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T-cell activation requires stimulation of specific intracellular
signaling pathways in which protein-tyrosine kinases, phospha-
tases, and adapter proteins interact to transmit signals from the
T-cell receptor to the nucleus. Interactions of LCK proto-onco-
gene, SRC family tyrosine kinase (LCK), and the IL-2–inducible
T cell kinase (ITK) with the T cell-specific adapter protein
(TSAD) promotes LCK-mediated phosphorylation and thereby
ITK activation. Both ITK and LCK interact with TSAD’s pro-
line-rich region (PRR) through their Src homology 3 (SH3)
domains. Whereas LCK may also interact with TSAD through
its SH2 domain, ITK interacts with TSAD only through its SH3
domain. To begin to understand on a molecular level how the
LCK SH3 and ITK SH3 domains interact with TSAD in human
HEK293T cells, here we combined biochemical analyses with
NMR spectroscopy. We found that the ITK and LCK SH3
domains potentially have adjacent and overlapping binding sites
within the TSAD PRR amino acids (aa) 239 –274. Pulldown
experiments and NMR spectroscopy revealed that both domains
may bind to TSAD aa 239 –256 and aa 257–274. Co-immuno-
precipitation experiments further revealed that both domains
may also bind simultaneously to TSAD aa 242–268. Accord-
ingly, NMR spectroscopy indicated that the SH3 domains may
compete for these two adjacent binding sites. We propose that
once the associations of ITK and LCK with TSAD promote the
ITK and LCK interaction, the interactions among TSAD, ITK,
and LCK are dynamically altered by ITK phosphorylation status.

T-cell activation relies upon stimulation of specific intracel-
lular signal-transduction pathways, where protein-tyrosine
kinases (PTKs),3 phosphatases, and adapter molecules interact
to convey the signal from the T-cell receptor (TCR) to the
nucleus. Adapter molecules present specific protein interaction
sites but lack intrinsic enzymatic activity (1). These molecules
bridge interactions between other proteins in the signaling cas-
cade, such as the PTKs and their substrates. PTKs in T cells
include at least four families: the Src family, the SYK family, the
CSK family, and the TEC family (2). The TEC family IL-2–
inducible tyrosine kinase (ITK) is recruited to the membrane
after TCR triggering and is activated by the SRC family PTK
lymphocyte–specific kinase (LCK). This results in activation of
phospholipase C �1, eventually leading to gene transcription
via intracellular Ca2� release and transcription factor activa-
tion (reviewed in Ref. 3).

The T cell–specific adapter protein (TSAD), encoded by the
SH2D2A gene, is an adapter molecule containing a SRC homo-
logy 2 (SH2) domain and a proline-rich region (PRR) in addition
to several tyrosine phosphorylation sites (4, 5). The gene was
first isolated from an activated CD8� T-cell cDNA library by
differential screening (4) and was later identified as an interac-
tion partner to other signaling molecules, including LCK (6)
and ITK (7).

TSAD influences T-cell signaling via its interaction with the
tyrosine kinases LCK and ITK (8). Both ITK and TSAD are
expressed at low levels in naive T cells but are induced upon
activation of T cells (4, 9, 10). Absence of TSAD results in defi-
cient polarization of actin to the immunological synapse (8) as
well as deficient activation-induced cell death (11).

Both LCK and ITK consist of multiple domains, including
one SH2 and one SRC homology 3 (SH3) domain (12). SH3
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domains are regions of �60 –70 amino acids (aa) present in
many signaling molecules. The general structure of this domain
consists of two short anti-parallel �-sheets packed against each
other, resulting in a fold with a relatively flat hydrophobic
surface containing at least one conserved aromatic (often a
tryptophan) residue (13). SH3 domains bind to PRRs that can
contain the prototypic SH3-binding motif PXXP belonging to
one of two classes. Class I motifs have the consensus sequence
�p�Pp�P, and class II motifs have the consensus sequence
�Pp�Pp�. � represents an aliphatic residue, � indicates a
basic residue, uppercase positions are conserved residues that
contact the SH3 domain and provide the specificity, and lower-
case residues represent scaffolding positions, usually prolines
(14). Ligand orientation is generally determined by the position
of the basic residue, often an arginine, relative to the core pro-
line residues (15).

We have previously mapped the interaction site of ITK on
TSAD and showed that ITK binds with its SH3 domain to the
PRR of TSAD (aa 239 –274) (10), in a region coincident with
that of LCK SH3 interacting with TSAD (16). Interaction of
TSAD with ITK promoted LCK-mediated tyrosine phosphor-
ylation of ITK as well as migration of T cells upon CXCL12
stimulation. T cells lacking TSAD failed to induce tyrosine phos-
phorylation of ITK as well as migration of T cells upon CXCL12
stimulation (10). Whereas ITK interacts with TSAD exclusively
through its SH3 domain (10), LCK interacts with TSAD
through both its SH3 and its SH2 domain (17). Thus, promo-
tion of LCK-mediated phosphorylation of ITK by TSAD could
be either due to simultaneous docking and interaction of LCK
and ITK on TSAD or simply due to binding of LCK to TSAD
activating LCK catalytic activity, thus facilitating phosphoryla-
tion of ITK.

In an effort to begin to understand the molecular details
defining the association of TSAD, LCK, and ITK, we performed
peptide array binding experiments, biochemical analyses, and
2D (1H, 15N) heteronuclear single quantum coherence (HSQC)
NMR experiments to examine the interaction between TSAD,
ITK SH3, and LCK SH3. Our data support a model whereby
LCK and ITK are both recruited to TSAD via their SH3
domains, allowing LCK-mediated phosphorylation of ITK. Our
results point to a complex protein assembly, where the ITK SH3
and LCK SH3 domains can both compete for and simultane-
ously bind to adjacent binding sites on TSAD encompassing aa
242–268. Our findings also suggest that, once active, ITK
autophosphorylation of its own SH3 domain disrupts the ITK/
TSAD interaction, possibly creating an open binding site on
TSAD for recruiting and activation of another ITK molecule by
LCK.

Results

Interaction of TSAD with ITK depends on the intact ITK SH3
domain

Expression of the adapter molecule TSAD (Fig. 1A) is
induced in human T cells upon TCR triggering (9) concomitant
with ITK (10). Murine TSAD was first cloned as an ITK/RLK
interaction partner; thus, an alternative designation for TSAD
is RLK/ITK-binding protein (RIBP) (7). Following up on this

observation, we have previously found that the interaction of
TSAD with ITK depends on the PRR of TSAD (10), indicating a
role for the ITK SH3 domain in mediating this interaction. To
reveal whether an intact ITK SH3 domain is required for inter-
action of ITK with TSAD, we expressed full-length Myc-tagged
ITK constructs in 293T cells and performed co-immunopre-
cipitation experiments. Immunoprecipitation of ITK led to co-
immunoprecipitation of TSAD only in the presence of WT
ITK, whereas ITK containing the W208K mutation, which is
known to abolish binding of the ITK SH3 domain to its ligands
(18), did not co-immunoprecipitate with TSAD (Fig. 1B).

We previously also showed that TSAD promotes LCK-medi-
ated phosphorylation of ITK on Tyr511 (10). This phosphoryla-
tion event activates the ITK kinase and leads to autophosphor-
ylation of ITK Tyr180 in the ITK SH3 domain (19). It has been
shown that the specificity of ITK SH3 for its ligands may be
altered by Tyr180 phosphorylation (20). To examine whether
binding of ITK SH3 to TSAD was affected by phosphorylation
of ITK Tyr180, we generated Tyr3Phe and Tyr3Glu mutated
versions of the ITK SH3 domain.

Both the ITK SH3 Y180F and the Y180E mutant proteins
displayed significantly reduced interaction with TSAD com-
pared with the WT ITK SH3 domain (Fig. 1, C and D). Also,
compared with the ITK SH3 Y180F mutant, the Y180E mutant,
where the negative charge and the size of the glutamate in the
ITK-Y180E mutant may mimic ITK phosphorylated (p)Tyr180,
displayed significantly reduced binding to TSAD (Fig. 1D).
Taken together, these data show that interaction of TSAD with
ITK is mediated by ITK SH3; furthermore, they suggest that the
physiological association between the two molecules is regu-
lated by the phosphorylation status of ITK.

LCK SH3 and ITK SH3 bind to overlapping peptides in TSAD
PRR

Having established that ITK SH3 binds to TSAD, we per-
formed in silico motif analysis (https://scansite4.mit.edu/4.0/
#home)4 (21) using the human TSAD amino acid sequence as
input (GenBank number Q9NP31) and the default matrix for
ITK SH3 ligands. This analysis revealed possible ITK SH3–
binding sites at TSAD Pro263 and Pro247 (Fig. 2A). TSAD Pro247

was also indicated as a potential SRC-SH3 interaction site (data
not shown). We then went on to dissect the interaction between
the ITK SH3 domain and the PRR of TSAD compared with that
of the LCK SH3 domain, which is known to bind to TSAD (17).
A series of 14 overlapping peptides of 20 aa with a sliding win-
dow of three aa was synthesized and fixed onto a cellulose
membrane. This peptide array covered most of the PRR of
TSAD (aa 233–291) (Fig. 2B). The membrane was probed with
recombinant GST-ITK SH3 and GST-LCK SH3 domains and
immunoblotted with anti-GST and anti-mouse-HRP antibod-
ies. The results show that ITK SH3 and LCK SH3 domains bind
to overlapping peptides in the PRR of TSAD. However, the
peptide array blotting analysis indicates that ITK SH3 prefers a
binding site that is C-terminal relative to that preferred by LCK

4 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party hosted site.
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TSAD cDNA constructs: 

aa position           239     247      256    263        274   280   
                       |       |        |      |          |     |   

TSAD WT             GEKEPSQLLRPKPPIPAKPQLPPEVYTIPVPRHRPAPRPKPSNPIYNEP 
TSAD P247A          ------------A------------------------------------ 
TSAD P263A          ----------------------------A-------------------- 
TSAD �239-274       GEKE                                    PSNPIYNEP 
TSAD �239-256       GEKE                  PEVYTIPVPRHRPAPRPKPSNPIYNEP 
TSAD �239-256-P263A GEKE                  ------A-----------PSNPIYNEP 
TSAD �257-274       GEKEPSQLLRPKPPIPAKPQLP                  PSNPIYNEP 
TSAD �257-274-P247A GEKE--------A---------                  PSNPIYNEP 

TSAD peptides used for NMR: 

aa position              242  247        258  263            278 
                          |    |          |    |              | 

TSAD aa262-278                                 IPVPRHRPAPRPKPSNP 
TSAD aa262-269                                 IPVPRHRP 
TSAD aa271-269                                          PRPKPSNP 
TSAD aa242-268             LLRPKPPIPAKPQLPPEVYTIPVPRHR 
TSAD aa242-258             LLRPKPPIPAKPQLPPE 
TSAD aa254-268                         QLPPEVYTIPVPRHR 

Figure 1. Nonphosphorylated ITK SH3 domain is required for ITK binding to TSAD. A, schematic drawing of TSAD including the SH2 domain, the PRR and
the three C-terminal tyrosines. The core sequences encoded by the TSAD cDNA constructs and the TSAD peptides used for transfection of cells and for NMR
experiments, respectively, in this paper are also indicated. B, co-immunoprecipitation experiment showing the dependence of ITK-TSAD interaction on the SH3
domain of ITK. 293T cells were transfected with the indicated cDNA plasmids. Myc-tagged ITK proteins were immunoprecipitated from the cell lysates, followed
by immunoblotting with the indicated antibodies. The result is one representative of two experiments. C and D, ITK SH3 domains mutated for Tyr180 display
reduced interaction with TSAD. C, pulldown experiment using ITK SH3 domains with the indicated mutations was performed using lysates of 293T cells
transiently transfected with HA-tagged WT and mutated TSAD cDNA. Pulled down proteins were immunoblotted with the indicated antibodies. D, the graph
represents relative amount of TSAD interacting with ITK SH3 in the experiment shown in C. Signals were quantified by ImageJ analysis (n � 3, mean � S.D. (error
bars)).
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SH3 (Fig. 2A). The mutant ITK SH3 domain W208K (ITK-K)
did not bind to any of the TSAD peptides.

The ITK SH3-binding motif in TSAD PRR is focused on Pro263

The motif formed by the TSAD sequence flanking Pro263

(P�PXXRP) is also found in the ITK SH3-binding motifs of
SLP-76 and in CBL-B (18, 22, 23) as well as putative ITK SH3
ligands, as predicted by Scansite (Table 1). Mutation of either
Pro247 or Pro263 to alanine did not significantly abolish binding
of ITK SH3 to TSAD in pulldown experiments (Fig. 2, C and D),
indicating that more than one amino acid in these regions is
involved in binding to the ITK SH3 domain. Consistent with
the presence of two ITK SH3 interaction sites on TSAD
within aa 239 –273 (Fig. 2, A and B), we found that a deletion
mutant of TSAD lacking both the Pro247 and the Pro263

motifs (TSAD �239 –274) displayed minimal binding to ITK
SH3 (Fig. 2, E (lane 3) and F) as has been shown previously
(10). In contrast, separate deletion constructs encompassing
either Pro247 or Pro263, TSAD �239 –256 and TSAD �257–
274, respectively, both retained some binding to ITK SH3
(Figs. 1A and 2E (lanes 4 and 5)). The deletion construct

lacking Pro263 (TSAD �257–274) showed a significantly
greater reduction in binding ITK SH3 compared with TSAD
�239 –256 (Fig. 2F).

The observation that neither of the two shorter deletions
completely eliminated ITK SH3 interaction indicated that the
continued presence of the remaining Pro247 or Pro263 motifs
were sufficient for ITK SH3 interaction. Mutation of Pro263 to
Ala263 in TSAD �239 –256 resulted in significantly reduced
interaction of ITK SH3 with TSAD. Also, the corresponding
Pro247 to Ala247 mutation in TSAD �257–274 conferred re-
duced interaction with ITK SH3; however, the difference failed
to reach statistical significance (Fig. 2, G and H). Taken

239-258 PSQLLRPKPPIPAKPQLPPE
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Figure 2. LCK SH3 and ITK SH3 bind to overlapping peptides in TSAD PRR. A, Scansite prediction of ITK SH3-binding sites on TSAD. B, peptide array mapping
of LCK SH3- and ITK SH3-binding sites on TSAD. The amino acid sequence of the peptide in each of the spots is given to the left. The right panels show the results
of probing the arrays with the indicated recombinant proteins GST-ITK SH3, GST-LCK SH3, GST-ITK SH3 mutated (W208K or ITK-K), or GST alone, respectively.
Results from 12 of the 14 tested peptides are shown. Pro247 and Pro263 are indicated in boldface type. The brackets define the borders of TSAD aa 239 –274. C and
D, mutations of the predicted prolines to alanines fail to abolish binding of ITK SH3 to TSAD. The pulldown experiment was performed using GST-ITK SH3 and
lysates of 293T cells transiently transfected with HA-tagged WT and mutated TSAD cDNA. Pulled down protein and lysate were immunoblotted with the
indicated antibodies. D, the graph represents the relative amount of TSAD interacting with ITK SH3 in the experiment shown in C. Signals were quantified by
ImageJ analysis (n � 3, mean � S.D. (error bars)). E and F, deletion of either the Pro247 (aa 239 –256) or the Pro263 (aa 257–274) region reduces binding of ITK SH3
to TSAD. The pulldown experiment was performed as in C. F, the graph represents ImageJ analysis as in D of the data shown in E (n � 3 or 6, mean � S.D.). G and
H, additional mutation of Pro263 further reduces binding of ITK SH3 to TSAD 257–274. The pulldown experiment was performed as in C. H, the graph represents
ImageJ analysis as in D of data shown in G. The relative amount of TSAD interacting with ITK SH3 WT in each experiment is set to 1 (not shown) (n � 3, mean �
S.D.).

Table 1
Verified and putative ITK SH3 motifs

Protein Sequence motif Reference

TSAD QLPPEVYTIPVPRHRPA This paper
SLP-76 DRPPSGKTPQQPPVPPQRPMA Ref. 23
CBL-B (human) DVFDSASDPVPLPPARPPTR Ref. 18
CD28 NMTPRRPGPTRKHYQP Ref. 55
RCH1� SNLCRNKNPAPPIDAV Ref. 56
ITK/BTK PRR KPLPPTP Ref. 57
Consensus �P�PXX(R/K)
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together, we therefore hypothesized that the interaction of
TSAD Pro263 with ITK SH3 was the most likely to be of biolog-
ical relevance and hence set out to analyze this interaction in
further detail using NMR spectroscopy.

The human ITK SH3 domain binds to TSAD aa 262–269 in a
class I orientation

We determined the NMR resonance assignments (deposited
as BMRB entry 18119) and three-dimensional structure of the
human ITK SH3 domain (PDB entry 2LMJ) using standard
methods (24). The structures are shown in Fig. 3, and the struc-
ture statistics are shown in Table 2. The obtained structure
showed an SH3 structure similar to that of murine ITK SH3
(PDB entry 2RNA) (25). Similarly, no major differences are
observed between this structure and the NMR structure of
human ITK SH3 determined by the RIKEN structural genomics
initiative (PDB entry 2YUQ).

A series of 2D 1H-15N HSQC experiments were recorded
after titration of increasing amounts of TSAD peptide. The
peptide *IPVPRHRPAPRPKPSNP# (aa 262–278) was chosen
for analysis because it contains both a partial class II motif
including Pro263 and a class I motif (15) corresponding to the
consensus sequences PXXPX(R/K) and (R/K)XXPXXP, respec-
tively. N-terminal and C-terminally truncated versions of the
peptide (aa 262–269 (*IPVPRHRP#) containing the partial class
II motif and aa 271–278 (*PRPKPSNP#) containing the class I
motif) were also analyzed. The chemical shift changes that
occurred upon ligand binding to the N-terminal peptide aa

262–269 (Fig. 4A) indicate SH3 residues that were affected by
ligand binding. The longer aa 262–278 peptide gave similar
shifts as the aa 262–269 peptide, whereas the aa 271–278 pep-
tide did not induce chemical shift changes (data not shown).
The chemical shift changes induced upon binding of TSAD aa
262–269 as well as TSAD aa 262–278 mapped within the con-
ventional binding surface of SH3 domains (13) onto the struc-
ture of the human ITK SH3 (data not shown). These data did
not, however, reveal information about the orientation of the
peptide binding to ITK SH3.

To map the binding orientation of the peptide, we used a
custom made spin-labeled peptide containing a helicogenic
nitroxyl aa (i.e. 2,2,6,6-tetramethylpiperidine-1-oxyl-4-ami-
no-4-carboxyl acid (TOAC)) at its N terminus. The TOAC aa
in the bound peptide will influence the chemical environ-
ment of the ITK SH3 domain upon peptide binding and
cause broadening of peaks in the NMR spectrum corre-
sponding to aa in proximity of the spin label. Comparison of
1H-15N HSQC spectra of 500 �M 15N-labeled recombinant
human ITK SH3 domain alone and in complex with 1 mM

TOAC-peptide revealed that the TOAC label most strongly
affected the peaks corresponding to Leu201, Trp208, Arg214,
and Val176, with a 25–35% reduction in peak volumes (Fig.
4B). These data indicate that binding of the TSAD peptide to
ITK SH3 brings the N-terminal TOAC moiety close to these
aa, which all are located in the vicinity of the specificity
pocket of human ITK SH3 domain. Based on our data, we
thus modeled the TSAD peptide bound to ITK SH3 with the
N-terminal pointing toward the specificity pocket by appli-
cation of HADDOCK (26). The model of the TOAC-labeled
TSAD peptide bound to ITK SH3 is shown in Fig. 4C. Taken
together, our data indicate that the TSAD peptide aa 262–
269 on human ITK SH3 is in a class I binding orientation (15)
with the N-terminal end of the peptide ligand pointing
toward the specificity pocket.

N-term

C-term

A

B

N-term C-term

W208

Figure 3. The human ITK SH3 domain solution structure. A, backbone
trace of the 20 structures comprising the lowest-energy NMR ensemble is
shown. Red color indicates residues affected by ligand binding. B, ribbon rep-
resentation of one of the ITK SH3 domain structures shown in A. The trypto-
phan at position 208, which is critical for polyproline ligand binding, is
indicated.

Table 2
Constraints and structural statistics of ITK-SH3 NMR structure

Parameter Value

Constraints
NOE constraints 1,267

Intraresidue 267
Sequential (ji � jj � 1) 337
Medium range (1 	 ji � jj 	 5) 139
Long-range (ji � jj 
 5) 524

Hydrogen bonds/constraints 17/34
Dihedral angle constraints 80
Total no. of constraints 1,381

Structural statistics
Constraint violations

Distance constraints (Å) 0.0063 � 0.0008
Dihedral angle constraints (degrees) 0.57 � 0.04
Maximum distance constraint violation (Å) 	0.01
Maximum dihedral constraint violation (degrees) 	4
r.m.s. difference to mean structure residues 8–65
Backbone (Å) 0.29 � 0.09
Heavy atoms (Å) 0.98 � 0.15

Ramachandran statistics (%)
Core regions 84.1
Allowed regions 15.9
Generous regions 0
Disallowed regions 0

CYANA (Å)
Total 0.54 � 0.0616
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Both LCK SH3 and ITK SH3 may bind simultaneously to the
TSAD PRR

Because LCK SH3 and ITK SH3 bind to overlapping peptides
in the TSAD PRR (Fig. 2A) and the ITK SH3 domain binds to
the TSAD aa 262–269 peptide (Fig. 4), we directly assessed
whether LCK SH3 and ITK SH3 may bind to adjacent sites on
the same TSAD peptide. We first performed pulldown of TSAD
deletion mutants using GST-LCK SH3 as a bait (Fig. 5, A–C).
The results showed that whereas TSAD �239 –274 essentially
abolished interaction of LCK SH3 with TSAD, both of the two
shorter deletions (TSAD �239 –256 and �257–274) retained
some binding to TSAD (Fig. 5, A and C). Mutation of Pro263 to
Ala263 in TSAD �239 –256 significantly reduced interaction of
LCK SH3 further, whereas the mutation Pro247 to Ala247 in
TSAD �257–274 did not significantly reduce interaction with
LCK SH3 (Fig. 5, B and C).

To further substantiate that LCK SH3 and ITK SH3 both
bind to adjacent sites in the TSAD PRR, a 27-amino acid pep-
tide representing TSAD aa 242–268 (*LLRPKPPIPAKPQLP-
PEVYTIPVPRHR#), and two shorter peptides derived from
TSAD aa 242–258 and aa 254 –268 were synthesized (Figs. 1A
and 5D). An in vitro pulldown experiment using an equimolar
mixture of GST-ITK SH3 (bound to GSH SepharoseTM beads)
with soluble HA-tagged LCK SH3 in the absence or the pres-
ence of increasing amounts of the TSAD aa 242–268 peptide
was then performed. The result showed that GST-ITK SH3
associated with HA-LCK SH3 only in the presence of TSAD aa
242–268 (Fig. 5E). Moreover, increasing the concentration of
TSAD aa 242–268 in the pulldown assay resulted in decreased
association of HA-LCK SH3 with GST-ITK SH3 (Fig. 5E). This
latter finding suggests that at higher concentrations of TSAD
peptide, binary SH3/peptide complexes are favored over a ter-
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nary complex containing TSAD and two SH3 domains. We
also found that only the long peptide (TSAD aa 242–268)
facilitates association between the ITK and LCK SH3
domains, as identical pulldown experiments using the two
shorter TSAD peptides (aa 242–258 and aa 254 –268)
resulted in no detectable association between GST-ITK SH3
and HA-LCK SH3 (Fig. 5F).

ITK SH3 competes with LCK SH3 for binding to TSAD PRR

To further assess the association between TSAD and the
ITK and LCK SH3 domains, we introduced both SH3

domains into the same NMR experiment. The 15N-labeled
LCK SH3 domain was first titrated with TSAD aa 242–268
(Fig. 6A). A subset of resonances showed chemical shift per-
turbations consistent with binding of the TSAD peptide to
the LCK SH3 domain. Next, the unlabeled ITK SH3 domain
was added to the 1:2 LCK SH3/TSAD peptide mixture in the
NMR tube. For all LCK SH3 resonances that shifted upon the
addition of TSAD aa 242–268, we observed resonance
changes in the direction of unbound LCK SH3 (Fig. 6, A and
B). Moreover, we did not detect chemical shift changes in the
LCK SH3 domain outside of the peptide-binding pocket
upon the addition of ITK SH3, suggesting a lack of interac-
tion between the LCK and ITK SH3 domains themselves
(data not shown). When we performed the experiment in the
reverse order, using 15N-labeled ITK SH3 domain titrated
with TSAD aa 242–268, and added unlabeled LCK SH3
domain to the 1:2 ITK SH3/TSAD peptide mixture in the
NMR tube, similar results were obtained (data not shown).

Taken together, our data presented in Figs. 2 and 5 suggest
that ITK SH3 as well as LCK SH3 may each have two adjacent
binding sites on TSAD. To further examine this notion, using
NMR spectroscopy, we titrated an equimolar mixture of the
two 15N-labeled isolated SH3 domains with either of the two
shorter TSAD-derived peptides aa 242–258 and aa 254 –268.
Both SH3 domains displayed resonances that shifted upon the
addition of both peptides, representing amino acids located to
the peptide-binding surface of the SH3 domain (Fig. 6C). Each
of the LCK SH3 or ITK SH3 resonances that shifted upon the
addition of the peptides shifted in different directions, depend-
ing on the identity of the peptide (Fig. 6C), indicating that the
chemical environments provided by the two peptides were
indeed different. These results show that both SH3 domains
may bind to two adjacent ligands contained within TSAD aa
242–268.

Finally, we characterized the binding of ITK SH3 and LCK
SH3 with the TSAD PRR. Using the NMR titration data
shown in Fig. 6C, where both SH3 domains were present in
equimolar amounts, as well as similar titrations using TSAD
aa 242–268 (not shown), we assessed the relative affinities of
the different regions of the TSAD PRR for the ITK and LCK
SH3 domains. TSAD aa 242–268, spanning the PRR, bound
equally well in vitro to both ITK and LCK SH3 domains
(Table 3 and Fig. 6D). TSAD aa 242–258, the N-terminal
region of the PRR, also bound to both ITK and LCK SH3
domains (Table 3 and Fig. 6D). The dissociation constants
for TSAD aa 242–268 and the N-terminal half of the same
peptide, TSAD aa 242–256, were similar (Table 3), suggest-
ing that most of the in vitro binding between the SH3
domains and the TSAD peptide is mediated by the aa stretch
between residues 242 and 256. This was further supported by
titrations using TSAD aa 254 –268, representing the C-ter-
minal half of the TSAD peptide. Chemical shift changes that
resulted from titration of this peptide did not approach sat-
uration within the range of concentrations tested (Fig. 6D).
Thus, in this NMR titration experiment, the N-terminal half
of the TSAD PRR appears to contain the preferred binding
site for both ITK and LCK SH3 domains.
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The TSAD aa 239 –274 sequence is required for LCK-mediated
phosphorylation of ITK

Taken together, our data point to a model for the LCK,
TSAD, ITK signaling system that involves binding of both kinases
to the TSAD scaffold, to facilitate LCK-mediated activation of
ITK. Both the peptide array data (Fig. 2A) and the mutagenesis
and deletions within the TSAD sequence (Figs. 2 (E and F) and 5
(A–C)) as well as the NMR titration experiments suggest that the
longer stretch of TSAD that includes Pro263 (TSAD aa 242–268) is
involved in association with LCK and ITK.
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Table 3
Kd values (mM) estimated from HSQC titration experiments

Peptide
SH3 domain

ITK LCK

TSAD aa 242–256 150 � 12 69 � 3
TSAD aa 242–268 123 � 22 161 � 75
TSAD aa 254–268 NDa ND

a ND, not determined.
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To directly assess whether the longer stretch of TSAD is
required for LCK-mediated phosphorylation of ITK, we trans-
fected plasmids encoding the intact and truncated versions of
TSAD together with LCK and Myc-tagged ITK into 293T cells
and assessed the amount of ITK tyrosine phosphorylation. The
results showed that in the absence of the PRR encoded by the aa
239 –274, TSAD does not promote phosphorylation of ITK
(Fig. 7A). However, when either aa 239 –256 or aa 257–274 is
present in TSAD, a 50% reduction in the phosphorylation of
ITK is observed compared with that observed in the presence of
intact TSAD (Fig. 7, A and B). This result indicates that both
SH3-binding sites on TSAD contribute to the adapter function
of TSAD, although the presence of both is not strictly required
for TSAD to fulfill its role as a scaffold for LCK and ITK
interaction.

ITK Tyr180 affects phosphorylation of ITK-Tyr511 as well as ITK
association with TSAD

We then assessed the role of the autophosphorylation site
ITK Tyr180 for LCK-mediated phosphorylation of ITK. As we
had found that the Y180E mutant ITK SH3 domain mimicking
ITK-pTyr180 displayed reduced interaction with TSAD (Fig.

1C), we speculated that failure to phosphorylate ITK on Tyr180

would influence the dynamics of the TSAD-ITK interaction
and thus phosphorylation of ITK by LCK on Tyr511 followed by
autophosphorylation on Tyr180. To assess to what extent the
ITK-pTyr signal we observed in Fig. 7A represented either of
these two tyrosines, we repeated the experiment shown in Fig.
7A (lanes 1 and 2) with a Myc-ITK-Y180F mutant. The results
showed that Myc-ITK-Y180F displayed significantly reduced
phosphorylation of ITK (Fig. 7, C and D). This could be
explained by much of the ITK phospho-Tyr signal observed
using a pan-pTyr antibody as being contributed by ITK pTyr180.

Some of the reduced signal could also be attributed to reduced
interaction of the ITK-Y180F mutant with TSAD (Figs. 1 (C and
D) and 7C).

To distinguish between these two possibilities, we immuno-
precipitated ITK from cells expressing Myc-ITK or Myc-ITK-
Y180F in the presence of LCK and TSAD and directly assessed
the total amount of ITK pTyr511 using a phosphosite-specific
antibody. The result showed that in the absence of the autophos-
phorylation site Tyr180, ITK was also less phosphorylated on
Tyr511 (Fig. 7, E and F). This indicates that in the presence of
TSAD, autophosphorylation of ITK Tyr180 is required for max-
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imal phosphorylation of ITK Tyr511. Reduced binding ability of
ITK pTyr180 to TSAD PRR, as indicated by our initial pulldown
experiments using the phosphotyrosine mimic ITK Y180E SH3
domain (Fig. 1, C and D), may ensure that only nonphosphory-
lated ITK associates with TSAD once the TSAD PRR is acces-
sible for binding. An additional consequence of this model
could be that ITK that cannot be phosphorylated on Tyr180 will
occupy TSAD PRR to a larger extent than WT ITK, because an
ITK molecule that is already bound to TSAD may immediately
reassociate once it dissociates from the TSAD PRR. To test this
assumption, we therefore immunoprecipitated TSAD from
cells expressing either Myc-ITK or Myc-ITK-Y180F in the
presence of TSAD and LCK and probed for co-immunoprecipi-
tation of ITK. This experiment revealed that more ITK-Y180F
than WT ITK was associated with TSAD (Fig. 7, G and H).
Taken together, these data show that ITK Tyr180 regulates asso-
ciation of ITK to TSAD and thereby also the phosphorylation of
ITK Tyr511 by LCK.

Discussion

The adapter TSAD has multiple interaction sites and thus
provides a platform for complex multimodular protein-protein
interactions within the T cell. We have previously mapped in
detail how TSAD interacts with LCK (16) and have provided
evidence that TSAD promotes LCK-mediated phosphorylation
of ITK on Tyr511 (10) in the activation loop of the kinase
domain, a phosphorylation event that is critical for activation of
ITK. In our present study, we have begun to delineate the mode
of interaction between TSAD and ITK. We show that TSAD
may serve as a scaffold whereby ITK and LCK are brought into
the vicinity of one another in the T cell. We propose that this
LCK-ITK adapter function of TSAD promotes signaling down-
stream of ITK. A schematic overview of our model for how LCK
and ITK interact with TSAD is shown in Fig. 8.

In the current study, the biochemical analysis of the TSAD
ITK LCK interactions was done exclusively in a heterologous
cell system. The human embryonic kidney 293 (known as
HEK293) cells, also expressing the SV40 large T antigen (known
as 293T cells (27)) are commonly used for dissection of molec-
ular mechanisms by exogenous expression of proteins. These
cells have several advantages. Whereas LCK is constitutively
expressed in T cells, both ITK and TSAD are expressed only at
low to moderate levels in resting or nonstimulated T cells and
T-cell lines. An additional advantage in using 293T cells for
protein expression in eukaryotic cells is that these cells do not
express other T cell–specific molecules that might interfere
with the intermolecular interactions studied here. However,
the stoichiometry and/or concentration of the interaction part-
ners studied in 293T cells may differ from the situation in actual
T cells. For instance, whereas the interactions between TSAD,
LCK, and ITK appear to be independent of external, activating
signals in 293T cells, this may not be the case at physiological
conditions in T cells.

Our main finding in this study is that the ITK and LCK SH3
domains bind to adjacent sites on TSAD. Although they may
both bind to TSAD at the same time, they also may compete for
binding to the same site(s). LCK can bind to the three C-termi-
nal TSAD tyrosines Tyr280, Tyr290, and Tyr305 via its SH2

domain. The TSAD PRR interacting with LCK SH3 strongly
promotes phosphorylation of these tyrosines (16). Thus, it is
possible that LCK and ITK interact with TSAD sequentially,
with LCK binding to TSAD first through its SH3 domain (Fig.
8A) and subsequently—after having phosphorylated the three
C-terminal TSAD tyrosines—via its SH2 domain (Fig. 8B), leav-
ing the PRR free to bind for ITK SH3 (Fig. 8C). This mechanism
is consistent with the observations from NMR indicating direct
competition between the SH3 domains for binding to the two
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shorter peptides representing the N- and the C-terminal parts
of the TSAD PRR.

An increasing body of evidence suggests that within the cell,
signaling molecules may form large complexes with multiple
copies of each interacting partner (i.e. signalosomes) (28, 29).
The stoichiometric arrangement of ITK, LCK, and TSAD in the
cell may therefore be quite complex, as has been suggested for
the Grb2/LAT/SOS1 signaling system (30, 31). The cell interior
is virtually packed with molecules, probably resulting in local-
ized regions with comparably high concentrations of given
molecules (32). It is increasingly being recognized that phase
separation of signaling molecules may be functionally relevant
(33). Thus, the relatively high dissociation constants measured
in the NMR tube with both SH3 domains present in high and
equimolar concentrations may still reflect physiologically
meaningful molecular associations in the immediate vicinity of
TSAD within the cell.

Once ITK is activated by LCK through phosphorylation of
the Tyr511 (Fig. 8D), ITK autophosphorylates Tyr180 in its own
SH3 domain in cis (19, 20). Moreover, autophosphorylation of
ITK Tyr180 is required for full activity of ITK (19). Our findings
suggest that autophosphorylation of the ITK SH3 domain in cis
results in the release of ITK from the TSAD scaffold (Fig. 8E).
This creates an open binding site on TSAD for recruiting and
activation of another ITK molecule by LCK (Fig. 8F). In accord-
ance with this notion, we observed that ITK Tyr180 was
required for maximal phosphorylation of ITK Tyr511. Thus, our
data strongly indicate that autophosphorylation of Tyr180 pro-
motes phosphorylation of Tyr511. In addition, the inhibition of
reassociation of ITK pTyr180 to TSAD upon activation of ITK
by LCK, has the added advantage of leaving the ITK SH3
domain free to recruit other targets to the activated kinase.

We have recently found that once activated by LCK, ITK will
phosphorylate LCK Tyr192 in the LCK SH2 domain, which
increases the binding of LCK to some of its ligands, including
TSAD and ITK (8). Importantly, LCK SH2 domain mutated
to mimic Tyr(P)192 (i.e. Y192E) displays increased binding affin-
ity to phosphopeptides representing ITK-pTyr180 and ITK-
pTyr511 (8). It has been reported that one potential ligand for
the ITK SH2 domain is indeed the LCK-pTyr192 (34). It is there-
fore possible that once the interaction between ITK and LCK
has been promoted via their mutual interaction with TSAD
through their SH3 domains, TSAD, ITK, and LCK are dynam-
ically altering their interaction modes, depending on the phos-
phorylation status of the three interacting partners.

At the start of the current study, the solution structure of the
human ITK SH3 domain was yet to be determined. We thus
determined the ITK SH3 domain solution structure using NMR
spectroscopy and found that it is similar to the structure of the
mouse ITK SH3 domain (25). SH3 domains typically interact
with peptides adopting a polyproline II helix, and the canonical
PXXP motif commonly found in SH3 ligands ensures the for-
mation of such a regular helix, with exactly three aa per turn
(35). The flat binding surface of SH3 domains with two hydro-
phobic grooves lined mainly by aromatic residues is ideally
suited to accommodate the XP dipeptides that form the base of
the polyproline helix (X most often being a hydrophobic amino
acid). However, some SH3 domains also bind to nonclassical

motifs, like the GRB2 SH3 binding to XXXRXXKP (36), the
SKAP55 SH3 domain binding to RKXXYXXY (37), the PEX5P
SH3 domain binding to WXXXFXXLE (38), the EPS8 SH3
domain binding to PXXDY (39), and the GADS C-terminal SH3
domain binding to the RXXK motif of SLP-76 (40, 41).

Our initial NMR work involved the C-terminal ITK binding
TSAD peptide aa 262–269 (IPVPRHRP) based on the results
obtained upon mutagenesis of Pro263. TSAD aa 262–269 lacks a
PXXP motif, so the interaction of ITK SH3 with TSAD at this
site can be added to the list of nonconventional SH3-binding
motifs. Moreover, in contrast to the classic type I or II ligands of
SH3 domains, where a terminal basic residue determines the
binding orientation of the peptide on the SH3-binding surface
(15), our data suggest that in this TSAD peptide, the hydropho-
bic aa Ile262 occupies this anchoring position. Thus, although
the TSAD aa 262–269 peptide binding to ITK SH3 is a partial
class II ligand with positively charged aa in the C terminus, our
data suggest that its binding orientation on ITK SH3 is similar
to that of class I ligands.

In conclusion, we have used biochemical analyses as well as
NMR spectroscopy to analyze ITK SH3 and LCK SH3 interac-
tions with TSAD. Our data indicate that LCK and ITK binding
to TSAD is complex and may be characterized by simultane-
ously binding of the ITK and LCK SH3 domains to the TSAD
PRR under some conditions and sequential binding of the ITK
and LCK SH3 domains under other conditions. Further molec-
ular mapping of the interaction between TSAD, ITK, and LCK
is required to understand the temporal dynamics of this trimo-
lecular complex. In particular, it will be important to character-
ize formation of this protein complex using larger fragments or
full-length proteins because multivalency may play a significant
role in organizing the architecture of the functional TSAD-
based signaling complex.

Experimental procedures

Cells

Human embryonal kidney 293T cells were cultured in RPMI
1640 supplemented with L-glutamine, 5–10% fetal calf serum, 1
mM sodium pyruvate, 1 mM nonessential amino acids, 100
units/ml penicillin, and 100 �g/ml streptomycin (all from
GIBCOBRL�, Thermo Fisher Scientific).

Plasmids

pGex-2T with an insert encoding intact or mutated trypto-
phan to lysine at position 208 (W208K), murine ITK SH3-do-
main GSH-S-transferase (GST) fusion protein (aa 171–230 of
ITK), and the pGex-6P-1 construct encoding human LCK SH3
were described previously (17, 18, 42). The pEF-Myc-ITK was
kindly provided by Professor Leslie Berg. The pEF-LCK was
kindly provided by Dr. Tomas Mustelin. LCK SH3 with a C-ter-
minal hemagglutinin (HA) tag was constructed by amplifying
the LCK SH3 sequence with a C-terminal primer encoding for
this epitope, and the PCR product was cloned into the pGex-
6P1 vector. The resulting construct yields a GST-tagged and
HA-tagged LCK SH3 domain. The human ITK SH3 domain (aa
168 –232) was isolated from a human cDNA library (4) using
PCR and subcloned into pGex-6P-1 to generate the GST fusion
protein expression construct. TSAD cDNA encoding TSAD
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WT sequence or TSAD containing a deletion of aa 239 –274,
239 –256, or 257–274 cloned into the expression vector
pEF-HA (17) was used for transient expression of HA-tagged
TSAD in eukaryote cells. Mutations of TSAD-P247A and
-P263A in the pEF-HA-TSAD expression vectors, of ITK-
Y180F and ITK-Y180E in ITK SH3 in the pGex-6P-1 vector as
well as the pEF-Myc-ITK vector, and of W208K in the pEF-
Myc-ITK vector were performed using QuikChange mutagen-
esis and appropriate custom-made primers. The sequences of
all constructs were verified by sequencing.

Protein preparation

GST-SH3 domains were expressed in Escherichia coli
BL21(DE3). Cells were grown at 25 °C until optical density (mea-
sured at 600 nm) reached 0.6. Isopropyl �-D-thiogalactopyra-
noside (IPTG) was then added to a final concentration of 0.2
mM to induce protein expression. In Luria-Bertani broth, the
culture was incubated with IPTG for 5 hours, whereas in min-
imal medium (6 g/liter glucose, 5 g/liter Na2PO4, 3 g/liter
KH2PO4, 1 g/liter 15NH4Cl, 0.5 g/liter NaCl, 0.12 g/liter
MgSO4, 10 mg/liter CaCl2) incubation with IPTG was carried
out overnight (�15 h) at 15 °C. Minimal medium was used
when incorporation of 15N and 13C was needed. The bacteria
were then pelleted and resuspended in phosphate buffer (75
mM KH2PO4, 50 mM NaCl, 0.1 mM DTT, pH 7.4) containing
lysozyme (1 mM) and frozen at �80 °C. After thawing, phenyl-
methylsulfonyl fluoride (1 mM) and DNase (5 �g/ml) were
added, and the lysate was gently mixed at 4 °C for 8 –16 h. Upon
completed lysis, the debris was removed by centrifugation
(20,000 � g, 4 °C, 15 min). Fusion protein was purified by GSH
SepharoseTM 4B beads (Amersham Biosciences) in batch mode
as described by the manufacturer. Briefly, lysate and GSH
SepharoseTM 4B beads were mixed and incubated with gentle
agitation at 4 °C overnight. Beads were subsequently washed
extensively in phosphate buffer (75 mM KH2PO4, 50 mM NaCl,
0.1 mM DTT, pH 7.4) prior to cleavage of the GST fusion pro-
tein with the appropriate protease (thrombin (Amersham Bio-
sciences) or PreScissionTM Protease (Amersham Biosciences)).
The purity and integrity of the purified proteins was analyzed
by SDS-PAGE followed by Coomassie Brilliant Blue (Bio-Rad)
staining. Protein concentration was measured by NanoDrop
spectrophotometry (Thermo Scientific, Wilmington, DE) at a
wavelength of 280 nm and a theoretically obtained extinction
coefficient (ProtParam). Purity of NMR samples typically
exceeded 90%. If necessary, further concentration of the pro-
tein samples was performed using Amicon Ultra-15 centrifugal
filter units (Millipore). NMR samples were supplemented
with 2,2-dimethyl-2-silapentane-5-sulfonate sodium salt (DSS)
(Larodan Fine Chemicals AB, Malmö, Sweden) to a final con-
centration of 0.2 mM for internal chemical shift referencing. 5%
D2O was added to the samples to provide lock signal. Structure
determination was performed for protein dissolved in 20 mM

phosphate buffer, pH 6.5.

Peptides

Peptides derived from the human TSAD PRR aa 248 –268
(*LLRPKPPIPAKPQLPPEVYTIPVPRHR#), aa 242–258 (*LLR-
PKPPIPAKPQLPPE#), aa 254 –268 (*QLPPEVYTIPVPRHR#),

aa 262–269 (*IPVPRHRP#), aa 262–278 (*IPVPRHRPAPRP-
KPSNP#), and aa 271–278 (*PRPKPSNP#) were synthesized
with blocked ends (* and #) by GeneScript or Pepscan Systems
to more than 99% purity as estimated by HPLC. The IPVPRHRP
peptide was also custom-synthesized with an N-terminal
TOAC label by Anaspec (San Jose, CA).

Peptide array

Peptide arrays were synthesized on nitrocellulose mem-
branes using a MultiPep automated peptide synthesizer
(INTAVIS Bioanalytical Instruments AG, Germany) as de-
scribed (43, 44). Peptide array membranes were probed with
GST-tagged SH3 domains (100 �g/ml) and blotted with mouse
anti-GST antibody (Santa Cruz Biotechnology, Inc.) and anti-
mouse HRP secondary antibody followed by chemiluminescent
detection.

Transfection of cells

Transient transfections of 293T cells took place for 5– 6 h
with 1–2 �g of DNA in 25 �l of Lipofectin (GIBCO-BRL) or
16,125 �g of polyethyleneimine (Polysciences Inc., War-
rington, PA). Transfected cells were further propagated for
16 –24 h in the presence of fetal calf serum (5% final
concentration).

Cell lysis and pulldown experiments

293T cells were transfected with different HA-tagged con-
structs of TSAD cDNA. Cells were lysed in buffer containing 1%
Igepal CA-630 (Sigma), 25 mM Tris (pH 7.5), 100 mM NaCl, 20
mM NaF, 1 mM NaVO3, and 10 �g/ml antipain, chymostatin,
leupeptin, and pepstatin A (Sigma-Aldrich). Lysates represent-
ing 2 � 106 to 4 � 106 transfected cells were precleared three
times for 30 min to 1 h with a 2:1 GST-GSH 4B SepharoseTM

beads/4B SepharoseTM beads mixture at 4 °C. Precleared
lysates were added to aliquots of GST-ITK SH3 or GST-LCK
SH3 bound to GSH 4B SepharoseTM beads and gently mixed at
4 °C for 1 h. Finally, the beads were washed three times using
lysis buffer and boiled in SDS loading buffer containing mer-
captoethanol before separation of proteins on SDS-PAGE. In
vitro pulldown experiments using isolated HA-tagged LCK
SH3 domains and GST-tagged ITK SH3 domains bound to
GSH 4B SepharoseTM bead SH3 domains were performed in
buffer containing 1% Igepal CA-630, 25 mM Tris (pH 7.5), 100
mM NaCl, 2% BSA, and a 10 �M concentration of each SH3
domain and the indicated amount of TSAD peptides. Prior to
use in the in vitro pulldown assay, the GST-ITK SH3 GSH 4B
SepharoseTM beads were mixed 1:2 (bead volume) with GST
GSH 4B SepharoseTM beads.

Immunoprecipitation experiments

293 T cells were transfected with HA-tagged TSAD con-
structs along with LCK and Myc-tagged ITK WT or ITK
W208K. The cells were lysed in buffer containing 0.1% LDS,
0.5–1% Triton X-100, 50 mM HEPES, 0.05 M lithium chloride,
0.5 mM phenylmethylsulfonyl fluoride, 2.5 mM EDTA (pH 8.0),
1 mM NaVO3, 10 �g/ml antipain, chymostatin, leupeptin, and
pepstatin A (Sigma-Aldrich), and 1 mg/ml DNase for 45 min.
The lysate was sonicated briefly to fragment the DNA. The lysate
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was preabsorbed twice at 4 °C for 30 min using Dynabeads� Pro-
tein G (Life Technologies). The preabsorbed lysate was added to
the Dynabeads� Protein G coated with anti-Myc antibody (clone
9E10, Sigma) or anti-TSAD antibody (4) for 1 h in a rotating wheel
at 4 °C. The beads were washed three times using lysis buffer and
boiled in loading buffer containing 2-mercaptoethanol before sep-
aration of proteins on SDS-PAGE. Proteins were detected by using
the following primary antibodies: anti-ITK antibody (Médimabs,
clone 2F12), anti-LCK (Santa Cruz Biotechnology, clone 3A5),
anti-HA1.1 (Bio Site, clone 16B12), anti-pTyr (clone 4G10), or
anti-pTyr511 ITK (clone 24a/Btk, BD Biosciences) in Tris-buffered
saline (pH 7.4) with 0.1% Tween (Sigma-Aldrich) plus 3% BSA
(Biotest) or 3% skimmed milk (Sigma-Aldrich). Signals were
detected by horseradish peroxidase (HRP)-conjugated goat anti-
mouse IgG or goat anti-rabbit IgG (Jackson ImmunoResearch
Laboratories) and Super Signal� West Pico Stable Peroxide Solu-
tion (Pierce) (5). Images of scanned WB films were analyzed using
ImageJ software (45).

NMR spectroscopy

The following NMR experiments were performed to assign
the backbone chemical shifts and determine structural
restraints: 15N HSQC, 13C HSQC, 15N NOESYHSQC, 13C
NOESYHSQC, HNHA, HNCA, CBCACONH, CBCANH,
HNCO, HNCACO, HNCOCA, (H)CCCONH, HCCCONH,
HBHACONH, HBHANH HCCH-TOCSY (46). 1H-15N
NOESY with a mixing time of 3 s was performed to investigate
the relaxation properties of the protein (47). Experiments for
structure determination were run on a 600-MHz Bruker
Avance II spectrometer with four channels and a 5-mm TCI
cryoprobe at 25 °C. 1H-15N HSQC titration experiments were
recorded at 25 °C on Varian INOVA spectrometers at 600 MHz
or a Bruker Avance II spectrometer at 600 or 700 MHz. All
instruments were equipped with cryoprobes.

Data processing

Data were processed using Topspin 2.1 (Bruker Biospin).
DSS was used as a chemical shift standard, and 13C and 15N data
were referenced using frequency ratios as described by Wishart
et al. (48). Time-domain to frequency-domain processing was
carried out using NMRPipe (49) or TopSpin software, respec-
tively, and subsequent analysis of titration experiments was
performed using Sparky.

Assignment

For visualization and assignment the computer program
CARA (50) was used. The spectra were assigned using standard
methods (46). The chemical shifts are deposited in the Biolog-
ical Magnetic Resonance Data Bank (BMRB) with the access
code 18119.

Structure calculation and docking of TSAD peptide to the ITK
SH3 structure

The 15N and 13C NOESY-HSQC spectra were peak picked
using CARA (50). NOESY upper distance constraints were gen-
erated by the CANDID routine in CYANA 3.0 (51). Torsion
angle constraints were determined from the chemical shifts by
the application of TALOS (52). Temperature dependence more

positive than �4.5 ppb/K for the amide proton was taken as a
proof of the existence of a hydrogen bond (53). Hydrogen bond
and torsion angle restraints were introduced in the final stage of
structure determination. 100 structures were calculated using
CYANA 3.0, and the 20 structures with the lowest energy were
kept in the structure ensemble.2

NMR titration

The NMR samples consisted of a uniformly 15N-labeled
recombinant ITK SH3 or LCK SH3 protein of human origin
dissolved in phosphate buffer (75 mM KH2PO4, 50 mM NaCl, 0.1
mM DTT, pH 7.4) at concentrations ranging from 40 to 300 �M,
containing 5% D2O. Titration was done by the stepwise addi-
tion of a defined amount of TSAD peptide or unlabeled SH3
domain, dissolved in the same phosphate buffer, to the LCK
SH3 and/or ITK SH3 NMR samples. At each step, a 15N HSQC
spectrum was recorded. 1H and 15N chemical shifts were refer-
enced to DSS. The chemical shift deviations were quantified
using the formula, �av � ((�HN)2 � (0.2�N)2)1⁄2 (54), where �HN
and �N correspond to the amide proton and nitrogen chemical
shift changes upon peptide binding, respectively. The dissocia-
tion constants were derived from binding curves generated
using the Matlab (version 5.3.1, The Mathworks Inc.) suite of
programs by plotting �ave versus ligand concentration.

TOAC experiment

A 15N HSQC NMR spectrum of uniformly 15N-labeled,
recombinant, ITK SH3 dissolved in phosphate buffer (as
described above) at a concentration of �500 �M was recorded
after adding N-terminally TOAC-labeled peptide, TOAC-
IPVPRHRP, to a final concentration of 1 mM. In addition, a
15N-HSQC NMR spectrum of the same solution, adjusted to
400 �M sodium ascorbate, was recorded. The addition of the
reducing agent sodium ascorbate abolishes the effect the
TOAC label has on the spectrum.

Docking model of IPVPRHRP to ITK SH3

The peptide structure of IPVPRHRP was generated by
mutating the polypeptide of 1VZJ using PyMOL. Docking of
the peptide to ITK SH3 was performed using the HADDOCK
server (26). Ambiguous restraints where defined between resi-
dues Thr184, Asp186, Glu189, Leu192, His207, Trp208, Trp209,
Val211, Tyr220, Val221, Ser223, and Tyr225 and the peptide
IPVPRHRP.
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