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ABSTRACT: HerpesVirus saimiri encodes a tyrosine kinase interacting protein (Tip) that binds to T-cell-
specific tyrosine kinase Lck via multiple sequence motifs and controls its activity. The regulation of Lck
by Tip represents a key mechanism in the transformation of human T-lymphocytes during herpesviral
infection. In this study, the interaction of Tip with the regulatory SH3 and SH2 domains of Lck was
investigated by biophysical and computational techniques. NMR spectroscopy of isotopically labeled Tip-
(140-191) revealed that the interaction with the LckSH3 domain is not restricted to the classical proline-
rich motif, but also involves the C-terminally adjacent residues which pack into a hydrophobic pocket on
the surface of the SH3 domain, thus playing a likely role in mediating binding specificity. Fluorescence
binding studies of Tip further demonstrate that Tyr127 in its phosphorylated form represents a strong
ligand of the LckSH2 domain, indicating the presence of an additional Lck interaction motif. In contrast,
Tyr114, known to be essential for STAT-3 binding, does not interact with the LckSH2 domain, showing
that the tyrosines in Tip exhibit distinct binding specificity. The existence of numerous interaction sites
between Tip and the regulatory domains of Lck implies a complex regulatory mechanism and may have
evolved to allow a gradual regulation of Lck activity in different pathogenic states.

Src-family tyrosine kinases act as signaling molecules in
a wide array of cellular activation processes (1). These
enzymes share a general common organization: a myristy-
lated N-terminal “unique” domain 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 which is bound to the SH2 domain in its phos-
phorylated form, thereby reducing kinase activity. Activation
of Src kinases can be achieved by dephosphorylation of the
tyrosine in the C-terminal region and/or the presence of SH3/
SH2 competing ligands. For full catalytic activity, however,
dissociation of both SH3 and SH2 from the kinase domain
is required (2, 3). To ensure an effective activation, numerous

proteins therefore target Src kinases by a two-domain
interaction with their SH3 and SH2 domains. Examples
include the activation of Src or Fyn by focal adhesion kinase
(4-6), p62 (7), p68 (8), AFAP-110 (9), p130Cas (10), and
SIN (11).

For the herpresviral Tip protein that interacts with the
lymphoid-specific Src kinase Lck, a variation in the strategy
for kinase activation has emerged (12, 13). In Tip, a sequence
of 37 of the 256 amino acids is necessary as well as sufficient
for binding Lck in Vitro (12, 14). This stretch comprises two
binding motifs called CSKH and SH3B (12, 15). The SH3B
(SH3 binding) motif that matches the consensus of a class
II polyproline helix binds to the SH3 domain of Lck (12,
16). The second motif (CSKH, C-terminal Src-related kinase
homology) shares some sequence similarity with helixRI
of the kinase domain (12) and was reported to interact with
the C-terminal half of Lck (13), but the exact binding site is
still unknown.

Tip also contains three conserved tyrosines; phosphory-
lation of Tyr114 was demonstrated to be required for the
activation of STAT factors (17), while the ability of Tip to
interact with Lck via phosphorylated tyrosines remains to
be investigated. Interestingly, tyrosine phosphorylation was
shown to create an LckSH2 domain interaction site in the
Tip homologue Tio fromHerpesVirus ateles(18), suggesting
that the existence of an LckSH2 interaction motif might
represent a common feature of herpesviral regulatory pro-
teins.

To gain a better understanding of the interaction between
Tip and the regulatory domains of Lck, we have characterized
the binding of Tip(140-191) and of different phospho-

† This work was supported by grants of the Deutsche Forschungs-
gemeinschaft to H.S. (SFB466, C11) and P.R. (SFB466, A5).

* To whom correspondence should be addressed. Telephone:
+49-9131-8524614. Fax:+49-9131-8522485. E-mail: h.sticht@
biochem.uni-erlangen.de.

‡ Universität Bayreuth.
§ Universität Erlangen-Nu¨rnberg.
| Present address: Institut fu¨r Pharmazie, Universita¨t Regensburg,

93040 Regensburg, Germany.
⊥ Present address: Forschungszentrum Ju¨lich, IBI-2/NMR, 52425
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tyrosine-containing Tip peptides by NMR and fluorescence
spectroscopy. The aim of this study is to identify those amino
acids of Tip that are involved in SH3 binding and to clarify
whether the CSKH motif or phosphorylated tyrosines are
also able to interact with the regulatory domains of Lck.

Comprehensive characterization of the Tip-Lck interac-
tion is highly desirable in understanding the role of Tip in
T-cell growth regulation and of herpesviral 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 various pathological
situations (19).

MATERIALS AND METHODS

Cloning, Expression, and Purification of Tip(140-191)
and Lck.Tip(140-191) was expressed inEscherichia coli
BL21(DE3) cells as a ubiquitin-fused construct in a high-
copy vector originally engineered by Kohno et al. (20). For
15N labeling, M9 minimal medium was used with [U-98%
15N]ammonium chloride as the sole nitrogen source. The
fusion protein was purified using Ni2+ affinity chromatog-
raphy (HiTrap Chelating, Amersham Bioscience) utilizing
an ÄKTA system (Amersham Bioscience). Fractions con-
taining the pure ubiquitin-Tip(140-191) fusion protein were
dialyzed against cleavage buffer and subsequently cleaved
using yeast ubiquitin hydrolase (20). Tip(140-191) was
separated from ubiquitin and ubiquitin hydrolase by reverse
phase HPLC (RP-HPLC) using a Nucleosil 100-7 C18
column (Macherey & Nagel). The final yields of pure Tip-
(140-191) were 70 and 30 mg/L for the expression in LB
medium and M9 minimal medium, respectively. Fractions
containing pure Tip(140-191) were dried by vacuum
centrifugation and stored at-20 °C.

The SH3 domain of Lck (amino acids 59-119, LckSH3)
and the SH3-SH2 domain pair of Lck (amino acids 57-

225, LckSH32) were expressed and purified as described
previously (16, 21). The purity of all samples was confirmed
by SDS-polyacrylamide gel electrophoresis, and the con-
centration was assessed by measuring OD280 using extinction
coefficients calculated from the amino acid sequence.

Peptide Synthesis. All peptides were purchased either from
Biosyntan (Berlin, Germany) or from Coring (Gernsheim,
Germany) and contained blocked end groups. Unless other-
wise stated, sequences of Tip refer to strain C488 of
HerpesVirus saimiri and sequences of Tio refer to strain 73
of H. ateles. For the fluorescence titration experiments, nine
different peptides were used. For the herpesviral ligands,
abbreviations in parentheses contain the name of the protein,
the sequence position of the phosphorylated tyrosine (Figure
1), and an additional letter which indicates point mutations
where appropriate: ST(pY)RPQN (Tip114), ST(pY)LPQN
(Tip114L), SL(pY)TTFE (Tip127), EK(pY)PPDF (Tip155),
ED(pY)PPPL (Tio49), TI(pY)IPWE (Tio136), CQ(pY)QPQP
(Lck-COOH, regulatory C-terminus of Lck), and CQ(pY)-
EEIP (HMTA, high-affinity SH2 ligand from hamster
polyomavirus middle T-antigen). The latter peptide contains
a Pf C mutation at the N-terminal sequence position that
was used for the attachment of the fluorescence label (see
below).

Preparation and Purification of Fluorescent Peptides.
Since neither LckSH2 nor the phosphotyrosine peptides that
were investigated contain a suitable intrinsic fluorescence
probe in the binding region, a fluorophore was attached to
the cysteine of the high-affinity HMTA ligand in theY - 2
position, allowing competitive fluorescence measurements
in which the labeled ligand is displaced from the SH2 binding
site by an unlabeled ligand. The choice of the attachment
site and type of the fluorescent probes was based on a
previous systematic study (22) which showed that an
attachment of acetamido-anilino-naphthylsulfonic acid (AANS)

FIGURE 1: Sequence alignment of Tip proteins from differentH. saimiri subgroup C strains and of Tio fromH. atelesstrain 73. Black and
gray bars denote strictly and moderately conserved amino acids, respectively. Black boxes highlight the sequence motifs (CSKH and SH3B)
that are important for Lck interaction (12). The length and location of the phosphotyrosine peptides are given at the bottom (>- -*- - - -<).
The numbering scheme of Tip C488 is given at the top.
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at aY - 2 position only moderately affects ligand binding
to SH2 domains. Prior to addition of IAANS, the reduced
state of the HMTA peptide was assured by addition of
equimolar amounts of the reducing agent tris(2-carboxyeth-
yl)phosphine hydrochoride (TCEP) to 100µL of a 1.5 mM
sample of HMTA in Tris-HCl (pH 7.5). After the mixture
had been stirred for 30 min at 25°C, aliquots of a 60 mM
IAANS stock solution in dimethylformamide were added up
to a final concentration of 2 mM. The labeling reaction
proceeded in the dark for 3 h at room temperature or
overnight at 4°C. The product was purified by gel filtration
using a Superdex peptide HR 10/30 column (Amersham
Bioscience).

Fluorescence Spectroscopy.All fluorescence spectra were
measured with an F-4500 fluorescence spectrophotometer
(Hitachi, Tokyo, Japan) at 21.5°C in 1 cm mirror cuvettes.
Initial fluorescence emission spectra were measured for the
free and LckSH32-bound AANS-HMTA species (AANS-
HMTA) after excitation at 330 nm. The maximal difference
in the fluorescence emission intensity between free and
bound AANS-HMTA was observed at 470 nm; therefore,
this wavelength was used for detection in all subsequent
titration experiments.

In the first titration experiment, the affinity of AANS-
HMTA for the LckSH2 domain was determined by gradual
addition of small aliquots of LckSH32 from a 65µM stock
solution to a 100 nM AANS-HMTA sample up to a final
concentration of 2µM. The measured fluorescence intensity
was properly corrected for sample dilution effects resulting
from Lck addition and for minor contributions of the Lck
sample buffer to the fluorescence signal. The dissociation
constant (KD) was calculated assuming a two-state binding
model. Since the concentration of the labeled peptide was
always low compared to the Lck concentration, the experi-
mental data were fitted according to the standard equation
(16, 23):

where∆Fmax gives the maximal change of the fluorescence
amplitude which is observed if all the labeled ligand is bound
to Lck. AANS-HMTA bound tightly to LckSH32 (KD )
0.415 ( 0.030 µM), showing that the label does not
significantly interfere with binding.

Binding affinities of unlabeled SH2 ligands (U) were
determined in a competitive binding assay by gradual
addition of U to a 1.5 mL sample containing 1µM Lck and
1 µM AANS-HMTA and by monitoring the changes in
fluorescence at 470 nm. Binding affinities were calculated
in a two-step procedure according to the formalism derived
by Cheng and Prusoff (24). First, the IC50 value was
calculated and is a relative measure of affinity corresponding
to a situation in which 50% of the fluorescence-labeled
AANS-HMTA peptide have been displaced from the Lck
binding site by the unlabeled SH2 ligand U.

Since IC50 is dependent on the concentrations of AANS-
HMTA and Lck, it provides only a relative measure of

affinity. For tightly binding unlabeled ligands, their concen-
tration during the titration experiment is always large
compared to their dissociation constant,KD

U. For that case,
the dissociation constant can be calculated according to the
equation (24)

where [P]0 andKD
P are the total concentration and dissocia-

tion constant of the labeled ligand, respectively.
CD Spectroscopy.Far-UV CD spectra were recorded at

298 K in 50 mM potassium phosphate (pH 6.4) and 20 mM
NaCl in a 1 cmcell from 190 to 260 nm at 20 nm/min on a
Jasco J810 CD spectrometer at a starting peptide concentra-
tion of 5 µM. Titration experiments were performed by
addition of increasing amounts of trifluoroethanol (TFE). The
samples were stirred for proper mixing, and the change in
peptide concentration as a result of TFE addition was
corrected.

NMR Spectroscopy.NMR experiments were recorded on
Bruker DRX 600 MHz and DMX 750 MHz spectrometers
equipped with pulsed field gradient capabilities at 298 K.
Sequential assignment for Tip(144-165) in 30% TFE was
carried out by standard two-dimensional (2D) homonuclear
1H NMR techniques (COSY, TOCSY, and NOESY). For
the sequential assignment of the1HN, 1HR, and15N resonances
of the SH3-bound form of Tip, three-dimensional (3D)
HNHA, 15N TOCSYHSQC, and NOESYHSQC experiments
were conducted. Additional side chain resonances were
assigned from 2D COSY andω2

15N-filtered TOCSY and
NOESY experiments (25, 26).

The exchange rates for the fast exchanging amide protons
were measured using a NewMexico-FHSQC scheme (27).
To account for the fact that even small differences in pH
can significantly affect the exchange rates, only changes in
the exchange rates of a factor of>2 were considered to be
significant in the interpretation.

Model Calculation.A NMR-based model for Tip(176-
190) was generated by the following procedure. In the first
step, the relative orientation of residues P177-R182 from
Tip in the complex was modeled on the basis of the
homologous c-SrcSH3-APP12 complex (28) that exhibits
an identical sequence for this proline-rich core motif of the
ligand. In addition, the structures of Lck and c-Src are also
highly similar (backbone rmsd) 1.1 Å), and neither Lck
nor c-Src shows significant structural changes upon ligand
binding (16, 28). Therefore, an initial model was generated
for this region by docking the PPLPPR structure from the
APP12 ligand to the unbound Lck, assuming an identical
geometry as in the c-SrcSH3-APP12 complex which results
in a system without steric clashes. To keep the geometry of
the core motif fixed, a total of 128 intermolecular restraints
was included in the subsequent calculation. In addition,
torsion angles of the proline residues of the PPII helix were
restrained [φ ) -75° andψ ) 145° (29)].

These homology-based restraints together with the ex-
perimentally derived distance restraints served as input for
a simulated annealing protocol using X-PLOR 3.851 (30).
For conformational space sampling, 45 ps with a time step
of 3 fs was simulated at 2000 K, followed by slow cooling

∆F )
∆Fmax[Lck]0

KD + [Lck]0

(1)

∆F )
∆Fmax[U]

IC50 + [U]
(2)

IC50 ) (1 +
[P]0

KD
P)KD

U (3)
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for 80 ps to 1000 K, and cooling for 60 ps to 100 K, both
with a time step of 2 fs. A conformational database term for
both backbone and side chain dihedral angles was included
in the target function to improve the stereochemical proper-
ties of the structure (31, 32). After simulated annealing, the
structure was subjected to 1200 steps of energy minimization,
the final 1000 steps without conformational database poten-
tial.

RESULTS AND DISCUSSION

Structural Features of Tip Prior to Lck Binding.The CD
spectrum of Tip(140-191) is dominated by a negative band
with a minimum at 203 nm indicating the existence of a type
II polyproline (PPII) helix (33, 34) that has an intense
minimum at 204 nm (Figure 2A). The wavelength and
intensity of this band are highly similar to those detected
previously in the shorter Tip(168-187) peptide (16) and thus
can most likely be attributed to the proline-rich SH3B motif
(Figure 1). As a result of this preformed PPII helix, the
entropic cost of the Tip-Lck interaction should be highly
reduced and the interaction kinetics should be accelerated
(35).

Evidence for the existence of additional elements of
secondary structure in Tip(140-191) was obtained from
gradual addition of trifluoroethanol (TFE, Figure 2A). TFE
can be used as a probe to explore the existence of marginally
stable elements of secondary structure, especiallyR-helices
(36). Stepwise addition of up to 30% TFE to Tip(140-191)
decreases the negative molar ellipticity at 222 nm from-970
to -2200 deg cm2 dmol-1, indicating the presence of a
marginally stableR-helical secondary structure (Figure 2B)
which was not observed previously in the shorter Tip(168-
191) peptide (16).

This helical structure is localized in the N-terminal half
of Tip(140-191) since the shorter Tip(144-165) shows the
same tendency as Tip(140-191) to adopt a helical structure,
as is evident from the significant increase in the negative
ellipticity at 222 nm in a titration experiment (Figure 2B).
The exact location of theR-helix was determined by NMR
spectroscopy on the basis of the helix-typical NOE pattern
(Figure 2C). The presence of medium and strong HN-HN
NOEs for the stretch from residue 146 to 154 indicates that
this helix is formed within the CSKH motif (146EDLQS-
FLEKY155). This finding is consistent with previous theoreti-
cal considerations in which the CSKH motif was thought to
bind in a helical conformation (12). The observation that
peptide ligands exhibit reduced stability ofR-helices prior
to binding (Figure 2C and Supporting Information) and the
stabilization of these elements upon binding were also
frequently observed for other systems, including the arginine-
rich N and Nun proteins from bacteriophages in which their
helical structure is stabilized upon RNA binding (37, 38).
In summary, these results show that Tip(140-191) exhibits
an intrinsically marginally stableR-helical structure formed
by the CSKH motif, and that the polyproline helix of the
SH3B motif is preformed prior to Lck binding.

InVestigation of the Tip-LckSH3 Interaction by NMR
Spectroscopy.First, information about those residues of Tip-
(140-191) that are affected by LckSH3 binding was obtained
from NMR titration experiments (Figure 3). For some
resonances (e.g., L179 and L186), it proved to be difficult

to unambiguously identify the cross-peak of the free form
most probably resulting from conformational heterogeneity
of the unbound Tip. Therefore, resonance assignment was
only performed for the Lck-bound form of Tip, and a
complete sequence-specific assignment was possible for all
residues (except prolines) for which changes in their chemical
shifts were observed in the titration experiment.

Significant chemical shift changes (Figure 3) were detected
for the residues of the proline-rich sequence motif, T176,

FIGURE 2: Structural features of Tip prior to Lck binding. Far-UV
CD spectra of Tip(140-191) (A) and Tip(144-165) (B) in the
absence (s) and presence of 10% (‚‚‚), 20% (- - -), 30% (-‚‚-),
40% (- - -), and 50% (-‚-) TFE (v/v). Spectra were collected
at pH 6.4 with a starting concentration of 5µM peptide. (C)1H-
1H NOESY spectrum of Tip(144-165) in the presence of 30%
(v/v) TFE-d2 at pH 6.0 and 298 K. SequentialdNN(i, i + 1) 1H-1H
NOEs and intraresidual side chain (sc) resonances are labeled with
the corresponding sequence position.

Lck-Binding Elements in Herpesviral Tip Protein Biochemistry, Vol. 43, No. 47, 200414935



L179, and R182, and for the C-terminally adjacent stretch
from A184 to Q190. Minor changes in the chemical shifts
were also detected for residues A168-M174, while no
significant changes in chemical shifts were observed for
residues M140-S167. The same pattern of chemical shift
changes in Tip(140-191) was also observed upon gradual
addition of the LckSH32 domain pair, revealing that the
conserved CSKH motif (E146-Y155) does not interact with
the regulatory domains of Lck. This result, together with
previous functional studies (12, 13, 39), now shows that the
functionally important CSKH motif exclusively interacts with
the kinase domain of Lck, suggesting that Tip actually can
be dissected into distinct Lck interaction motifs.

The pattern and magnitude of the chemical shift changes
observed for Tip(140-191) are also reflected in the amide
proton exchange rates (Figure 4A). Generally, all residues
from S167 to A191 exhibit decreased solvent exchange rates
for their amide protons after binding to the LckSH3 domain.
Although the largest effects are observed for T176 and L179,
located within the proline-rich motif, L186-E188 exhibit
significant changes, suggesting that they become buried upon
complex formation.

More detailed information about the geometry of the Tip-
Lck complex was obtained from the analysis of the NOE
pattern. On the basis of the CD spectroscopic data, the
proline-rich stretch of residues P177-P183 can reliably be
assumed to form a polyproline helix, and the small magnitude
of the chemical shift changes observed for residues A168-
M174 suggests that these residues are not directly involved
in Lck binding. Thus, the major focus was on the as yet
unknown structure of the C-terminal residues of Tip(140-
191) in the complex.

The strong HN-HN sequential NOEs observed for N185-
E188 (Figure 4B) indicate that this stretch adopts a helical
or turn-like rather than an extended conformation in the
complex. Several intermolecular NOEs confirm the existence
of contacts between LckSH3 and residues N185-R189 of
Tip, but because of their low intensity, an unambiguous
assignment was only possible in a few cases. This low
intensity most probably results from the dynamics of the
complex and was unaffected by several changes in the
experimental conditions (e.g., different concentration ratios
of Tip and Lck and different temperatures). Nevertheless,
some key intermolecular NOEs which are important for the
determination of the overall topology of Tip in the complex
could be unambiguously assigned between T176 of Tip and
F58 of Lck for the N-terminal part and between R182 and
G187 of Tip and W40 of Lck for the C-terminal part of the
PPII helix, respectively (see the Supporting Information).

The total number of 23 intramolecular and 20 inter-
molecular NOE distance restraints is too low for anab initio
structure calculation on the basis of NOE distance restraints
alone but allows the calculation of an NMR-based model
that gives initial information about the location of residues
P183-Q190 of Tip in the complex. The set of calculated
structures exhibited no single NOE violation of>0.1 Å,
showing that the experimental data that are included are in
good agreement with the geometry of the PPII helix and with
the assumption that the LckSH3 geometry does not change
significantly upon complex formation. In the resulting model
of the complex, residues A184-E188 are located in a
hydrophobic pocket on the LckSH3 surface that is mainly
formed by the solvent-exposed hydrophobic side chains of
residues W40 and F53 (Figure 5A). The side chain of L186
is placed in the vicinity of the aromatic ring of F53 of Lck,

FIGURE 3: NMR titration experiment showing the changes in the
15N-1H HSQC spectrum of free Tip(140-191) (red) upon gradual
addition of LckSH3. Resonances belonging to the spectra after the
final step of the titration are shown in green and are labeled with
the corresponding sequence positions. Side chain (sc) NH2 reso-
nances of assigned glutamines and asparagines are connected.

FIGURE 4: Structural features of Lck-bound Tip. (A) Exchange rates
of the fast-exchanging amide protons of Tip. The graph gives the
ratio of the exchange rates observed in free and Lck-bound Tip.
Only changes in the exchange rates of a factor of>2 (- - -) were
considered significant in the interpretation. (B)1H-15N NOESY-
HSQC strip plot of the amide region of Ala184-Arg189 of Tip
bound to LckSH3. SequentialdNN(i, i + 1) anddNN(i, i - 1) 1H-
1H NOEs are denoted by solid and dashed lines, respectively. The
spectrum at 750 MHz of 1.47 mM [U-98%15N]Tip(140-191), 1.83
mM LckSH3, 80 mM potassium phosphate, 35 mM NaCl, and 10%
(v/v) D2O at pH 6.4 and 298 K.
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providing an explanation for the strong upfield shift of the
protons from both methyl groups (δ ) 0.34 and 0.13 ppm,
respectively).

In summary, these results from NMR chemical shift and
NOE data supplemented by hydrogen exchange experiments
point out a distinct role of conserved residues P183-G187
in the Tip-LckSH3 interaction. Thus, it can be concluded
that Tip contains an extended binding region consisting of
the proline-rich motif itself and of the C-terminal amino acids
of this motif that binds into a hydrophobic pocket on the
Lck surface (Figure 5C).

The candidate role of this region in the recognition process
has been documented previously (28). In this study, peptides
that bind in a type I or type II orientation were designed to
exploit the hydrophobic pocket for additional contacts. For
a peptide that binds in a type I orientation (VSL12), the
residues N-terminally adjacent to the proline-rich motif were
shown to bind into this pocket and the structure of the
respective complex was determined by NMR spectroscopy
(28). However, for the APP12 peptide that binds like Tip in
a type II orientation, no intermolecular NOEs were observed
for the corresponding residues, a fact attributed to the poor
packing of the designed region (28). The strict conservation
of residues P183-G187 of Tip thus reflects the fact that
packing to this hydrophobic pocket has to meet particular
steric requirements.

The existence of such “extra” binding regions that are
present in addition to the canonical proline-rich motif was
also reported for several other SH3-ligand complexes and
frequently plays an important role in the affinity and
specificity of complex formation. Interestingly, considerable
structural variability in the interaction modes was observed
for these extra interaction motifs.

The SH3 domain of Csk specifically recognizes two
hydrophobic residues, I625 and V626, in the PEST domain
of the SH3-ligand proline-enriched phosphatase (PEP) (40).
These two residues are located C-terminally with respect to
the conventional proline-rich SH3 domain recognition se-
quence of PEP. Unlike in the Tip-Lck system, these residues
do not pack into a hydrophobic pocket on the SH3 surface,
but are specifically recognized by A40, T42, and K43 of
CskSH3 (40).

In the viral Nef protein that binds to the SH3 domains of
various Src-family kinases (3), a specificity pocket was
identified, explaining the fundamental differences in the
binding specificity observed between HIV and SIV Nef (41).
This specificity pocket in Nef is formed by three residues
(W113, T117, and Q118) that recognize one single residue
of the SH3 domain (R96 in Fyn). Unlike in Tip, these
additional residues of Nef are not adjacent to the proline-
rich segment in sequence but are spatially proximal to the
canonical binding motif in the three-dimensional structure.

The extensive use of a hydrophobic pocket on the LckSH3
surface as observed in the Tip-Lck complex represents a
novel variation of the way in which extra interaction motifs
in physiological SH3 ligands can recognize their target. The
interaction of these flanking residues might play a role in
conferring specificity to the interaction or in the proper
positioning of the additional interaction motifs present in Tip.

Interaction of Phosphotyrosines in Tip with the SH2
Domain of Lck.The Tip protein from C-subgroup HVS
strains contains three conserved tyrosines at positions 114,

FIGURE 5: Model of the LckSH3-Tip complex including the
proline-rich “core” motif of Tip and the C-terminally adjacent
residues that form an extended binding region. (A) Space-filled
representation of the LckSH3 surface (gray) and of residues T176-
Q190 of Tip in stick presentation. Prolines are colored red, and
L186 that packs into a hydrophobic pocket formed by W40 and
F53 on the SH3 surface and R182 that builds a salt bridge with
D22 are colored yellow and are denoted with arrows. (B)
Electrostatic potential of LckSH3. Positively and negatively charged
surfaces are colored blue and red, respectively. The high density
of negative charge corresponds to D22 which interacts with R182
of Tip, defining the class II orientation of the PPII helix. (C)
Hydrophobicity plot of the LckSH3 surface. Hydrophobic and
hydrophilic areas are colored green and blue, respectively. C-
Terminal flanking regions of Tip bind in a helical fashion into a
hydrophobic pocket on the LckSH3 surface.
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127, and 155 (HVS C488 nomenclature). While the Tip
homologue Tio fromH. ateleswas shown to interact with
the Lck SH2 domain via phosphorylated Y136 (18), no SH2
binding data are yet available for Tip. Therefore, all
conserved tyrosines of theH. saimiri C subtype (Figure 1)
were systematically tested for binding, and the two tyrosines
from H. atelesas well as the SH2 binding sequences from
the Lck C-terminus and the middle T-antigen of hamster
polyomavirus served as controls.

Figure 6 summarizes the results of the competitive binding
experiments. For peptides Tip-127, Tio-136, and HMTA,
asymptotic curves were measured that all approach quite
similar relative fluorescence end values (Frel ) ∼0.8Fmax),
showing that these peptides are able to displace AANS-
HMTA completely from the binding site. For these peptides
that all can be classified as strong binders, IC50 andKD values
were calculated as described in Materials and Methods. The
tightest binding was observed for the HMTA peptide, and
the measured affinity (KD ) 0.095( 0.092µM) is within
the range of values reported in the literature [KD ) 0.14µM
for Ac-pYEEI (42); KD ) 0.065µM for EGQpYEEIP (22)].

Tip-127 and Tio-136 exhibit quite similar affinities for
LckSH2 of 2.77( 0.18 and 1.10( 0.12µM, respectively.
While Y136 of Tio was already reported to be phosphory-
latedin ViVo and to interact with the Lck SH2 domain (18),
the ability of Tip-127 to bind strongly to SH2 domains has
not been reported. To assess the mechanistic consequences
of this result, these affinities were compared to that of the
regulatory C-terminus of Lck which is bound to the SH2
domain in the inactive form of the kinase. For the corre-
sponding Lck-COOH peptide, more than 50% competition
is observed in the binding assay (Figure 6), allowing the
calculation of IC50 andKD. As is evident from the shape of
the titration curves, Lck-COOH (KD ) 8.99 ( 1.41 µM)
binds significantly more weakly to the SH2 domain than Tip-
127 or Tio-136, which would in principle render feasible a
displacement of this sequence by the herpesviral ligandsin

ViVo. Direct comparison of the affinities appears to be
justified by the fact that both types of interactions can be
considered as “intramolecular”, resulting in similar concen-
trations of the SH2 interaction partners. While the C-terminus
is covalently bound to Lck, the noncovalent interaction
between Tip or Tio and the LckSH3 domain results in a
preorganized complex which should already ensure a local
proximity of the phosphotyrosine to the SH2 domain, thus
facilitating a replacement of the Lck C-terminus.

For peptides Tip-155 and Tio-49, the IC50 value cannot
be determined accurately in the experiment (Figure 6), but
can be estimated to be>120 µM. This weak interaction is
indicative of nonspecific binding and is consistent with the
fact that noin ViVo phosphorylation and no role in SH2
binding have been reported for these tyrosines.

Interestingly, Tip-114 that contains anin ViVo phospho-
rylation site and was reported to be important for STAT-3
binding (17) does not interact with the LckSH2 domain at
all (Figure 6). This complete absence of interaction is
observed for Tip-114 and Tip-114L that originate from HVS
strains C488 and C484-77, respectively, and differ by a R
f L exchange at theY + 1 position (Figure 1). Therefore,
one can conclude that this absence of the LckSH2 interaction
is a conserved property within the C-type group of HVS and
may play an important role in reducing the number of
nonspecific SH2 interactions to ensure that Y114 is available
for binding and activation of STAT-3.

In addition, alternative phosphorylation of Y114 and Y127
might represent a suitable mechanism for switching between
two functions of Tip. While phosphorylation at Y127 will
function to increase Lck activity, phosphorylation at Y114
is not expected to affect Lck activity itself, but to convert
Tip into a STAT-3 activator, thus exerting downstream
effects during transcriptional activation.

This complex interaction pattern involving different do-
mains of Lck might have evolved to ensure a gradual
regulation of Lck activity, thus controlling T-cell growth and
herpesviral pathogenicity. Future functional studies using
mutant or chimeric Tip proteins will help in gaining an
improved understanding of thein ViVo effects of the different
types of interactions.
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SUPPORTING INFORMATION AVAILABLE

1H-1H NOESY spectrum of Tip(144-165) in the absence
of TFE and1H-15N NOESY-HSQC strip plot of selected
residues of Tip bound to LckSH3 showing some inter-
molecular NOEs. This material is available free of charge
via the Internet at http://pubs.acs.org.
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