figure 6. Protein data
bank codes are 1A81 for the Syk tSH2 complex and 1M61 for the Zap-70 tSH2. (¢) Amino acid sequence

of the y-2pITAM peptide used in our studies.
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Zap-70 kinase has been revealed by X-ray crystallogra-
phy, and its backbone dynamics has been studied by
NMR (Figure 1b) [18]. Although Zap-70 and Syk do not
share that much sequence homology (i.e.,, 55%) the
overall topology of the Syk tSH2 domain is quite similar
to the one in Zap-70 [17]. The obtained structures
suggest that the two SH2 domains are able to undergo
large inter-domain movements. No defined NMR sig-
nals could be detected for the two helices connecting the
SH2 domains (Figure 1b), likely attributable to rapid
conformational dynamics. Furthermore, isothermal cal-
orimetry, stopped-flow kinetics of binding, and fluores-
cence spectroscopy experiments revealed that the en-
thalpy and the on-rate for binding of Syk tSH2 to ITAM
peptides had an unusual nonlinear dependence on
temperature. All these data could be well described by
a model based on a conformational equilibrium be-
tween two conformers of Syk tSH2 in the unbound
form, i.e., an open and closed state [19]. Recently,
Kumaran et al. [20] tested the two conformers hypoth-
esis by locking the tSH2 domains with a disulfide
bridge. Characterization of the binding thermodynam-
ics of this mutant showed that it behaved as predicted
for a closed conformer.

Here, we use a direct method to probe and charac-
terize the flexibility of the Syk protein and the changes
in protein mobility upon ITAM binding. Very low
sample consumption and fast analysis give a readily
structural overview on protein flexibility. The method-
ology is based on the solvent accessibility to the protein.
We used two complementary approaches (Figure 2).
First, hydrogen/deuterium exchange (HDX) on the
intact Syk tSH2 (both, free and in complex) was moni-
tored continuously by electrospray ionization mass
spectrometry (ESI-MS) [21, 22],°which®provided®a®gen-
eral view of the overall differences in solvent accessi-
bility ( and/or hydrogen bonding) of the free and
ITAM-bound Syk protein. Second, HDX on the intact
protein (both, free and ITAM-bound) followed by
quenching at pH 2.4 (0 °C), proteolysis with pepsin, and
subsequent®peptide®mass-analysis’by°MALDI-MS°[23,
24]°was®performed°in°order°to°localize®the®structural
changes in specific regions of Syk tSH2 upon ITAM
binding.

Our data reveal that binding of the tSH2 domain of
Syk to the 2pITAM peptide derived from the FceRI vy
chain (y-2pITAM) leads to a major change in overall
protein solvent accessibility. As expected, the SH2 do-
mains-ITAM interaction region displayed a decrease in
solvent accessibility upon ITAM binding. More interest-
ingly, the inter-SH2 domain linker region turned out to
be highly solvent accessible in the ligand-free Syk,
whereas a dramatic decrease in solvent accessibility
occurred upon ITAM binding. The high degree of
freedom in the relative position of the SH2 domains in
the ligand-free Syk provides the possibility to accom-
modate ITAM motifs with different spacer regions. The
latter is crucial for their function in the different types of
cells where Syk is present. The observed conformational
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Figure 2. Scheme of the two-pronged approach used in this
study. Syk tSH2 is incubated with or without y-2pITAM peptide
in D,O at 19 °C. In Approach I, the increase in mass of the intact
protein through deuterium incorporation is continuously moni-
tored by ESI-MS. In Approach 1II, at a number of time points the
labeling reaction is quenched by lowering the pH to 2.4 at 0 °C, the
protein is pepsin digested, and the deuterium uptake in the
protein fragments are mass analyzed by MALDI-TOF.

stabilization of the inter-domains region upon ligand
binding and the related reduction in freedom of move-
ment of the SH2 domains are likely one of the main
signaling events activating the kinase domain.

Experimental
Materials

Ultrafree-0.5 centrifugal filter devices for buffer ex-
change were obtained from Millipore (Billerica, MA).
D,0 (99.9% deuterium) packed in 0.7-ml ampoules was
purchased from Sigma-Aldrich (Zwijndrecht, The Neth-
erlands). Pepsin immobilized on cross-linked 6%
beaded agarose was obtained from Pierce (Cheshire,
UK). a-Cyano-4-hydroxycinnamic acid, succinic acid,
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citric acid, nitrocellulose (70% solution in isopropanol),
and ammonium acetate were purchased from Sigma-
Aldrich. Acetone (proanalysis grade) was obtained
from Merck (Darmstadt, Germany). The 2pITAM pep-
tide derived from the FceRI vy chain, Ac-pYTGLNTR-
SQEpYETL-NH, (monoisotopic mass 1975.7966 Da),
was synthesized using Fmoc [N-(9-fluorenyl)methoxy-
carbonyl] chemistry and purified by C-18 reverse phase
HPLC¢as°describedpreviously°[15,°25].

Protein Preparation

Fusion clones of the gluthathione S-transferase (GST)
Syk tSH2 domain were kindly provided by Dr. S.
Kumaran, Washington University, St. Louis, MO. The
Escherichia coli strain BL21 contained the pGEX-KT
vector with amino acids 10-273 of human Syk, enabling
thrombin cleavage of the GST moiety. Isolation proce-
dures®were®generally°as°previously°described[26].°The
collected cellular protein fraction was purified on
a GSTrap column (Amersham Pharmacia Biotech,
Freiburg, Germany). On-column cleavage with throm-
bin resulted in pure (>98%) Syk tSH2, as determined
from mass spectral analysis and SDS-PAGE. The pro-
tein concentration was determined by UV using a molar
extinction coefficient of 31,630 at 280 nm.

Global H/D Exchange in Syk tSH2 Monitored
by ESI-MS (Approach 1, Figure 2)

100-uM samples of either ligand-free Syk tSH2 or
protein bound to the y-2pITAM peptide (protein mixed
with a 3-times peptide excess), were diluted 20 times
with 65 mM ammonium acetate in D,O (equivalent to
neutral pH) to give a final percentage of D,O of 95%.
Mass spectrometric measurements were performed
with an LCT-TOF mass spectrometer (Micromass
Manchester, UK) equipped with a Z-electrospray
source. Protein solutions, typically 100 ul, were infused
into the LCT mass spectrometer at 2 uL/min using a
Harvard syringe pump (Holliston, MA). The ionization
chamber of the mass spectrometer was flushed with
D,O for a few minutes prior to analysis. Electrospray
was obtained with a capillary voltage of 2500 V. For
mass calibration, an aqueous CsI solution was used at a
concentration of 2 mg/ml in a 50% isopropanol solu-
tion. Typical ESI-MS spectra of the noncovalent protein-
peptide complex would show exclusively the multiply
charged ions corresponding to the molecular mass of
the noncovalent Syk-ITAM complex. To analyze the
deuterium incorporation in the protein, high cone volt-
ages of 190 V were used to disrupt the protein-peptide
complex, providing the fragment ions of the intact
protein and the ligand. The same cone voltage of 190 V
was applied when spraying the ligand-free protein to
maintain the same experimental conditions. The total
number of exchangeable hydrogens of Syk tSH2 was
calculated from its amino acid sequence, being 465.5 in
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95% D,O out of a total of 490. Protein masses were
determined by ESI-MS; the combined data from several
charge states of the protein in each spectrum were used
to calculate the molecular mass.

To determine the molecular mass of the nondeuter-
ated protein, 5 uM protein solutions in 50% acetoni-
trile/1% formic acid were analyzed. The experimental
molecular mass of the Syk tSH2 domain was 29,788
(1) Da, in agreement with the calculated mass of
29,787.95 Da.

H/D Exchange in Syk tSH2 Followed
by Quenching, Pepsin Digestion,
and MALDI-MS (Approach 11, Figure 2)

Ten microliters of a 200 uM Syk tSH2 solution in 150
mM aqueous ammonium acetate were 10-times diluted
with D,O (equivalent to neutral pH), to give a final
percentage for D,O of 90%. The solutions were incu-
bated at 19 °C. After a preassigned period of time
ranging from 0 to 30 min, 10 ul aliquots were taken
from the deuterated protein solution and mixed with
100 ul of ice-cold quench solution and 30 ul of pepsin
bead slurry (previously washed 4 times with 0.450 ml
quench buffer). The quench solution consisted of 25
mM °citric®acid®and °25°mM° succinic®acid °(pH®2.4)°[27].
This brought the pH of the Syk tSH2 solution down to
2.4°and°quenched the’H /D%xchange®[28].°“The°mixture
was incubated on ice with occasional mixing for 7 min.
Next, the mixture was centrifuged for 20 s at 13,000 g at
4 °C, to remove the pepsin beads. The supernatant was
collected and immediately frozen in liquid N,. Samples
were stored at —80 °C until MALDI-MS analysis. The
samples of the Syk tSH2 bound to the y-2pITAM
peptide were prepared in the same way. Two different
series of experiments wherein the concentration of the
v-2pITAM peptide was either 3- or 7-fold the concen-
tration of the Syk tSH2 protein were performed. For
each protein:peptide ratio, experiments were repeated
at least twice. They all showed similar qualitative
results for deuterium incorporation in each of the
protein fragments. The data presented in the figures
originate from one such an incubation experiment at a
protein:peptide ratio of 1:7.

In- and back-exchange controls were performed as
follows: in-exchange of deuterium under quench con-
ditions was measured by adding the protein solution
directly to a mix of D,O, quench solution, and pepsin
(this corresponds to time zero). Then, the same proce-
dure was followed as described above. Back-exchange
controls were measured by incubating the protein in a
D,O solution with 1% formic acid overnight at 20 °C
and thereafter at 50 °C for 15 min to achieve complete
exchange. In order to determine the amount of label lost
during sample workup (back-exchange), a control sam-
ple was fully deuterated, quenched, pepsin digested,
and analyzed by MALDI-MS. MALDI-MS analysis was
performed with a MALDI TOF-TOF instrument (Ap-
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plied Biosystems 4700 Proteomics analyzer, Framing-
ham, MA) in the reflectron mode. Data were acquired at
a 200 Hz laser repetition rate, a 20 kV accelerating
voltage, a 70% grid voltage, and a digitizer bin size of
0.5 ns. Samples were prepared using the thin-layer
preparation°technique®as®describedpreviously°[27,°29].
Briefly, 0.8 ul of an acetone solution saturated in
a-cyano-4-hydroxycinnamic acid and 2 mg/ml nitrocel-
lulose containing a mass calibration mixture (1 pmol/ul
of each calibration compound) was spotted onto the
MALDI sample target generating a thin-layer spot.
Subsequently, the target was cooled down to —20 °C.
The mass calibration mixture consisted of the following
compounds (in brackets the monoisotopic masses of the
singly protonated species in Da): des-arg'-bradykinin
(904.4681), angiotensin I (1296.6853), Glu'-fibrinopep-
tide B (1570.6774), and ACTH 18-39 (2465.1989). The
deuterated samples were thawed rapidly, 0.8 ul spotted
on the thin-layer, and dried under a nitrogen gas
stream. Immediately after crystallization, the MALDI
plate was transferred into the vacuum chamber of the
mass spectrometer. Each protein solution, correspond-
ing to one data point, was spotted in three different
places and two spectra per spot were acquired. Each
spectrum was the average of approximately 3000 shots.
The mass of each peptide was averaged over at least
three spectra.

Data‘analysis*wasperformed“withthe°Data’Explorer
software version 4.5 (Applied Biosystems). Spectra
were calibrated with the above-mentioned peptides and
centroids of each peak were determined. The number of
deuteriums in-exchanged at a time ¢, D(t), was calcu-
lated °using®the°followingequation®[30,°31].

m(t) — m(0)

PO = 100) = m©)

)

where m(t) and m(0) are the observed centroid mass of
a peptide at time point t and zero (in-exchange control),
respectively; and m(100) is the observed mass of a fully
exchanged peptide (back-exchange control). N is the
total number of peptide amide protons in the peptide.

Results

H/D exchange reactions are highly sensitive to changes
in structure and dynamics accompanying protein fold-
ing, ligand binding, and protein—protein interactions
[32-36].°In°the°case’of°the°29-kDa°Syk°tSH2,°we°moni-
tored: (1) deuterium incorporation in the intact protein,
and (2) deuterium incorporation in specific protein
segments. Whereas the aim in the first approach is to
readily obtain an idea of the dimension of possible
structural changes induced upon y-2pITAM binding, in
the second approach, kinetics of structural changes at a
medium level of structural resolution are obtained.
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H/D Exchange of Intact Syk tSH2 Monitored
by ESI-MS

Typical electrospray ionization mass spectra of the
deuterated Syk tSH2, either ligand-free or bound to
v-2pITAM, ‘areshowninFigureBa%andb.Thespectra‘of
ligand-free Syk tSH2 present a bimodal charge enve-
lope: the most abundant charge envelope is centered at
the 12-fold protonated protein ion, whereas the less
intense envelope is localized around the 16+ protein
ion® (Figure® 3a).° In°® contrast,® the® ESI° spectra® of° the
Syk—y-2pITAM complex show a single charge envelope
distribution with only two markedly intense protein
ions, namely the 13+ and 12+. Molecular masses of
nondeuterated Syk tSH2 and Syk tSH2-y-2pITAM com-
plex were measured to be 29,788 (+1) and 31,765 (£2)
Da, respectively, in agreement with the calculated
masses from the amino acid sequences.

The HDX kinetics of the ligand-free and y-2pITAM-
bound Syk tSH2 was followed by incubating each in a
65 mM ammonium acetate D,O solution (equivalent to
neutral pD) and continuously monitoring the increase
of the protein mass in the ESI mass spectra. The total
number of exchangeable hydrogens in the protein is
490, as calculated from its amino acid sequence. The
noncovalent complex of Syk tSH2 with y-2pITAM is
easily preserved in the gas phase of the mass spectrom-
eter®as°revealed°by°the®spectrum®shown’in°Figure®3b.
However, to measure the deuterium uptake in the
protein, the noncovalent complex was dissociated in the
gas phase by applying a high cone voltage in the source
interface. This higher cone voltage resulted in ESI mass
spectra®as°shown‘in°Figure®3c,°whereby°we°monitored
the mass of the so-released protein. The measured
difference in mass between the Syk—y-2pITAM and free
Syk protein was 2011+2 Da, indicating that the ITAM
peptide is nearly fully H/D exchanged. In the insets of
Figure®3a‘and®c,’theshiftinm/z of°the®12+°proteinions
after 15 min of incubation in aqueous (D,0) ammonium
acetate’in°the’absence(Figure®3a)°and presence’(Figure
3c)°of’ligand®is’shown.°The®Syk°protein®in°the°Syk—y-
2pITAM complex is observed at lower m/z due to lower
deuterium incorporation than in the ligand-free Syk
protein.

The protein deuterium uptake in time is displayed in
Figure®4.°The°deuterium®incorporation®appears®to®be
very rapid: within 1 min over 80% of the available
protons have been exchanged in the ligand-free protein
and some 72% in the ligand-bound protein. From the
curves, it is apparent that ligand binding has a remark-
able effect on deuterium incorporation, overall dimin-
ishing it quite dramatically.

H/D Exchange in Specific Segments of Syk tSH2

Enzymatical digestion of a protein after a designated
incubation time in D,O allows the study of its structure
and dynamics changes at medium level of structural
resolution®[32,°37-39].°The°Syk°tSH2,°with°or°without
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the ITAM peptide, was incubated in D,O up to 25 min.
After a series of time periods, the exchange was
quenched at pH 2.4 (0 °C) and the protein digested with
pepsin.

The y-2pITAM concentration was 7-fold the Syk
protein concentration, assuring more than 99% Syk
tSH2—y-2pITAM complex at all times (the complex
dissociation® constant® is® approximately® 40° nM)° [40],
which ensures that H/D exchange does not out-com-
pete°theligandbinding°reaction®[36].

The peptide fragments obtained after pepsin diges-
tion® were® analyzed® by® MALDI-MS® (Figure® 5a)° and
could be assigned to particular segments of Syk tSH2
(Figure®) bytandemMS.Theobserved peptidesalmost
cover the full primary sequence of the protein (98%).
Peak broadening because of deuterium incorporation
(Figure©®5b)°lowers°the’signal-to-noise°ratio.°The®latter,
together with overlapping of peptide peaks, lead to
exclusion of some peptides for further analysis. There-
fore, only a subset of the peptides covering some 75% of
the amino acid sequence was used for further analysis.

The average mass of each peptide was obtained by
calculating the centroid of the full envelope of the
isotopic®peaks®[24]° with® the®aid® of° the® DataExplorer
software provided with the instrument. From the mea-
sured masses, the number of incorporated deuteriums
was determined using eq 1 (for details see the Materials
and Methods section). Controls for deuterium in-ex-
change and back-exchange were performed. The con-
trols showed 8 to 12% in-exchange and about 40%
back-exchange. These numbers were used to correct the
H/D exchange data. The deuterium incorporation after
specified time points [D(t)] in a peptide fragment were
plotted versus time. Some typical examples for selected
fragments®are®shown°®in°Figure®7,° comparing®the®ex-
change observed when Syk was ligand-free in solution
with Syk when it was ITAM-bound. A substantial
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Figure 4. Kinetics of H/D exchange for Syk tSH2. The protein
was exposed to buffered D,0O, as peptide ligand-free protein (open
circles) and in complex with y-2pITAM peptide (filled circles). The
mass deviation errors fall within +3 Da.
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Figure 3. ESI-MS spectra of Syk tSH2 in a 95% D,O solution
containing ammonium acetate at a concentration of 65 mM
(neutral pD) after 25 min incubation: (a) as ligand-free protein, (b)
in complex with the y-2pITAM at a cone voltage of 90 V; and (c)
identical conditions as in (b) but the Syk—y-2pITAM complex is
partially dissociated by applying a higher cone voltage (CV, 190
V). P stands for protein, L for the ITAM peptide ligand and PL for
the protein—peptide ligand complex. In superscript the number of
charges of the ions is indicated. The asterisks annotate small ion
signals representing protein ions bound to two ligands.

number of peptides showed a decrease in D-exchange
following® ITAM® binding® (Table® 1),° whereas® others
remained nearly unaltered. The amide hydrogens
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Figure 5. MALDI-TOF mass spectra of the pepsin digest of Syk tSH2. The upper spectrum (a) shows
a°pepsin’digest°ofligand-free°Syk°tSH2°in°H,0, and (b) in D,0O.

within peptides covering residues Y39-F51 and V132-
L148 are clearly protected from HDX in the presence of
v-2pITAM? (Figure® 7a,° b,° Table® 1).° In°® contrast,® the
peptides® covering® F51-Y74° (Figure®7d,° Table® 1)° and
L205-F2349Tablel)‘aredargely unaffected by y-2pITAM
binding. Multiple peptides probing segments of both
SH2 domains as well as the inter-domain region dis-
played significant variation in solvent accessibility in
the presence of the bivalent peptide. Results for all
analyzed“protein¥ragmentsare’summarizedin“Table°l.
Given the experimental error [approximately *0.2 Da,
as“derived ¥fromtheittings‘ofthe%kinetic’curves{Figure
7)],°we’termed°®a®protein®fragment°as°protected°when
the mass difference of the H/D exchange protein frag-
ment was =1 between the ligand-free and ligand-bound
Syk tSH2 after 25 min of exchange.

Discussion

In this report, we have used H/D exchange in combi-
nation with mass spectrometry to study the effect of
v-2pITAM ligand binding to Syk. Locking the relative
position of the Syk tandem SH2 domains through ITAM
binding induces structural stabilizing effects that may
influence the regulation of the Syk kinase enzymatic
activity9,°10].°Probing structural°dynamics‘in®proteins
with hydrogen/deuterium exchange was introduced
some® five® decades® ago®[41].° H/D° exchange® coupled
with NMR provides detailed site-specific information
on conformational changes induced by protein or li-
gand binding. Yet, structural flexibility within unbound
state(s) of proteins is often inaccessible by these NMR-
based®approaches°®[18,°20].°In°contrast,°H/D°exchange

coupled with mass spectrometry is sensitive for just
these effects and provides increased sensitivity and the
ability to analyze large proteins and protein complexes,
although at the cost of reduced structural resolution
[42].

Anderegg®and®Wagner®[21]°were®among’the°first°to
report on how overall changes in protein conforma-
tional stability upon binding could be monitored by
HDX in combination with electrospray ionization mass
spectrometry. They probed the overall changes in sol-
vent accessibility of the Src SH2 domain upon binding
to several phosphorylated peptides and proposed that
changes in deuterium incorporation upon binding
could®be’rationalized®in®two°®ways®[21]:°First,°ligand
binding reduces deuterium uptake by shielding ex-
changeable hydrogens from the solvent. Second, re-
duced uptake is the result of changes in overall dynam-
ics of the protein in the complex. It was argued that
shielding of the protein surface by a small ligand would
only represent a modest effect on HDX and, therefore,
the major contribution in solvent protection upon bind-
ing would be accounted for by a change in protein
structural dynamics. Since their study, comparable ef-
fects have been reported for other SH2 domains such as
the® ones® of° Hck® and® Grb2°[26,°43].° These® MS-based
findings are in agreement with several NMR studies
that also revealed that ligand binding reduces the
dynamics in quite a few different proteins containing
SH2°domains®[44246].

In our study, we find that the deuterium uptake of
Syk tSH2 when bound to the y-2pITAM peptide is
approximately 50 lower than when in its ligand-free
state9(Figure®4).Inthis’approach,the°deuteration®ofthe
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Figure 6. Syk tSH2 domain sequence and definition of the
segments notation. (a) Alignment of the sequence of the N- and
C-terminal SH2 domains of Syk tSH2, and (b) sequence of the
inter-SH2 domain of Syk, based on the secondary structure
definitions®used by°Fiitterer®et®al.°[17]°The°arrows°show°the°Syk
tSH2 peptide fragments identified in the pepsin digest; dashed
arrows show identified peptides that were not used for analysis
because of their poor signal-to-noise ratio or overlap with other
ion signals.

exchangeable side-chain and backbone hydrogens is
followed. We propose two possible processes that may
cause these large differences. First, the two SH2 do-
mains may be held closer to each other and, as a result,
the two SH2 domains might come in sufficient proxim-
ity to create an SH2-SH2 interface, which is then
shielded from the solvent. Second, upon ligand binding,
significant changes in structural dynamics may occur.
The hypothesis of an SH2-SH2 interface generated
upon binding to ITAM is to some extent supported by
the crystal structure of Syk tSH2 in complex with
e-2pITAM°[17].°Fiitterer®et®al.°described°structural°®re-
gions of the Syk N-SH2 that came into contact with the
Syk® C-SH2° upon® binding® [17].° Regarding® possible
changes in structural dynamics, it has been suggested
that the inter SH2-domain linker might undergo a
remarkable structural change upon binding, as it is a
key player in the relative orientation of the two SH2
domains. It may be argued that the mobility of Syk
would get dramatically restrained upon the bivalent
peptidebindingq17,°19,20].°Supportingtheglobal’H/D

J Am Soc Mass Spectrom 2005, 16, 1039-1051

exchange results, we also observed a change in charge-
state°distribution®upon®ligand®binding®(Figure°©3a,°b),
which indicates a reduction of the overall protein dy-
namics®upon‘binding°[33,°47-49].

As these data suggested that protein dynamics might
change upon binding of Syk tSH2 to y-2pITAM, we
headed to localize such changes at more structural
detail. By enzymatically digesting the Syk protein after
a designated incubation time in D,O, the changes in
backbone dynamics at a medium level of structural
resolution could be followed. We applied this method-
ology to understand the nature of conformational
changes in solution in the ligand-free Syk tSH2 (where
no structural data are available to date) of Syk kinase.
By following the mass of the protein fragments as a
function of incubation time in D,O, we could identify
regions of Syk that are either sensitive or insensitive to
v-2pITAM°binding® (Table°1,°e.g.,° Figure®7a,® d).° The
results were evaluated in the context of the crystal
structure®of°the°Syk°tSH°2°(Figure®8).°Several°regions
showed simislar H/D exchange behavior independent
of the presence or absence of y-2pITAM. Several other
regions displayed exchange protection in the presence
of y-2pITAM. In particular regions F17-E23, Y39-F51,
and Y74-L88 in the Syk N-SH2 domain; region L193-
L205 in the Syk C-SH2 domain; and regions L103-L123,
V132-L148, 1158-1181 covering about 75% of the inter-
SH2 domain linker region, were protected from ex-
change. Thus, not only regions in the binding sites, but
also distal to them, were affected. We will now discuss
the effects upon ITAM binding on these regions in more
detail.

The Inter-SH2 Linker Region

Each SH2 domain of Syk contains binding pockets that
selectively bind to the ITAM peptide. In contrast, the
inter-SH2 linker region has no direct contacts with the
ITAM peptide and therefore, differences in deuterium
uptake upon binding can only be explained by changes
in structural dynamics. Four peptides encompassing
75% of the SH2-linker amino acid sequences are found
to be significantly protected upon binding. The region
I158-F192 is defined by peptides 1158-E176 and A159-
1181° (Table® 1),° which® show® a® protection® of° two® ex-
changeable hydrogens. The latter region is extended
along the inter-SH2 motif and the Syk C-SH2 domain,
embracing the C-terminal end of the aD’ helix, the D'A
loop, BA sheet, the AA loop, and the N-terminal end of
the®aA°helix°(Figure®6).°At°the°aA°helix,°arginine®175
(aA2) participates in the phosphotyrosine-binding site
(see below), and, therefore, the origin of the decreased
deuterium incorporation upon binding in this region
could be attributed to either direct phosphorylated
tyrosine (pY) binding or change in structural dynamics.
In contrast, two other peptides in the SH2-linker region
are not directly involved in the protein—peptide inter-
face but undergo a significant deuterium protection
upon binding. These peptides are L103-L123 and V132-
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Figure 7. Kinetics of H/D exchange for selected peptide fragments. Deuterium up-take is plotted
against the incubation time in D,O at pH 6.8 in the absence (open circles) and presence (filled circles)
of y-2pITAM for peptides corresponding to residues V132-L149 (a), Y39-F51 (b), L193-L205 (c), and
R68-Y74 (d) in Syk. The data in the panels are fitted to single or double exponentials for visualization

purposes only.

L148. The peptide fragment L103-L123 partly shares its
amino acid sequence with the Syk N-SH2; yet, in this
region, no direct involvement in the protein—peptide
interface is observed, and therefore, exchange protec-
tion can only be explained through changes in dynam-
ics.°Peptide®V132-L148°(Figure©®7a)°is’embedded’in°the
middle of the SH2-linker region. This protein fragment
undergoes a remarkable exchange protection upon
v-2pITAM binding: some five hydrogens are not sol-
vent accessible after binding at 25 min D,O incubation
timeq{Table®l).°This‘can‘nlybe%explained by“changesin
structure or protein dynamics upon ligand binding. The
latter would be in agreement with the conformational
equilibrium between two conformers of Syk tSH2 in the
unbound form and the pronounced effect in protein-
peptide binding affinity that restraining the relative
position°of°the°two°SH2°domains®may°induce®[19,°20].
Protein fragments L103-L123 and V132-L148, both par-
ticipating in the inter-SH2 linker motif, undergo high
deuterium incorporation (approximately 90%) as does
the%protein%ragment’R253-N2699Tablel)intheligand-
free situation. The latter protein fragment, R253-N269,

lacks secondary structure, which leads us to hypothe-
size that the inter-SH2 domain region could exist in a
random coil or low degree of secondary structure in the
ligand-free protein, which turns into a higher helical
structure in the ligand-bound form, as observed in the
crystal®structure®of°the°Syk-ITAM°complex°(Figure®8).
Consistent with our results, for the family-related
Zap-70 kinase, only broad amide NMR signals could be
detected for the two helices connecting the SH2 do-
mains in the absence of the ITAM peptide. NMR and
CD studies suggested a stabilization of helical structure
for this region.

The Binding Site in the C-Terminal SH2 Domain

Each SH2 domain of Syk contains two binding pockets,
which selectively bind a pYxxL/I motif of the ITAM
peptide. In the crystal structure of Syk tSH2 in complex
with &-2pITAM, the peptide binds to the SH2 domain
head-to-tail°[17];°that°is, °the°N-terminal p YxxL/I°motif
of the ITAM peptide binds the C-SH2 domain, whereas
the C-terminal pYxxL/I binds the N-SH2 domain. The
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Table 1. Deuterium uptake in protein segments after pepsin digestion

Mass pYc/pYy binding & SH2- %Dgn %D, (ligand-
Peptide MH™ N Domain SH2 interface (ligand-free) bound) Dsree - Doound
F17-E23 836.4266 7 Syk-N R22(«A2), T21(aA1), E(aA3) 68 47 yes (1.5)
Y39-N46 1049.5856 8 Syk-N R42(pB5), N46(BC2) 30 17 yes (1)
Y39-G50 1439.7759 12  Syk-N R42(pB5), N46(BC2) 55 46 yes (1)
Y39-F51 1586.8443 13 Syk-N R42(BB5), N46(BC2) 59 47 yes (1.5)
F51-E67 1937.0146 17 Syk-N - 16 16 no
AB2-E67 1789.9462 16 Syk-N - 15 15 no
R68-Y74 852.4215 7 Syk-N - 67 67 no
Y74-L88 1499.7606 14  Syk-N - 52 40 yes (1.5)
A75-188 1336.6973 13 Syk-N - 52 38 yes (1.5)
L88-G98 1275.5064 11  Syk-N - - - -
L103-L123  2396.3090 17 Syk-N/Inter SH2 - 92 78 yes (2)
V132-L148  1940.0605 17 Inter SH2 - 92 62 yes (5)
1158-E176 2239.1446 18 Inter SH2/Syk-C  R175(aA2) 68 55 yes (2)
A159-1181 2712.3204 22 Inter SH2/Syk-C  R175(aA2) 70 59 yes (2.2)
1184-F192 951.5263 9 SykC - 65 65 no
L193-S202  1115.5921 10 Syk-C R195(BB5), R197(BB7) 33 23 yes (1)
L193-L205  1462.7766 13 Syk-C R195(BB5), R197(BB7) 38 30 yes (1)
L205-F234  3465.9408 29 Syk-C - 42 42 no
R253-N269 1826.9911 16 Syk-C - 90 90 no

In column 1 and 2, the peptides analyzed and their corresponding masses are given. In column 3, N is the number of peptide amide protons in the
peptide. In column 5, the protein amino acid residues with direct binding contacts with the phosphotyrosines (pY¢ and pYy) of the ITAM peptide,
as well as the amino acid residues at the SH2-SH2 interface are given.[17] In the columns 6 and 7, the percentage of deuterium incorporation in the
peptide either in the ligand-free or ligand-bound situation is given. In column 8, the difference in the number of deuteriums incorporated between
the ligand-free and ligand-bound situation after 25 min incubation in buffered D,0 is shown.

mode of binding in each SH2 domain resembles closely
that®of°the°SH2°domains°of°the°Src°family°of°proteins,
i.e., one pocket, positively charged, accommodates the
phosphotyrosine, whereas the other, hydrophobic in
nature, buries the nonpolar Ile/Leu residue at the +3
position°C-terminal°®to°the®phosphotyrosine°[50].°Two
regions where exchange protection is observed lie in the
binding site of Syk C-SH2 to the phosphotyrosine
pYrxxL of y-2p-ITAM. The peptide fragments 1.193-
5202 and L193-L205 comprise one region, and peptide
fragments 1158-E176 and A159-1181 encompass the sec-
ond one. The phosphotyrosine binding side of Syk
C-SH2° has,® in° the® crystal® structure® [17,° 51],° several
interactions with the bound ITAM peptide. Four argi-
nine residues are in close proximity to the phosphoty-
rosine-binding site. Three of these residues, SB7 (R195),
aA2 (R175), and BB5 (R197), contribute to the network
of hydrogen bonds coordinating the phosphate group
of the phosphotyrosyl residue. Arginine 175 («A2) also
makes a weak amino-aromatic interaction with the
phosphotyrosinering.“Our°data’shows®(Tablel)°thatin
the region L193-5205, one hydrogen is protected in the
ligand-bound form, and that in the region 1158-1181,
approximately two hydrogens are protected upon bind-
ing®(Table°l).

The Binding Site in Syk N-SH2

Our data reveal that region Y39-F51 (peptides Y39-N46,
Y39-G50, and Y39-F51) and F17-E23 are exchange-
protected upon binding. Both regions lie in the binding
site of Syk N-SH2 to the phosphotyrosine motif pYETL
of y-2pITAM. The C-terminal phosphotyrosine forms

hydrogen-bonding contacts with arginine residues A2
(R22)°and°BB5°(R42)°through‘its°phosphate®group[17].
Moreover, arginine aA2 (R22) makes a weak amino-
aromatic interaction with the phenyl ring and a hydro-
gen bond with the carbonyl oxygen of pY-—1. Leucine
(pYc+3) inserts deeply into the hydrophobic binding
pocket of Syk N-SH2. Peptides Y74-L88 and A75-L88
encompass partly the hydrophobic binding pocket and
are also found to be protected. The side-chain of isoleu-
cine BE4 (I76), the carbon of the carbonyl group of Gly
EF2 (G78), and the a carbon of Gly EF3 (G79) are
between 3.9 and 4.3 A from the side-chain of Ile pYc+3.

The SH2-SH?2 Interface

The nature of the amino acids located between the two
phosphotyrosine binding motifs of the 2pITAM used in
this study differs from the ones of the &-2pITAM
peptide used in the crystal structure. In the crystal
structure, the pY linker only accounts for a small
percentage of the total peptide surface buried upon
binding; moreover, very few contacts are observed
between the protein and peptide linker residues. Hence,
the nature of the amino acids in the linker does not
significantly affect binding, but its length could deter-
mine the restraint in movement imposed on the SH2
domains. The spacer length of the e-2pITAM and that of
the y-2pITAM used in this study are alike, and there-
fore, the restraint imposed on the two SH2 domains and
their SH2-SH2 interface should be similar. In the crystal
structure, there are two main regions of inter-domain
contacts: in the first region, the BC-loop in Syk N-SH2
faces the BF-strand, the FB-loop, and the N-terminal tip
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Figure 8. H/D exchange experimental results after 25 min incubation in buffered D,O mapped onto
the X-ray structure of Syk tSH2. (a) Ribbon diagrams depicting the percentage of deuterium
incorporated in the different peptides probes in the case of the ligand-free Syk tSH2 and (b) the
peptide ligand-bound Syk tSH2 with ITAM. The color codes range from red (81-100% deuterium
incorporation) to blue (1-20% deuterium incorporation). Gray segments represent parts of the protein
thatcould‘hotbecoveredinthe%nalysis. Notethatincomparison‘withFigure®l thestructures‘arehow

rotated by 180 degrees.

ofthe°aB¢helix°of°Syk°C-SH2.°Differences‘in°deuterium
exchange upon binding are observed in the BC loop of
Syk N-SH2 (protein fragments Y39-N46, Y39-G50, and
Y39-F51)°(Table®1).°These°differences°can®be®accounted
for by the formation of both the SH2-SH2 interface as
well as by direct contacts with the C-terminal phospho-
tyrosine of the ITAM peptide (see above). Unfortu-
nately, no exchange kinetics could be followed for the
protein fragments of the FB-loop or the aB helix of Syk
C-SH2°(Figure®6).°The®second region®of°inter-domain
contacts, the N-terminal end of the aA helix and the AA
loop of Syk N-SH2, make contacts with residues in the
C-terminal end of the aB helix of Syk C-SH2. As in the
former® interface® region,® peptide® F17-E23° (Table® 1)
shows exchange protection, which could again be ex-
plained in terms of either SH2-SH2 interface or direct
contacts with the ITAM peptide (see above).
To°summarize,in°Figure®8°the®percentage®of°total
exchangeable hydrogens exchanged after 25 min D,O
incubation‘are°depicted for®boththeligand-free(Figure
8a)°and® the® bound® Syk® tSH2° (Figure® 8b).° Exchange
protection upon binding in some regions of the SH2
domains can be readily explained in terms of peptide
shielding: these regions are directly involved in the
protein-peptide binding site(s). Although no structure
of ligand-free Syk tSH2 is available to date, a good
overview of the protein dynamics can be obtained from
itsfamily-related Zap-709Figurelb)%kinase.Inthe NMR
and crystallographic study of the tSH2 domains of the
latter®protein®[18],°it°is°clearly°shown°that°the®almost
complete length of the inter-SH2 domain is very dy-
namic.°Similarly,°in°the°Syk°tSH2°protein®(Figure°8a),
the most solvent accessible regions (red) are encoun-
tered in the inter-SH2 linker region and C-terminus.
The easily accessible protein fragments localized in the

inter-SH2 domain region undergo an extensive reduc-
tionin%olventaccessibilityuponITAMbinding(Figure
8b),° which®we° propose®is® attributable® to® a® dramatic
increase in structural ordering or reduction in backbone
dynamics by hydrogen bonding.

Conclusions

The relative orientation of the tandem SH2 domains of
the Syk kinase seems to be very adaptable, similar to the
tSH2 domains of its family partner Zap-70 kinase.
Moreover, a highly flexible inter-SH2 domain linker
region seems to play a key role in the overall dynamics
of the protein. After ITAM binding, the tSH2 domains
becomelocked‘into®a’more°restricted ‘conformation19,
20].°By“using°H/D%xchange“in°combinationwithenzy-
matic digestion and MALDI-TOF analysis, we probed
not only the direct binding site of the ITAM peptide
with Syk tSH2 but also the accompanying conforma-
tional effects in distal positions at the inter-SH2 domain
at a medium structural resolution. The results show
clearly that the overall inter-SH2 linker region becomes
highly stabilized upon ITAM peptide binding. The
conformational flexibility in Syk tSH2 matches with its
functional ubiquity as Syk is a key mediator in a variety
of signal transduction pathways. The conformational
changes of the inter-SH2 domain linker region of Syk
demonstrated in this report might be affected by con-
formational changes in other parts of the full Syk
tyrosine kinase, namely, by the linker region between
the tSH2 domain and the kinase domain or by the
kinase domain itself. However, the indication that the
SH2 domains of Syk seem to adopt a variety of relative
orientations®to®accommodate®diverse°®ligands®[20],°to-
gether with the stabilization that its inter-SH2 domain
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linker undergoes upon ITAM binding, make it plausible
that this conformational change(s) is one of the key
signaling events involved in the activation of the kinase
domain in Syk.
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