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ABSTRACT: Herpesvirus saimiri codes for a tyrosine kinase interacting protein (Tip) that interacts with
both the SH3 domain and the kinase domain of the T-cell-specific tyrosine kinase Lck via two separate
motifs. The activation of Lck by Tip is considered as a key event in the transformation of human
T-lymphocytes during herpesviral infection. We investigated the interaction of proline-rich Tip peptides
with the LckSH3 domain starting with the structural characterization of the unbound interaction partners.
The solution structure of the LckSH3 was determined by heteronuclear multidimensional nuclear magnetic
resonance (NMR) spectroscopy using 44 residual dipolar couplings in addition to the conventional
experimental restraints. Circular dichroism spectroscopy proved that the polyproline helix of Tip is already
formed prior to SH3 binding and is conformationally stable. NMR titration experiments point out three
major regions of the Tip-Lck interaction comprising the RT loop, the n-src loop, and a helical turn
preceding the last strand of theâ-sheet. Further changes of the chemical shifts were observed for the N-
and C-terminalâ-strands of the SH3 domain, indicating additional contacts outside the proline-rich segment
or subtle structural rearrangements transmitted from the binding site of the proline helix. Fluorescence
spectroscopy shows that Tip binds to the SH3 domains of several Src kinases (Lck, Hck, Lyn, Src, Fyn,
Yes), exhibiting the highest affinities for Lyn, Hck, and Lck.

Protein tyrosine kinases are critically involved in signaling
pathways that regulate cell growth, differentiation, activation,
and transformation. Nonreceptor tyrosine kinases belonging
to the Src family are key players in signal transduction, and
much effort has been made in order to understand their
physiological role as well as their regulation. Some Src
kinases (Fyn, Src, Yes) are found in most cell types whereas
others exhibit a more restricted tissue distribution (Lck, Hck,
Blk) and have more specific tasks in signal transduction. Lck
is a lymphoid-specific member of this family that is essential
for T-cell development and function. It is tightly associated
with the cytoplasmic parts of the CD4 and CD8 receptors
and catalyzes the initial phosphorylation of T-cell receptor
components necessary for signal transduction and T-cell
activation (1-3). Lck exhibits a molecular architecture

typical for the Src family of tyrosine kinases (Src, Blk, Fgr,
Fyn, Hck, Lck, Lyn, Yes, Yrk): a myristylated N-terminal
“unique” domain is followed by the regulatory SH31 and
SH2 domains and by the kinase domain containing the active
site. The C-terminal region contains a regulatory tyrosine
residue (Tyr505) which is bound to the SH2 domain in its
phosphorylated form, thereby reducing kinase activity.
Further understanding of the regulation of Lck has been
provided by the crystal structures of c-Src (4, 5) and Hck
(6). From these structures it can be inferred that also the
SH3 and SH2 domains function in part to negatively regulate
kinase activity by forming intramolecular contacts that
stabilize the catalytic domain in an inactive conformation.
Release of these intramolecular regulatory constraints by
dephosphorylation of Tyr505 (7) or by the presence of SH2/
SH3 competing ligands (8) results in the autophosphorylation
of Tyr394 in the activation loop and a catalytically active
kinase (9).

Tyrosine kinases, however, do not only play a role in
“normal” intracellular processes but are frequently targeted
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by viral effector molecules to ensure their own replication
and/or persistence. Consequently, Lck is targeted by regula-
tory proteins of T-lymphotrophic viruses, for example, by
Herpesvirus saimiri (HVS) tyrosine kinase interacting protein
(Tip). HVS is able to induce leukemia and lymphoma in New
World primates and to immortalize monkey lymphocytes
(10). In addition, HVS strain C488 is able to transform
human T-cells to permanent growth in vitro (11). Two viral
gene products, StpC and Tip, are required for the T-cell
transforming phenotype of HVS C488 (12). The T-cell
specificity is attributed to Tip, which has been identified as
a binding partner and in vitro substrate of Lck (13) and causes
lymphoma when inducibly expressed in transgenic mice (14).

Tip proteins from HVS subgroup C strains contain a stretch
of 38 amino acids which is both necessary and sufficient
for Lck binding (15, 16). This binding region contains a
segment that shows a significant sequence similarity to the
carboxy-terminal region of several kinases of the Src family
and a proline-rich segment. These two sequence motifs that
are separated by approximately 20 amino acids were shown
to bind to the kinase domain and the SH3 domain of Lck,
respectively (16, 17). Expression of Tip in Jurkat T-cells
reduces the activation-induced tyrosine phosphorylation of
cellular proteins (18), indicating a functional inhibition of
Lck in vivo. However, in several cell-free assay systems,
interaction with Tip induces the phopshotransferase activity
of Lck (19-22), and both motifs involved in Lck binding
are required for activation of the kinase (16).

Structural studies of the interaction between Tip and Lck
are therefore expected to contribute to the understanding of
the mechanisms of T-cell growth regulation and of herpes-
viral pathogenicity. In addition, understanding the regulation
of Lck activity by Tip may serve as a basis for the
development of new drugs capable of modifying Lck activity
in different pathological situations (23). The size of the Tip-
Lck complex of>60 kDa, however, hampers a structural
investigation of the system by NMR spectroscopy. Therefore,
our approach is based on the dissection of Src family tyrosine
kinases into their individual domains that have suitable sizes
for NMR spectroscopic studies. Here, we describe the
interaction of Tip fragments containing the proline-rich SH3
binding motif with the SH3 domains of Lck and related
tyrosine kinases. To allow a more detailed understanding of
the Tip-Lck interaction, both components were first struc-
turally characterized in the unbound form and then in the
binary complex.

MATERIALS AND METHODS

Cloning, Expression, and Purification of LckSH3 for NMR
Spectroscopic Studies.Nucleotides comprising the SH3
domain of Lck (aa 59-119, LckSH3) were cloned via PCR
from the expression system pGEX-NT+SH3 (17) into the
BamHI andEcoRI restriction sites of pGEX-4T-2 using the
oligonucleotide SH3_5′ (gga gga gga tcc cca ctg caa gac
aac ctg g) and a commercially available pGEX reverse
sequencing primer (Pharmacia). The resulting vector pGEX-
4T-LckSH3 provides an NH2-terminal glutathioneS-trans-
ferase (GST) affinity tag cleavable with thrombin protease.
Thrombin cleavage of the GST-LckSH3 fusion protein ends
in an LckSH3 peptide with an additional Gly and a Ser
residue at its NH2 terminus. Therefore, the 63 aa LckSH3
peptide used in this study corresponds to aa 57-119 of the
original Lck with an A57G mutation. The numbering scheme
used throughout this paper will refer to the expressed protein,
starting from the mutated Gly1 instead of Gly57 (Figure 1).

For overexpression of the GST-LckSH3 fusion protein
Escherichia colistrain BL21 was transformed with pGEX-
4T-LckSH3. Cells were induced with 1 mM IPTG and
harvested after 3 h of growth at 37°C. For15N labeling M9
minimal medium was used with [15N]ammonium chloride
as the sole nitrogen source. LckSH3 was purified using
affinity chromatography on glutathione-Sepharose (GSTrap,
Pharmacia) using an A¨ KTA system (Pharmacia). Fractions
containing pure GST-LckSH3 fusion protein were dialyzed
against cleavage buffer (20 mM Tris-HCl, pH 8.4, 150 mM
NaCl, 2.5 mM CaCl2, 2.5 mM BME), and thrombin cleavage
was performed using 0.5 unit of thrombin protease (Novagen)
per 1 mg of fusion protein for 6 h at room temperature.
Protease cleavage was stopped by addition of PMSF to a
final concentration of 0.5 mM. The LckSH3 peptide was
separated from the uncleaved fusion protein, GST, and
thrombin using a Superdex 75 preparative grade gel filtration
column on an A¨ KTA system (Pharmacia), which was
equilibrated with cleavage buffer. LckSH3 peptide-containing
fractions were checked by SDS-PAGE, dialyzed against 2
mM potassium phosphate, pH 6.4, with 1 mM NaCl, and
concentrated by lyophilization.

Peptide Synthesis.The chemically synthesized peptides
ATWDPGMPTPPLPPRPANLG and GMPTPPLPPRPAN
comprising residues 168-187 and 173-185 of Tip, respec-
tively, as well a mutant Tip protein in which W170 is
replaced by leucine were either synthesized in house (C.
Kardinal, unpublished) or purchased from Biosyntan (Berlin).

FIGURE 1: Sequence alignment of the SH3 domains from the tyrosine kinases Lck, Lyn, Hck, Src, Fyn, Yes, and Abl and from
phosphatidylinositol 3-kinase (PI3K). The numbering scheme of the LckSH3 domain used in the present study is given at the top. The X
marks a 15-residue insertion in the PI3K sequence that is not present in the other SH3 domains shown in the alignment. Elements of
secondary structure found in the structure of LckSH3 are given below the alignment. Gray boxes highlight those stretches of amino acids
that are known to interact with proline-rich ligands.
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CD Spectroscopy.Far-UV CD spectra of Tip(168-187),
Tip(168-187) W170L, and Tip(173-185) were recorded at
298 K in H2O, pH 6.3, in a 0.1 cm cell from 180 to 260 nm
at 20 nm/min on a Jasco J 810 CD spectropolarimeter at a
peptide concentration of 50µM. The reference sample
contained pure water. Spectra were measured 10 times and
averaged for each peptide and the reference sample. The
ellipticity Θ was calculated in millidegrees instead of the
[Θ]MRW value in order to allow a comparison of theoVerall
content of secondary structure in peptides of different length
(24).

Titration experiments were performed by addition of
increasing amounts of trifluoroethanol (TFE) to a 5µM Tip-
(168-187) sample in a 1 cmcell, collecting spectra from
190 to 260 nm. The sample was stirred for proper mixing,
and the change of Tip concentration as a result of TFE
addition was corrected.

Fluorescence Spectroscopy and Calculation of the Binding
Constant. Measurements were performed essentially as
previously described (25) in a Perkin-Elmer 760-40 fluo-
rescence spectrophotometer at an excitation wavelength of
290 nm (slit width, 2 nm) and an emission wavelength of
345 nm (slit width, 17 nm). A mini magnetic stirrer was
used to mix the solution in a 1 cm2 quartz fluorescence cell.
A circulating water bath was used to maintain the sample
temperature at 291 K. To obtain the titration curves for
calculation of the binding constants, peptides from a stock
solution of 5 mg/mL in PBS-1 mM dithiothreitol were
added in small increments to 3 mL of PBS-1 mM dithio-
threitol containing 50µg of GST-SH3 domain fusion
proteins. Upon addition of the peptide solution, changes in
fluorescence were measured. Since the concentration of the
SH3 domain-containing protein was low (∼0.5 µM), the
experimental data were fitted to the equationF ) Fmax-
[peptide]/(Kd + [peptide]), where [peptide] is the final peptide
concentration at each measurement point,F is the measured
protein fluorescence intensity at the particular peptide
concentration, andFmax is the observed maximal fluorescence
intensity of the protein when saturated with the peptide.
Nonlinear regression curve fitting was carried out to fit the
experimental data to the equation, withFmax andKd as fitted
parameters. The change in protein concentration that occurred
as a result of peptide addition was properly corrected.

NMR Spectroscopy.All NMR experiments were performed
on a Bruker DRX 600 MHz spectrometer with pulsed field
gradient capabilities at a temperature of 298 K. NMR samples
for the structure determination of the free LckSH3 domain
contained 1.5 mM15N-labeled or15N/13C-labeled protein in
50 mM potassium phosphate and 20 mM sodium chloride,
pH 6.4, in H2O/D2O (9:1). For assignment of the backbone
and Hâ/Câ chemical shifts the following set of experiments
were recorded: 2D1H, 15N FHSQC (26), 3D CT-HNCO,
3D CT-HNCA (27), 3D HNCACB (28), 3D CBCA(CO)-
NH (29), 3D HNHA (30, 31), and 3D HBHA(CO)NH (32).
For further aliphatic13C/1H assignments 3D C(CO)NH and
3D H(CCO)NH (33), 1H-13C CT-HSQC (34), and 3D H(C)-
CH-COSY with gradient coherence selection (35) were
recorded. A15N NOESY HSQC and a13C NOESY HSQC
were recorded with a mixing time of 120 ms for deriving
distance restraints for structure calculation. Aromatic proton
resonances were assigned fromω2

15N-filtered NOESY and

TOCSY experiments (36) with mixing times of 120 and 80
ms, respectively.

Slowly exchanging amide protons were identified from a
series of15N/1H HSQCs that were recorded 23, 45, 67, 89,
111, 133, 155, 177, 199, 221, and 243 min after lyophilized
protein was dissolved in D2O. The {1H}15N NOE experi-
ments were recorded using the pulse sequences of Dayie and
Wagner (37). The relaxation delay was 4 s, and the proton
saturation was performed by 120° high-power pulses with
an interpulse delay of 5 ms for the final 3 s of therelaxation
delay of the saturation experiment.

For measuring residual dipolar couplings a solution of15N-
labeled LckSH3 (0.5 mM) in the DHPC-DMPC bicelle
system (molar ratio 1:3, 3% w/v bicelles) was used at a
temperature of 302 K. The isotropic scalar couplings were
measured at the same temperature using a sample without
bicelles. The IPAP methodology (38, 39) was applied for
recording the NH splittings. The dipolar couplings were
calculated from the difference of the NH splitting in the
oriented phase and the isotropic phase. For each sample at
least three repetitions of a IPAP experiment were conducted
to estimate the error of the measured coupling values.

The binding of Tip to LckSH3 was followed by chemical
shift disturbance measured by1H, 15N HSQC experiments
during titration of Tip to the15N-labeled SH3 domain. Using
starting concentrations of 0.8 mM for LckSH3 and a 5 mM
stock solution of Tip(173-185) or Tip(168-187), the
titrations were performed to an at least 4-fold excess of Tip.
For the assignment of the side-chain resonances and the
identification of distance restraints 3D CBCA(CO)NH and
H(C)CH-COSY as well as a15N and a13C NOESY HSQC
experiment with 120 ms mixing time were measured for Tip-
bound LckSH3. D2O exchange and{1H}15N NOE experi-
ments were recorded in an identical fashion as described
above for the unbound LckSH3 domain. The NMR data sets
were processed using in-house written software and analyzed
with the program packages NMRView (40) and NDEE
(SpinUp Inc., Dortmund, Germany).

Structure Calculation and Analysis.On the basis of the
almost complete assignment of the1H, 13C, and 15N
resonances of the unbound LckSH3 domain, a total of 346
NOE distance restraints (including 213 long-range NOEs)
could be derived from the two- and three-dimensional
NOESY spectra in an iterative procedure (Table 1). NOE
cross-peaks were manually classified as strong, medium, or
weak according to their intensities and converted into
distance restraints of less than 2.7, 3.5, or 5.0 Å, respectively.
A total of 31 residues showed3JHNHR scalar coupling
constants of either<6.0 Hz or>8.0 Hz and were therefore
restrained to adopt backbone torsion angles between-80°
and -40° or between-160° and -80°, respectively. A
hydrogen bond was assumed if the acceptor of a slowly
exchanging amide proton could be identified unambiguously
from the results of initial structure calculations. For each of
the 14 hydrogen bonds the distance between the amide proton
and the acceptor was restrained to less than 2.3 Å and the
distance between the amide nitrogen and the acceptor to less
than 3.1 Å. These experimental restraints served as an input
for the calculation of 120 structures using restrained molec-
ular dynamics with X-PLOR 3.851 (41). To this end a three-
stage simulated annealing protocol (42) with floating as-
signment of prochiral groups (43) was carried out using the
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following simulation procedure: For conformational space
sampling 60 ps with a time step of 2 fs was simulated at a
temperature of 2000 K, followed by 80 ps of slow cooling
to 1000 K, and 60 ps of cooling to 100 K, both with a time
step of 1 fs. A conformational database term for both
backbone and side-chain dihedral angles (44) with the
modification described in Neudecker et al. (45) was included
in the target function in order to improve the stereochemical
properties of the structures. After simulated annealing the
structures were subjected to 1200 steps of energy minimiza-
tion, the final 1000 steps without conformational database
potential.

The axial component and rhombicity of the alignment
tensor were obtained by a grid search procedure using the
tensor components of the structures calculated without RDCs
as starting values. The initial values of the alignment tensor
were calculated in a least-squares manner on the basis of
the measured coupling values and the structures obtained
with NOEs, hydrogen bonds, andJ-couplings as described

by Losonczi et al. (46) using in-house written MATLAB
scripts. The width of the grid was 0.5 Hz for the axial
component and 0.05 for the rhombicity, respectively, and
for each point of the grid a set of 60 structures was calculated.
The X-PLOR potential energy term for the dipolar couplings
was included in the target function of the simulated annealing
protocol during the cooling stages, gradually increasing the
force constant from 0.01 to 1.0 kcal mol-1 Hz-2. For each
set of structures, RDCs were calculated and compared to
the experimentally measured values. The value of the
alignment tensor resulting in the best agreement between
measured and calculated RDCs was used for the final
calculation.

Of the 120 structures resulting from the final round of
structure calculation, the 30 lowest energy structures having
no NOE distance restraint violations greater than 0.1 Å and
noæ-angle restraint violations greater than 0.5° were selected
for further characterization. The geometry of the structures,
structural parameters, and elements of secondary structure
were analyzed using the programs DSSP (47), MOLMOL
(48), PROCHECK (49), and PROMOTIF (50). For the
graphical presentation of the structures SYBYL 6.5 (Tripos
Associates), MOLSCRIPT (51), and Raster3D (52) were
used.

RESULTS AND DISCUSSION

Assignment and Structure of the LckSH3 Domain.Most
of the1HN, 15N, 13CR and13Câ resonances could be automati-
cally assigned sequentially using an in-house written search
algorithm based on inter- and intraresidual CR and Câ

chemical shifts taken from the CBCA(CO)NH and HNCACB
spectra for sequential linking of amide resonances and amino
acid type determination. No unambiguous assignment could
be made for the two N-terminal residues due to the lack of
sequential connectivities, suggesting that these residues are
unstructured in solution. For aliphatic side chains complete
carbon and proton assignments were made from the 3D
H(C)CH-COSY, C(CO)NH, and HC(CO)NH spectra, while
aromatic proton resonances were assigned from homonuclear
2D spectra and from the13C-edited 3D NOESY. On the basis
of these types of experiments, all proton side-chain reso-
nances of residues 3-63 could be assigned with exception
of four aromatic resonances (Hε, Hú) for which a strong signal
overlap was present in the spectra.

The calculation of the final structures was based on 346
interresidual distance restraints, 31æ angle restraints, 26
hydrogen bond restraints, and 44 restraints from RDCs (Table
1). According to PROCHECK (49) analysis of the family
of 30 structures all residues show energetically favorable
backbone conformations: 91% of the residues are found in
the most favored regions and 9% in the allowed regions of
the Ramachandran plot.

Subsequent analysis was restricted to the rigid SH3 “core
fold” (residues 7-61) that is generally characterized by
heteronuclear NOE values larger than 0.5 (Figure 3A). The
structure of residues 7-61 is well-defined (Figure 2A),
showing average root mean square deviations (RMSDs) of
0.37 and 0.84 Å for the backbone heavy atoms and all heavy
atoms, respectively (Table 1).

Inclusion of the RDCs did not significantly change the
precision of the calculated structures as estimated from a

Table 1: Summary of Structure Calculation

Experimental Restraints for Final Structure Calculation
interresidual NOEs 341

sequential (|i - j| ) 1) 77
medium range (|i - j| e 5) 51
long range (|i - j| > 5) 213

intraresidual NOEs 5
dihedral angle restaints

3J(HN,HR) 31
hydrogen bonds 24
restraints from dipolar couplings 44

Molecular Dynamics Statisticsa

average energy (kcal/mol)
Etot 66.32 ((0.67)
Ebond 1.02 ((0.05)
Eangles 54.95 ((0.37)
Eimproper 6.81 ((0.14)
Erepel 0.80 ((0.16)
ENOE 1.16 ((0.19)
Ecdih 0.03 ((0.03)
Edipo 1.54 ((0.04)

RMSD from ideal distances (Å)
NOE 0.018 ((0.0003)
bonds 0.001 ((0.000025)

RMSD from ideal angles (deg)
bond angles 0.453 ((0.002)
improper angles 0.321 ((0.002)

RMSD from dipolar couplings (Hz)
H-N couplings 0.021 ((0.182)

Atomic RMS Differences (Å)

backbone heavy atoms

SH3 foldb 0.37 0.84
regular secondary structurec 0.28 0.84
SARDC vs SAnoRDC

d 0.73 0.92
SARDC vs 1LCKd 0.96 1.34
SAnoRDCvs 1LCKd 1.00 1.41
a The final force constants used in the structure calculations were

1000 kcal‚mol-1‚Å-2 for the bond length, 500 kcal‚mol-1‚rad-2 for the
bond angles and improper angles, 50 kcal‚mol-1‚Å-2 for the NOE
distance restraints, 5.0 kcal‚mol-1‚rad-2 for theæ-angle restraints, and
1.0 kcal‚mol-1‚Hz-2 for the residual dipolar couplings.b Calculated for
the final set of 30 structures (residues 7-61). c Calculated for the final
set of 30 structures (residues 8-11, 29-35, 41-45, 50-55, and 59-
61). d SARDC, average structure of the final 30 structures calculated with
dipolar couplings; SAnoRDC, average structure of 30 structures from a
control simulation calculated without dipolar couplings; 1LCK, crystal
structure of the LckSH3 (55). All comparisons were performed for
residues 7-61.
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control simulation without RDCs, resulting in a backbone
RMSD of 0.38 Å. The RMSD between the average structures
from both calculations is 0.73 Å, showing that the restraints
derived for the orientation of the H-N vectors confirm the
overall backbone topology established on the basis of the
conventional NMR data.

Analysis of the structure reveals five antiparallelâ-strands
(L8-A11, L29-E35, W41-S45, Q50-P55, and V59-K61)
forming two triple-strandedâ-sheets packed at almost right
angles (Figures 1 and 2). One prominent feature is a twist
in the central strandâ2 that allows it to participate in both
â-sheets. The first sheet is formed byâ-strandsâ1, â5, and
the first half of â2, while the secondâ-sheet is formed by
strandsâ3, â4, and the second half ofâ2 (Figure 2B). Strands
â1 and â2 of LckSH3 are connected by the long RT loop
that exhibits an irregular antiparallel structure highly similar
to that also observed in other SH3 domains (54). The lack
of stable elements of regular secondary structure is confirmed
by the absence of slowly exchanging amide protons in D2O
and by the decreased heteronuclear NOE for residues S18-
G21 located in the central turn of the RT loop (Figure 3A).
The â-strands and the RT loop enclose a hydrophobic core
that is formed by the nonpolar amino acids V9, A11, L23,
F25, L31, I33, A43, I54, P55, and V59 which are buried in
the interior of the protein (Figure 3B). Strandsâ2 and â3,
and â3 and â4, are connected by the n-src and distal loop,
respectively. The decreased heteronuclear NOE observed for
residues S37 and G38 (Figure 3A) suggests an increased
flexibility, and therefore no restraints derived from dipolar
couplings were included for the corresponding residues in
order to avoid errors due to conformational averaging.
Numerous long-range NOEs originating from residues L34,
E35, E39, and W40, however, indicate that dynamics is only
a local phenomenon mainly restricted to residues S37 and
G38. The conformation of the turn connecting strandsâ4

andâ5 slightly deviates from a regular 310-helical conforma-
tion that is frequently observed in other SH3 domains (53,
54). In our set of structures residues 56-58 adopt helix-
typical æ/ψ angle combinations, but a backbone hydrogen
bond between residues 56 and 59 expected for this structural
element clearly proved to be inconsistent with the residual
dipolar couplings.

FIGURE 2: (A) Overlay of a set of 10 LckSH3 structures (residues 7-61) that was calculated using 44 additional restraints from residual
dipolar couplings (cyan). For comparison the LckSH3 crystal structure (PDB code 1LCK) and the average structure of a family of structures
calculated without dipolar couplings are shown in white and red, respectively. For clarity, the flexible residues are omitted in the figure.
(B) Schematic presentation of the LckSH3 structure (residues 5-63) indicating the elements of secondary structure. The conserved residues
that are known to be important for ligand binding are shown as red sticks, and the loops are labeled. Figure prepared with Sybyl 6.5 (Tripos
Associates), Molscript (51), and Raster3D (52).

FIGURE 3: (A) Magnitude of the{1H}15N heteronuclear NOE (Isat/
I0) along the amino acid sequence. (B) Solvent-accessible surface
area per residue. Values were calculated with MOLMOL (48) and
represent average values over the set of 30 final structures. Error
bars are shown on the top of each bar.

5124 Biochemistry, Vol. 41, No. 16, 2002 Schweimer et al.



In summary, the structure of LckSH3 determined in the
present study is highly similar to the crystal structure of the
LckSH3 domain in the SH2-SH3 domain pair (55) as
evidenced by a backbone RMSD of 0.96 Å for residues 7-61
between both structures (Figure 2A). The differences are
mainly located in the loops connecting the strands of the
â-sheet and can at least partially be explained by crystal
packing: Residues H13, Y15, E16, E39, W40, P55, N57,
and F58 are part of the dimer interface that is formed with
the SH2 domain of the second domain pair in the asymmetric
unit of the crystal (55). In addition, the RT and n-src loops
exhibit the most prominent dynamics in the molecule, and
differences between the conformation in solution and in the
crystal have also been reported in a previous NMR study
(56).

As known from the structures of SH3-ligand complexes
binding of proline-rich peptides occurs at a shallow hydro-
phobic patch formed by residues of the RT loop, the n-src
loop, and the helical turn connecting strandsâ4 andâ5 (54,
57). In this region several solvent-exposed aromatic amino
acids (H13, Y15, W40, F53, F58) are found in LckSH3
(Figure 2B) representing together with the highly conserved
P55 and N57 potential candidates for Tip interaction.

Structural Features of Tip Important for Interaction with
SH3 Domains.CD spectroscopy was used to assess the
structural properties of Tip(173-185) and Tip(168-187) in
solution prior to SH3 binding. Both peptides contain the
polyproline motif (176TPPLPPRP183) but differ in the number
of flanking residues. Additional CD spectra were measured
for the W170L mutant of Tip(168-187) that was used for
the fluorescence titration experiments.

The CD spectra of all three peptides investigated are very
similar and are dominated by a negative band with a
minimum at 203 nm (Figure 4) indicative of the existence
of a type II polyproline (PPII) helix (24, 58) that has an
intense minimum at 204 nm. The observation that the spectra
of 13-mer and 20-mer Tip fragments are virtually identical
is most likely due to the fact that the PPII helix is the
structural element giving the major contribution to the CD
signal at 204 nm (ΘMRW ∼ 40000 deg cm2 dmol-1) and that
this helix exhibits a very similar length in all of the peptides
while the flanking regions give no dominant contribution to
the CD signal around 203 nm.

The ellipticity of 16 mdeg (ΘMRW ∼ 25000 deg cm2

dmol-1) measured for Tip(173-185) at 204 nm corresponds
to approximately two-thirds of the value observed for an ideal
PPII helix (58). Similar portions of PPII content were also
observed for other unbound natural proline-rich sequences
known to interact with SH3 domains (24). Preexistence of a
PPII helix, however, appears not to be a prerequisite for SH3
binding, as evidenced by a proline-rich peptide derived from
the p85 subunit of PI 3-kinase that is unstructured in the
unbound state (59).

A more detailed inspection of the Tip CD spectra reveals
that the weak positive maximum at 228 nm which is typical
for ideal PPII helices (ΘMRW ∼ 3000 deg cm2 dmol-1) is
not present in the Tip peptides investigated here. In principle,
the absence of the 228 nm band could be due to the presence
of aromatic amino acids (60). In the Tip peptides investi-
gated, however, the only aromatic amino acid is W170 in
Tip(168-187), and an effect of this residue clearly can be
ruled out because the W170L mutant shows a virtually

identical CD spectrum (Figure 4A). The absence of this
positive band was also observed for other proline-rich
peptides (24) and has been interpreted by the presence of
â-turn conformations that give rise to a negative band at 225
nm (58).

To further investigate the intrinsic conformational stability
of the Tip peptides, a TFE titration experiment was per-
formed for Tip(168-187). In principle, this type of study
shall prove whether the peptides are able to adopt some
alternative conformations in which intramolecular hydrogen
bonds are formed (24). TFE was reported to favor intramo-
lecular hydrogen bond formation at the expense of solvent
hydrogen bonding (61) and can therefore be used as a probe
to explore the existence of alternative elements of secondary
structure (24).

Titration of Tip(168-187) with TFE (Figure 4B) indicated
that the conformational changes are small even in the
presence of 50% TFE. In summary, CD spectroscopy (Figure
4A) proves that the PPII helix is already predefined in the
unbound Tip peptides and there is no evidence from TFE
titration experiments (Figure 4B) for the formation of
alternative elements of secondary structure in Tip(168-187).

Generally, SH3 ligands are pseudosymmetrical and may
therefore bind in one of two opposite orientations (62, 63),
and it was shown that peptides that bind in one or the other

FIGURE 4: (A) Far-UV CD spectra of three different Tip peptides
containing the proline-rich motif. Spectra were collected at pH 6.3
and 50 µM sample concentration. (B) Far-UV CD spectra of
Tip(168-187) upon addition of 30% and 50% TFE collected at
pH 6.3 with a starting concentration of 5µM Tip(168-187). CD
spectra measured at 0%, 30%, and 50% TFE concentration are
shown as solid, dashed, and dotted lines, respectively.
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orientation share different consensus motifs. Specifically,
ligands that bind in the class I or class II orientation conform
the consensus+pΨPpΨP orΨPpΨPp+, respectively, where
the upper case positions represent conserved residues that
contact the SH3 domain and confer specificity and the lower
case residue positions represent scaffolding residues that tend
to be proline (64). Ψ and + indicate sequence positions
occupied by aliphatic and basic residues, respectively. The
sequence of the proline-rich motif of Tip (176TPPLPPRP183)
allows Tip to be classified as a type II ligand because it
exhibits an identical sequence for six out of seven positions
of the class II consensus motif. The only deviation is the
presence of Thr176 instead of a hydrophobic residue that is
preferentially observed at this position. A threonine or

arginine is also observed at the corresponding sequence
position in the proline-rich motif of the HIV-1 Nef protein,
which also binds in a class II orientation (65-67). The
importance of this sequence position was shown by the fact
that a Tf R mutation in HIV-1 Nef significantly increases
the binding affinity (68).

InVestigation of the Tip-LckSH3 Interaction by NMR
Spectroscopy.Information about those residues of LckSH3
involved in Tip binding was obtained from NMR titration
experiments. The process of the NMR titration experiments
resulting from gradual addition of Tip(173-185) to 15N-
labeled LckSH3 is shown in Figure 5. The most prominent
changes of the chemical shifts were observed for three
stretches of the peptide chain (S18-G21, Q36-W41, F53-

FIGURE 5: NMR titration experiment showing the changes in the15N, 1H HSQC spectrum of free LckSH3 (red) upon gradual addition of
Tip(173-185). Resonances belonging to the spectra after the final step of the titration (4-fold molar excess of Tip) are shown in green.
Resonances are labeled with the corresponding sequence positions. Side-chain (sc) NH2 resonances for glutamines and asparagines are
connected. Aliased resonances are marked with an asterisk.
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N57) corresponding to the RT loop, the n-src loop, and a
helical turn connecting strandsâ4 andâ5 (Figures 1, 2, and
6). These regions are generally known to form the major
part of the binding surface for proline-rich peptides (54). In
addition, distinct changes of the chemical shifts were also
observed for residues I10-L12 and F58-A60 corresponding
to strandsâ1 andâ5 of the â-sheet.

The structure of the LckSH3 was investigated in the
presence of a 4-fold molar excess of Tip(168-187). Analysis
of the NOE pattern including more than 150 unambiguously
assigned NOEs revealed that the Tip-bound structure is
virtually identical to the free SH3 (data not shown), indicating
that the changes of the chemical shifts are due to very subtle
structural rearrangements or result from direct interaction
with the Tip peptide. Measuring residual dipolar couplings
for the Tip-LckSH3 complex that would allow a more
detailed characterization of minor structural changes was not
possible, because no stable liquid crystal phases were
obtained.

The fact that complex formation is in fast chemical
exchange on the NMR time scale as evidenced by the
continuous change of the chemical shifts upon Tip titration
(Figure 5) rendered it impossible to obtain distance informa-
tion from intermolecular NOE data, which is necessary for
the calculation of a high-resolution complex structure.
Additional problems arose from the fact that some of the
resonances got broadened at a 1-3-fold molar excess of Tip-
(168-187), indicating the presence of more complex ex-
change phenomena on the NMR time scale.

Changes in the dynamics of LckSH3 upon complex
formation were monitored by comparing the heteronuclear
NOE and exchange rates in D2O between the free and the
Tip-bound form. A significant increase (>20%) of the
heteronuclear NOE was observed for residues S18 and S37
located in the RT loop and n-src loop, respectively, that are
both in close proximity to the Tip binding site. Addition of
Tip also resulted in markedly longer exchange lifetimes of
the LckSH3 backbone amides: For a total of 12 residues
mainly located in theâ-strands exchange rates are decreased
by a factor>3. Similar results were reported previously for
ligand binding of HckSH3 (69, 70) and for SrcSH3 (63, 71).

Model of the Tip-LckSH3 Complex.A model of the Tip-
LckSH3 complex was generated using SrcSH3 in complex
with the high-affinity ligand APP12 (63) as a template.
APP12 exhibits the identical sequence as Tip for the six
residues (PPLPPR) forming the core of the proline helix.
The backbone atoms of ligand-bound SrcSH3 and of
unbound LckSH3 are superimposable with 1.1 Å RMSD,
confirming that SH3 domains generally have similar struc-
tures which undergo only minor structural changes upon
ligand binding (54). The Tip-LckSH3 complex was modeled
by docking Tip to the SH3 domain assuming an identical
orientation as in the SrcSH3-APP12 complex followed by
100 steps of conjugate gradient energy minimization. In that
way, modeling of residues 176-183 of Tip was possible
while a reliable modeling of the additional residues was
impeded by the lack of sequence homology to APP12.

The location of Tip residues 176-183 in the complex is
in good agreement with the NMR chemical shift data from
the titration experiments: All residues showing changes of
their normalized shifts larger than 0.12 ppm are in direct

contact with the proline-rich motif of Tip (Figure 7). Looking
at the residues exhibiting moderate changes of their normal-
ized chemical shifts>0.04 ppm (Figure 6C), the model
reveals that, in particular, those that are located in strands
â1 and â5 of LckSH3 are not covered by the proline-rich
motif. These shifts might be attributed either to direct
contacts arising from the residues flanking the proline-rich
motif which are not present in the model or to an indirect
transmission of those structural rearrangements occurring in
the RT loop, the n-Src loop, or the helical turn preceding
strandâ5.

For the Src SH3 domain it was reported that ligand binding
can induce strain in the intramolecular hydrogen-bonding
network even involving strandsâ1 andâ5 of the SH3 domain
which are remote from the bound ligand (72). This transmis-
sion of structural rearrangements after ligand binding to
remote regions of the molecule was suggested to play a role
in changing the SH3-SH2 interface formed by strandsâ1,
â2, andâ5 of the SH3 domain (72).

Molecular Factors Determining the Tip Binding Affinity.
The affinity of Tip(173-185) and Tip(168-187) for different
SH3 domains was determined by fluorescence spectroscopy
(Table 2). The W170L mutant of Tip(168-187) was used
in order to allow an undisturbed detection of the SH3
fluorescence.

For the SH3 domains from Lck, Lyn, Hck, Src, Fyn, and
Yes binding affinities between 2 and 70µM were calculated
(Table 2), which is the same range as the values reported

FIGURE 6: Histogram of the change in amide proton (A) and
nitrogen (B) resonance chemical shifts of LckSH3 after titration
with a 4-fold molar excess of Tip(173-185). The normalized values
of the chemical shifts given in (C) were calculated as∆norm )
[(∆HN)2 + (∆N/10)2)]1/2.
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for the interaction of other proline-rich peptides with SH3
domains (64, 73, 74). No binding of Tip was observed for
the SH3 domains from Abl, PLC-γ, and PI3K in the
fluorescence titration experiments, indicating that the affinity
is lower than 300µM, and binding may therefore be regarded
as nonspecific.

Generally, a stronger binding to Src family SH3 domains
was observed for Tip(168-187) compared to Tip(173-185).
The overall differences in binding affinity, however, are
always less than 1 order of magnitude, which is smaller than
those effects reported for several point mutations within or
directly adjacent to the proline-rich motif (75). These
observations suggest that the additional residues in Tip(168-
187) may form additional interactions but do not represent
major determinants of binding affinity and specificity.

The classification of Src family tyrosine kinases into
groups A and B based on sequence and structural consid-
erations (76) is also reflected in their Tip binding affinity:

Members of group B (Lyn, Hck, Lck) generally bind tighter
to Tip than those of group A (Src, Fyn, Yes).

A similar affinity pattern has been observed previously
for the HIV-1 Nef protein (77) and peptides derived from
Herpesvirus ateles Tio protein (78). As in Tip, the four key
residues (in capital letters) of the class II consensus binding
motif ΨPpΨPp+ are conserved in these two proteins (Tip,
176tPpLPpR182; Tio, 188pPqLPpR194; Nef, 71tPqVPlR77).

Comparison of those SH3 residues that constitute the
ligand binding interface (Figure 1) reveals several sequence
positions that may account for the differences in binding
affinity. In the RT loop the largest differences between group
A and group B kinases are observed at sequence positions
18 and 19 while the most significant differences within the
group B kinases are found at position 17. In addition, group
A and B kinases differ in the presence of a one-residue
insertion in the n-src loop (Figure 1).

Generally, a more profound understanding of the role of
single residues for modulating binding affinity will require
data on both the structure and the dynamics of the systems
investigated as suggested by several recent NMR relaxation
studies that have pointed out that the affinity of ligand
binding can frequently not fully be explained by static
pictures (71, 81, 82).

While there are numerous SH3 structures already available,
a more detailed comparison of the dynamics based on the
15N relaxation studies for the unbound HckSH3 (83) and
SrcSH3 (71) which differ significantly in the Tip binding
affinity is hampered by the fact that the1H-15N cross-peaks
of residues 18-20 in the RT loop were not detectable in the
NMR spectra of HckSH3 (83), impeding a further charac-
terization.

This present study shows that Tip can interact with the
SH3 domains of several Src family tyrosine kinases. Further

FIGURE 7: (A) Backbone presentation of the Tip(176-183)-LckSH3 complex model generated from the structure of unbound LckSH3
and the SrcSH3-APP12 complex (see text). Residues of LckSH3 are color coded according to the magnitude of the changes of their
normalized chemical shifts (∆norm) upon Tip titration. The color coding is as follows: red,∆norm > 0.12 ppm; orange, 0.12 ppmg
∆norm > 0.06 ppm; yellow, 0.06 ppmg ∆norm > 0.04 ppm; white,∆norm e 0.04 ppm. Residues of Tip are shown in green. (B) Space-filled
representation of the LckSH3 domain with the bound Tip as a stick representation. Same view and color coding as in (A). Figure prepared
with Molscript (51) and Raster3D (52).

Table 2: Affinity Measurements of Proline-Rich Tip Peptides for
GST-Tagged SH3 Domainsa

Kd (µM)

GST-SH3 Tip(168-187) W170L Tip(173-185)

Lyn 1.88( 0.22 9.58( 0.95
Hck 3.15( 0.31 12.03( 0.37
Lck 8.70( 0.77 30.13( 1.06
Src 20.51( 3.10 44.31( 1.26
Fyn 50.58( 6.62 63.99( 5.46
Yes 53.69( 5.17 71.59( 3.77
Abl nt nb
PLCγ nb nt
PI3K p85 nb nb

a The values were determined from fluorescence titration experi-
ments. The W170L mutant of Tip(168-187) was used in order to allow
an undisturbed detection of the SH3 fluorescence. nt) not tested;
nb ) not binding.
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structural investigations will have to prove whether the
molecular details of the corresponding Tip-SH3 interactions
are the same as observed for the Tip-LckSH3 complex. In
particular, it will be interesting to see whether Tip binding
generally affects the residues of theâ-strands close to the
SH3-SH2 interface as detected by the chemical shift changes
in our NMR experiments for the Tip-LckSH3 interaction
(Figure 7). This feature is of particular interest in light of
the fact that the SH3-SH2 domain orientation plays a critical
role for kinase regulation in general, and the exceptional
structural properties of this interface in Lck have recently
been pointed out by Arold et al. (80). Thus, secondary effects
of Tip binding mediated via the SH3-SH2 domain interface
might confer additional specificity to the Tip-SH3 interac-
tion.
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