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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 TipLck interaction comprising the RT loop, the n-src loop, and a helical turn
preceding the last strand of tifesheet. Further changes of the chemical shifts were observed for the N-
and C-terminaB-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 typical for the Src family of tyrosine kinases (Src, Bk, Fgr,
pathways that regulate cell growth, differentiation, activation, Fyn, Hck, Lck, Lyn, Yes, Yrk): a myristylated N-terminal
and transformation. Nonreceptor tyrosine kinases belonging“unique” domain is followed by the regulatory SHand
to the Src family are key players in signal transduction, and SH2 domains and by the kinase domain containing the active
much effort has been made in order to understand theirsite. The C-terminal region contains a regulatory tyrosine
physiological role as well as their regulation. Some Src residue (Tyr505) which is bound to the SH2 domain in its
kinases (Fyn, Src, Yes) are found in most cell types whereasphosphorylated form, thereby reducing kinase activity.
others exhibit a more restricted tissue distribution (Lck, Hck, Further understanding of the regulation of Lck has been
BIk) and have more specific tasks in signal transduction. Lck provided by the crystal structures of c-Sé ) and Hck
is a lymphoid-specific member of this family that is essential (6). From these structures it can be inferred that also the
for T-cell development and function. It is tightly associated SH3 and SH2 domains function in part to negatively regulate
with the cytoplasmic parts of the CD4 and CD8 receptors kinase activity by forming intramolecular contacts that
and catalyzes the initial phosphorylation of T-cell receptor stabilize the catalytic domain in an inactive conformation.
components necessary for signal transduction and T-cellRelease of these intramolecular regulatory constraints by
activation (—3). Lck exhibits a molecular architecture dephosphorylation of Tyr505Y or by the presence of SH2/

SH3 competing ligandsj results in the autophosphorylation
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Leck ASPLODNLVIALHSYEPSHDGDLGFEKGEQLRILE---QS-GEWWKAQSLTTGQEGFIPFNFVAKAN
Lyn DPEEQGDIVVALYPYDGIHPDDLSFEKGEKMRKVLE---EH-GEWWKAKSLLTEKEGFIPSNYVAKLN
Hck EAGSEDIIVVALYIDYEATHHEDLSFQRGDOMVVLE---ES-GEWWKARSLATRRKEGYIPSNYVARVD
Src PLAGGVTTFVALYDYESRTETDLSFREGERLQIVN---NTEGDWWLAHSLSTGQTGYIPSNYIVAPSD
Fyn RGGTGVILFVALYDYEARTEDDLSFHRGEKFQILN---SSEGDWWEARSLTTGETGYIPSNYVAPVD
Yes GLTGGVTIFVALYDYEARTTEDLSFERGERFQIIN---NTEGDWWEARSIATGENGYIPSNYVAPAD
Abl PSENDPNLFVALYDFVASGDNTLSITRKGEKLRVLG---YNHNGEWCEAQTENG-QGWVPSNYITPVN
PI3K -MSAEGYQYRALYDYEEEREEDIDLHLGDILTVNEK-X-PEEIGWHLNGYNETTGERGDFPGTIVEYIG

- —— >

n-src- distal
B, RT-loop B, loop B, loop B, 30 B,

Ficure 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.

by viral effector molecules to ensure their own replication MATERIALS AND METHODS
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
(20). In addition, HVS strain C488 is able to transform
human T-cells to permanent growth in vitrdlj. Two viral
gene products, StpC and Tip, are required for the T-cell
transforming phenotype of HVS C4883). The T-cell
specificity is attributed to Tip, which has been identified as

a binding partner.and in vitro substratg of LleIanq €auses  Thrombin cleavage of the GSTLckSH3 fusion protein ends
Iymphomayvhen inducibly expressed mtransgenl(.: e ( in an LckSH3 peptide with an additional Gly and a Ser
Tip proteins from HVS subgroup C strains contain a stretch resique at its Nbiterminus. Therefore, the 63 aa LckSH3
of 38 amino acids which is both necessary and sufficient peptide used in this study corresponds to aaBI9 of the
for Lek binding (L5, 16). This binding region contains a  griginal Lck with an A57G mutation. The numbering scheme
segment that shows a significant sequence similarity to the ysed throughout this paper will refer to the expressed protein,
carboxy-terminal region of several kinases of the Src family starting from the mutated Gly1 instead of Gly57 (Figure 1).
and a proline-rich segment. These two sequence motifs that g, overexpression of the GST.ckSH3 fusion protein
are separated by approximately 20 amino acids were Showngscherichia colistrain BL21 was transformed with pGEX-
to bind to the kinase domain and the SH3 domain of LcK, 4T_| ckSH3. Cells were induced with 1 mM IPTG and
respectively 16, 17). Expression of Tip in Jurkat T-cells  parvested afte3 h of growth at 37°C. ForN labeling M9
reduces the activation-induced tyrosine phosphorylation of inimal medium was used witf3N]Jammonium chloride
cellular proteins 18), indicating a functional inhibition of a5 the sole nitrogen source. LckSH3 was purified using
Lek in vivo. However, in several cell-free assay systems, jffinity chromatography on glutathionéSepharose (GSTrap,
interaction with Tip induces the phopshotransferase activity pharmacia) using an#TA system (Pharmacia). Fractions
of Lek (19-22), and both motifs involved in Lek binding  ¢ontaining pure GSFLckSH3 fusion protein were dialyzed
are required for activation of the kinaseg. against cleavage buffer (20 mM Tris-HCI, pH 8.4, 150 mM
Structural studies of the interaction between Tip and Lck NaCl, 2.5 mM CaGJ, 2.5 mM BME), and thrombin cleavage
are therefore expected to contribute to the understanding ofwas performed using 0.5 unit of thrombin protease (Novagen)
the mechanisms of T-cell growth regulation and of herpes- per 1 mg of fusion protein fo6 h atroom temperature.
viral pathogenicity. In addition, understanding the regulation Protease cleavage was stopped by addition of PMSF to a
of Lck activity by Tip may serve as a basis for the final concentration of 0.5 mM. The LckSH3 peptide was
development of new drugs capable of modifying Lck activity separated from the uncleaved fusion protein, GST, and
in different pathological situation28). The size of the Tip- thrombin using a Superdex 75 preparative grade gel filtration
Lck complex of >60 kDa, however, hampers a structural column on an ATA system (Pharmacia), which was
investigation of the system by NMR spectroscopy. Therefore, equilibrated with cleavage buffer. LckSH3 peptide-containing
our approach is based on the dissection of Src family tyrosinefractions were checked by SB®AGE, dialyzed against 2
kinases into their individual domains that have suitable sizesmM potassium phosphate, pH 6.4, with 1 mM NacCl, and
for NMR spectroscopic studies. Here, we describe the concentrated by lyophilization.
interaction of Tip fragments containing the proline-rich SH3  Peptide Synthesisthe chemically synthesized peptides
binding motif with the SH3 domains of Lck and related ATWDPGMPTPPLPPRPANLG and GMPTPPLPPRPAN
tyrosine kinases. To allow a more detailed understanding of comprising residues 168187 and 173-185 of Tip, respec-
the Tip—Lck interaction, both components were first struc- tively, as well a mutant Tip protein in which W170 is
turally characterized in the unbound form and then in the replaced by leucine were either synthesized in house (C.
binary complex. Kardinal, unpublished) or purchased from Biosyntan (Berlin).

Cloning, Expression, and Purification of LckSH3 for NMR
Spectroscopic StudieNucleotides comprising the SH3
domain of Lck (aa 59119, LckSH3) were cloned via PCR
from the expression system pGEX-MBH3 (17) into the
BanH| and EcaRl 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 NHterminal glutathiones-trans-
ferase (GST) affinity tag cleavable with thrombin protease.
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CD Spectroscopyrar-UV CD spectra of Tip(168187), TOCSY experiments3g) with mixing times of 120 and 80
Tip(168—-187) W170L, and Tip(173185) were recorded at ms, respectively.
298 K in H,0, pH 6.3, in a 0.1 cm cell from 180 to 260 nm Slowly exchanging amide protons were identified from a
at 20 nm/min on a Jasco J 810 CD spectropolarimeter at aseries of®®N/*H HSQCs that were recorded 23, 45, 67, 89,
peptide concentration of 5@M. The reference sample 111, 133, 155, 177, 199, 221, and 243 min after lyophilized
contained pure water. Spectra were measured 10 times angbrotein was dissolved in f®. The {*H}'*N NOE experi-
averaged for each peptide and the reference sample. Thenents were recorded using the pulse sequences of Dayie and
ellipticity ® was calculated in millidegrees instead of the Wagner 87). The relaxation delay was 4 s, and the proton
[®]mrw Value in order to allow a comparison of tbheerall saturation was performed by 12@igh-power pulses with
content of secondary structure in peptides of different length an interpulse delay of 5 ms for the firs of therelaxation
(24). delay of the saturation experiment.

Titration experiments were performed by addition of ~ FOr measuring residual dipplar couplingsasolutin’PNF
increasing amounts of trifluoroethanol (TFE) to ad Tip- labeled LckSH3 (0.5 mM) in the DHPEDMPC bicelle
(168-187) sampleri a 1 cmcell, collecting spectra from ~ System (molar ratio 1:3, 3% w/v bicelles) was used at a
190 to 260 nm. The sample was stirred for proper mixing, {€mperature of 302 K. The isotropic scalar couplings were

and the change of Tip concentration as a result of TFE measured at the same temperature using a sample without
addition was corrected. bicelles. The IPAP methodology8® 39) was applied for

. .. _recording the NH splittings. The dipolar couplings were
Fluorescence Spectroscopy and Calculation of the Binding calculated from the difference of the NH splitting in the

Con;tan}. I\geasu_[)erggntg weFr)e IgerErme%;@sz(e)r?ally aS oriented phase and the isotropic phase. For each sample at
previously describedG) in a Perkin-Elmer uo- east three repetitions of a IPAP experiment were conducted
rescence spectrophotometer at an excitation wavelength o

290 lit width. 2 d L lenath of 0 estimate the error of the measured coupling values.
345 nm (s Il't Wl'dth’ 17nm) anA an e_m'SS'O”tWa"t.e ength o The binding of Tip to LckSH3 was followed by chemical

nm (slit width, 17 nm). A mini magnetic stimer was  gie gisturbance measured B, 1°N HSQC experiments
used to mix the solutiomia 1 cn? quartz fluorescence cell.

A circulat ter bath qt intain th | during titration of Tip to thé>N-labeled SH3 domain. Using
cireulating water bath was used lo maintain the sample starting concentrations of 0.8 mM for LckSH3dcha 5 mM

temperature at 291 K. To obtain the titration curves for stock solution of Tip(173185) or Tip(168-187), the
calcu]ation of the bind'ing constants, p.ep.tides from a stock titrations were performed to an at least 4-fold exce,ss of Tip.
53'(;“'3’? of 5 I:ng/mL in PBS1 mM ?lthlothrenoclj.vr\]/.ere For the assignment of the side-chain resonances and the
added in small increments to 8 mL of PBS mM dithio- identification of distance restraints 3D CBCA(CO)NH and
threitol containing 50ug of GST-SH3 domain fusion H(C)CH-COSY as well as #N and a*C NOESY HSQC
proteins. Upon addition of the peptide solution, changes in experiment with 120 ms mixing time were measured for Tip-
fluorescence were measured. Since the concentration of thg, 14 | ckSH3. RO exchange an@'H} N NOE experi-
SH3 domain-containing protein was low-Q.5 uM), the ments were recorded in an identical fashion as described

experimental data were fitted to th.e equa‘"éf‘: Fma’(. above for the unbound LckSH3 domain. The NMR data sets
[peptide]/Kq + [peptide]), where [peptide] is the final peptide were processed using in-house written software and analyzed

conC(_antration at each measurement paing thg measured_ with the program packages NMRViewt@) and NDEE
protein fluorescence intensity at the particular peptide (SpinUp Inc., Dortmund, Germany).

concentration, anBmaxis the observed maximal fluorescence
intensity of the protein when saturated with the peptide.

Nonlinear regression curve fitting was carried out to fit the .conances of the unbound LckSH3 domain, a total of 346
experimental data to the equation, With«andKq as fitted  NOE distance restraints (including 213 long-range NOES)
parameters. The change in protein concentration that occurred. ,iq be derived from the two- and three-dimensional
as a result of peptide addition was properly corrected. NOESY spectra in an iterative procedure (Table 1). NOE
NMR Spectroscopyll NMR experiments were performed  cross-peaks were manually classified as strong, medium, or
on a Bruker DRX 600 MHz spectrometer with pulsed field weak according to their intensities and converted into
gradient capabilities at a temperature of 298 K. NMR samples distance restraints of less than 2.7, 3.5, or 5.0 A, respectively.
for the structure determination of the free LckSH3 domain A total of 31 residues showe@linu, Scalar coupling
contained 1.5 mM®SN-labeled orf®N/*3C-labeled proteinin  constants of eithex6.0 Hz or>8.0 Hz and were therefore
50 mM potassium phosphate and 20 mM sodium chloride, restrained to adopt backbone torsion angles betweg0f
pH 6.4, in BO/D,0 (9:1). For assignment of the backbone and —40° or between—160° and —80°, respectively. A
and H/CF chemical shifts the following set of experiments hydrogen bond was assumed if the acceptor of a slowly
were recorded: 2DBH, N FHSQC @6), 3D CT-HNCO, exchanging amide proton could be identified unambiguously
3D CT-HNCA (27), 3D HNCACB (28), 3D CBCA(CO)- from the results of initial structure calculations. For each of
NH (29), 3D HNHA (30, 31), and 3D HBHA(CO)NH 82). the 14 hydrogen bonds the distance between the amide proton
For further aliphati¢3C/*H assignments 3D C(CO)NH and  and the acceptor was restrained to less than 2.3 A and the
3D H(CCO)NH @3), IH—13C CT-HSQC 84), and 3D H(C)- distance between the amide nitrogen and the acceptor to less
CH-COSY with gradient coherence selectioB5) were than 3.1 A. These experimental restraints served as an input
recorded. A®™N NOESY HSQC and a°C NOESY HSQC for the calculation of 120 structures using restrained molec-
were recorded with a mixing time of 120 ms for deriving ular dynamics with X-PLOR 3.85#4(). To this end a three-
distance restraints for structure calculation. Aromatic proton stage simulated annealing protocdl) with floating as-
resonances were assigned fram'>N-filtered NOESY and signment of prochiral groupg8) was carried out using the

Structure Calculation and Analysi€©n the basis of the
almost complete assignment of thél, *C, and N
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Table 1: Summary of Structure Calculation

Experimental Restraints for Final Structure Calculation

interresidual NOEs 341
sequential|{ —j| = 1) 77
medium range|{ — j| < 5) 51
long rangeli —j| > 5) 213

intraresidual NOEs 5

dihedral angle restaints
3J(HN,H) 31

hydrogen bonds 24

restraints from dipolar couplings 44

Molecular Dynamics Statistiés
average energy (kcal/mol)

Eot 66.32 (£0.67)
Ebond 1.02 &0.05)
Eangles 54.95 6:0.37)
Eimproper 6.81 (:|:014)
Erepel 0.80 0.16)
Enoe 1.16 ¢0.19)
Ecdin 0.03 0.03)
Edipo 1.54 (0.04)
RMSD from ideal distances (A)
NOE 0.018 {£0.0003)
bonds 0.001+£0.000025)
RMSD from ideal angles (deg)
bond angles 0.453H0.002)
improper angles 0.3210.002)

RMSD from dipolar couplings (Hz)

H—N couplings 0.021£0.182)
Atomic RMS Differences (A)
backbone heavy atoms
SH3 fold? 0.37 0.84
regular secondary structdre 0.28 0.84
SAgrpc VS SAvorpd 0.73 0.92
SArpc VS 1LCK? 0.96 1.34
SAnorocVS 1LCK? 1.00 1.41

aThe final force constants used in the structure calculations were
1000 kcaimol~2-A-2for the bond length, 500 kcahol-rad 2 for the
bond angles and improper angles, 50 keal1-A-2 for the NOE
distance restraints, 5.0 kealol~*-rad™2 for the ¢-angle restraints, and
1.0 kcatmol~1-Hz 2 for the residual dipolar coupling8 Calculated for
the final set of 30 structures (residues@l). ¢ Calculated for the final
set of 30 structures (residues 81, 29-35, 41-45, 50-55, and 59-
61). 9 SArpc, average structure of the final 30 structures calculated with
dipolar couplings; SAwroc average structure of 30 structures from a
control simulation calculated without dipolar couplings; 1LCK, crystal
structure of the LckSH355). All comparisons were performed for
residues #61.

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 angldg) (with the
modification described in Neudecker et &5) was included

in the target function in order to improve the stereochemical

Biochemistry, Vol. 41, No. 16, 2005123

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 mélHz2. 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 A and
no g-angle restraint violations greater thanOafere selected
for further characterization. The geometry of the structures,
structural parameters, and elements of secondary structure
were analyzed using the programs DS8P),(MOLMOL
(48), PROCHECK 49), and PROMOTIF %0). For the
graphical presentation of the structures SYBYL 6.5 (Tripos
Associates), MOLSCRIPT5(), and Raster3D52) were
used.

RESULTS AND DISCUSSION

Assignment and Structure of the LckSH3 DomMost
of the ™HN, 15N, 13C* and'3C# resonances could be automati-
cally assigned sequentially using an in-house written search
algorithm based on inter- and intraresiduat @nd @
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 th€C-edited 3D NOESY. On the basis
of these types of experiments, all proton side-chain reso-
nances of residues-33 could be assigned with exception
of four aromatic resonances{HH?) for which a strong signal
overlap was present in the spectra.

The calculation of the final structures was based on 346
interresidual distance restraints, glangle restraints, 26
hydrogen bond restraints, and 44 restraints from RDCs (Table
1). According to PROCHECK409) analysis of the family
of 30 structures all residues show energetically favorable
backbone conformations: 91% of the residues are found in

properties of the structures. After simulated annealing the the most favored regions and 9% in the allowed regions of
structures were subjected to 1200 steps of energy minimiza-the Ramachandran plot.

tion, the final 1000 steps without conformational database
potential.
The axial component and rhombicity of the alignment

Subsequent analysis was restricted to the rigid SH3 “core

fold” (residues #61) that is generally characterized by

heteronuclear NOE values larger than 0.5 (Figure 3A). The

tensor were obtained by a grid search procedure using thestructure of residues 761 is well-defined (Figure 2A),
tensor components of the structures calculated without RDCsshowing average root mean square deviations (RMSDs) of
as starting values. The initial values of the alignment tensor 0.37 and 0.84 A for the backbone heavy atoms and all heavy
were calculated in a least-squares manner on the basis oftoms, respectively (Table 1).

the measured coupling values and the structures obtained Inclusion of the RDCs did not significantly change the

with NOEs, hydrogen bonds, ardcouplings as described

precision of the calculated structures as estimated from a
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distal

distal
loop

Ficure 2: (A) Overlay of a set of 10 LckSH3 structures (residuesT) 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 (residud@8%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), MolscriptH1), and Raster3D52).

(A)1 . Analysis of the structure reveals five antiparafiettrands
’ (L8—A11, L29—-E35, W41-S45, Q56-P55, and V59-K61)
081 forming two triple-strande@-sheets packed at almost right
0.6 angles (Figures 1 and 2). One prominent feature is a twist
Yooq in the central stran@, that allows it to participate in both
§ 02 1 " | [B-sheets. The first sheet is formed Bystrandsfy, s, and
T | the first half of 5., while the secongs-sheet is formed by
T | strand$3s, 54, and the second half @ (Figure 2B). Strands
0.2 7 1 and 3, of LckSH3 are connected by the long RT loop
0.4 4 that exhibits an irregular antiparallel structure highly similar
s 10 15 20 25 30 35 40 45 50 55 60 to that also observed in other SH3 domaibég)( The lack
residue number of stable elements of regular secondary structure is confirmed
(B) by the absence of slowly exchanging amide protonsjJ@ D
100 and by the decreased heteronuclear NOE for residues S18
90 G21 located in the central turn of the RT loop (Figure 3A).
£ 80 The f5-strands and the RT loop enclose a hydrophobic core
g 704 that is formed by the nonpolar amino acids V9, Al11, L23,
g 01 F25, L31, 133, A43, 154, P55, and V59 which are buried in
FRh the interior of the protein (Figure 3B). Strands and 3,
§ ::: and 3; and 34, are connected by the n-src and distal loop,
§ 20 ] respectively. The decreased heteronuclear NOE observed for
® " | |I | |I | | " | | residues S37 and G38 (Figure 3A) suggests an increased
o 1IAR | LTSI AR flexibility, and therefore no restraints derived from dipolar
§ 10 16 20 25 30 36 40 45 50 65 60 couplings were included for the corresponding residues in
residue number order to avoid errors due to conformational averaging.
Ficure 3: (A) Magnitude of the *H} 15N heteronuclear NOB &{ Numerous long-range NOEs originating from residues L34,

ng)eZ'Og? :22 grginsaﬁcgjssegéegaci- Est)ego“,’tehn&fgf'\e/li;é?'(:n%“rfaceE35, E39, and W40, however, indicate that dynamics is only
repregent avlelrjag.je valdueswover theuset ofV:\SIIO final structures. Error: local phenomenon_ mainly restricted to res_'dues S37 and
bars are shown on the top of each bar. G38. The conformation of the turn connecting strapds

andps slightly deviates from a regular@helical conforma-
control simulation without RDCs, resulting in a backbone tion that is frequently observed in other SH3 domais3 (
RMSD of 0.38 A. The RMSD between the average structures 54). In our set of structures residues-5868 adopt helix-
from both calculations is 0.73 A, showing that the restraints typical ¢/i angle combinations, but a backbone hydrogen
derived for the orientation of the HN vectors confirm the bond between residues 56 and 59 expected for this structural
overall backbone topology established on the basis of theelement clearly proved to be inconsistent with the residual
conventional NMR data. dipolar couplings.
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In summary, the structure of LckSH3 determined in the (A)
present study is highly similar to the crystal structure of the 0
LckSH3 domain in the SH2SH3 domain pair §5) as ]
evidenced by a backbone RMSD of 0.96 A for residues ¥
between both structures (Figure 2A). The differences are
mainly located in the loops connecting the strands of the
pB-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

©® [mdeg]

-12

unit of the crystal $5). In addition, the RT and n-src loops ] ' L
exhibit the most prominent dynamics in the molecule, and ] ot — .. Tip(es-187)
differences between the conformation in solution and in the 1

crystal have also been reported in a previous NMR study 180 190 200 210 220 230 240 250 260
(56) wavelength [nm]

As known from the structures of SH3igand complexes
binding of proline-rich peptides occurs at a shallow hydro- (B)
phobic patch formed by residues of the RT loop, the n-src 1000 -
loop, and the helical turn connecting stratysand s (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 -4000 1
structural properties of Tip(173185) and Tip(168-187) in
solution prior to SH3 binding. Both peptides contain the
polyproline motif ¢’ TPPLPPRE) but differ in the number -6000
of flanking residues. Additional CD spectra were measured
for the W170L mutant of Tip(168187) that was used for , ) ,
the fluorescence titration experiments. Fiure 4: (A) Far-UV CD spectra of three different Tip peptides

) . . containing the proline-rich motif. Spectra were collected at pH 6.3

_T_he CD spectra of a_II three peptides mv_estlgated are Very and 504M sample concentration. (B) Far-UV CD spectra of

similar and are dominated by a negative band with a Tip(168-187) upon addition of 30% and 50% TFE collected at
minimum at 203 nm (Figure 4) indicative of the existence pH 6.3 with a starting concentration ofy8V Tip(168—187). CD
of a type Il polyproline (PPII) helix 4, 58) that has an spectra measured at 0%, 30%, and 50% TFE concentration are
intense minimum at 204 nm. The observation that the spectra>"oWn as solid, dashed, and dotted lines, respectively.
of 13-mer and 20-mer Tip fragments are virtually identical
is most likely due to the fact that the PPIl helix is the
structural element giving the major contribution to the CD
signal at 204 nm®yrw ~ 40000 deg crhdmol™) and that

2000

1000 .
2000 1

-3000

© ew [deg cm?dmol ™)

-5000 -

190 200 210 220 230 240 250 260

wavelength [nm]

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
this helix exhibits a very similar length in all of the peptides p-turn conformations that give rise to a negative band at 225

while the flanking regions give no dominant contribution to nm (58). ) ) L , -
the CD signal around 203 nm. To further investigate the intrinsic conformational stability

The ellipticity of 16 mdeg ®vrw ~ 25000 deg crh of the Tip peptides, a TFE titration experiment was per-

dmol %) measured for Tip(173185) at 204 nm corresponds formed for Tip(168-187). In principle, this type of study

to approximately two-thirds of the value observed for an ideal Shall prove whether the peptides are able to adopt some
PPII helix (8). Similar portions of PPII content were also alternative conformations in which intramolecular hydrogen

observed for other unbound natural proline-rich sequencesPonds are formed2@). TFE was reported to favor intramo-
known to interact with SH3 domaing4). Preexistence of a lecular hydroge_n bond formation at the expense of solvent
PPII helix, however, appears not to be a prerequisite for SH3 hydrogen bonding@l) and can therefore be used as a probe
binding, as evidenced by a proline-rich peptide derived from to explore the existence of alternative elements of secondary
the p85 subunit of Pl 3-kinase that is unstructured in the Structure 4).
unbound state50). Titration of Tip(168-187) with TFE (Figure 4B) indicated

A more detailed inspection of the Tip CD spectra reveals that the conformational changes are small even in the
that the weak positive maximum at 228 nm which is typical Presence of 50% TFE. In summary, CD spectroscopy (Figure
for ideal PPII helices ®yrw ~ 3000 deg crhdmol?) is 4A) proves that the PPII helix is already predefined in the
not present in the Tip peptides investigated here. In principle, unbound Tip peptides and there is no evidence from TFE
the absence of the 228 nm band could be due to the presencétration experiments (Figure 4B) for the formation of
of aromatic amino acidss(). In the Tip peptides investi-  alternative elements of secondary structure in Tip(1687).
gated, however, the only aromatic amino acid is W170 in  Generally, SH3 ligands are pseudosymmetrical and may
Tip(168—187), and an effect of this residue clearly can be therefore bind in one of two opposite orientatioB,(63),
ruled out because the W170L mutant shows a virtually and it was shown that peptides that bind in one or the other



5126 Biochemistry, Vol. 41, No. 16, 2002 Schweimer et al.

v
P g — 108
0 wars § G52 E16*
wag= ® ‘;a d [ B |
)]
¢ V59 —110
G24 e : N7* 9
| L4 e P
0 P Q36
4 ' —112
Q44 NSTZ 0
= ———
0 oo -0
o O -}
9‘ P iz & N3
154 # g b 114
¢ F25 '
T47 p
G28 —116 &
Py o? ) z
voll 0 & =)
=]
s140 18 3
118
oo ° §E3S "
; sa7f 0
LY H19%
s45
F QN? 9 —120
E26 2
é a3z ES1 s &FSB
o r_\?@ K61 Qs09  Hwao
E39 D6 L8 122
L4
@y O Pom
aK27
L31§ Q3o s £20
Y15gq o N6 "
D20 i K42 @oexag F56
'3:, ' ?oaa
L23, w41 a2 —126
Bo, 0 )
6 n A1
L12 ° . AB2
§ v e
I T T T T | i T T
10.0 9.5 9.0 8.5 8.0 1.5 7.0 6.5 6.0

'H [ppm]

Ficure 5. NMR titration experiment showing the changes in ¢, 'H 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-chainy(se3dwiences for glutamines and asparagines are
connected. Aliased resonances are marked with an asterisk.

orientation share different consensus motifs. Specifically, arginine is also observed at the corresponding sequence
ligands that bind in the class | or class Il orientation conform position in the proline-rich motif of the HIV-1 Nef protein,
the consensuspWPpYP orWPpPPPpt, respectively, where  which also binds in a class Il orientatio®5—67). The

the upper case positions represent conserved residues thamportance of this sequence position was shown by the fact
contact the SH3 domain and confer specificity and the lower that a T— R mutation in HIV-1 Nef significantly increases
case residue positions represent scaffolding residues that tenthe binding affinity €8).

to be proline 64). W and + indicate sequence positions Investigation of the TipLckSH3 Interaction by NMR
occupied by aliphatic and basic residues, respectively. TheSpectroscopyinformation about those residues of LckSH3
sequence of the proline-rich motif of Tip’fTPPLPPRIES) involved in Tip binding was obtained from NMR titration
allows Tip to be classified as a type Il ligand because it experiments. The process of the NMR titration experiments
exhibits an identical sequence for six out of seven positions resulting from gradual addition of Tip(173L85) to *°N-

of the class Il consensus motif. The only deviation is the labeled LckSH3 is shown in Figure 5. The most prominent
presence of Thrl76 instead of a hydrophobic residue that ischanges of the chemical shifts were observed for three
preferentially observed at this position. A threonine or stretches of the peptide chain (51821, Q36-W41, F53-
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N57) corresponding to the RT loop, the n-src loop, and a A
helical turn connecting strangk andgs (Figures 1, 2, and 05
6). These regions are generally known to form the major
part of the binding surface for proline-rich peptidéd)( In
addition, distinct changes of the chemical shifts were also
observed for residues 13112 and F58-A60 corresponding

to strands3: andjs of the 3-sheet.

The structure of the LckSH3 was investigated in the
presence of a 4-fold molar excess of Tip(1688B7). Analysis : 0 20 30 2 P %0
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.

C o4

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 3

(Figure 5) rendered it impossible to obtain distance informa- & 4,| i
tion from intermolecular NOE data, which is necessary for

the calculation of a high-resolution complex structure. s .
Additional problems arose from the fact that some of the I |||
resonances got broadened ate3ifold molar excess of Tip- 0 0 2 - y s 60'--

(168-187), indicating the presence of more complex ex- residue number

change phenomena on the NMR time scale. Ficure 6: Histogram of the change in amide proton (A) and

Changes in the dynamics of LckSH3 upon complex nitrogen (B) resonance chemical shifts of LckSH3 after titration
formation were monitored by comparing the heteronuclear With a 4-fold molar excess of Tip(173L85). The normalized values
NOE and exchange rates in® between the free and the &lthizcr‘?g"j%;;}'f}f given in (C) were calculated &gm =
Tip-bound form. A significant increase>@0%) of the HN N '

Ihoectgtr:glijr?ltiaer F,{\I'I? I{cE)c\)/;/)aasnc()jbrstrx:eI% ;(:)r rrzssigg;isvglj)-/s tﬁg? asrg7contact with the proline-rich motif of Tip (Figure 7). Looking
both in close proximity to the Tip binding site. Addition of at the residues exhibiting moderate changes of their normal-

Tio al ted i kedlv | h lifeti ¢ ized chemical shifts>0.04 ppm (Figure 6C), the model

Ip-also resuited in markedly (?nger exchange ielimes ol o eals that, in particular, those that are located in strands
the. LckSH3 chkbone amides: For a total of 12 reS|duesﬁ1 and s of LckSH3 are not covered by the proline-rich
mainly located mthqff—strands exchange rates are_decreasedmotif_ These shifts might be attributed either to direct
by a factor>3. Similar results were reported previously for

X g contacts arising from the residues flanking the proline-rich
ligand binding of HCkSH3&9, 70) and for SrcSH3§S, 71). motif which are not present in the model or to an indirect

Model of the Tip-LckSH3 ComplexA model of the Tip- transmission of those structural rearrangements occurring in
LckSH3 complex was generated using SrcSH3 in complex the RT loop, the n-Src loop, or the helical turn preceding
with the high-affinity ligand APP1263) as a template. strands.

APP12 exhibits the identical sequence as Tip for the six  For the Src SH3 domain it was reported that ligand binding
residues (PPLPPR) forming the core of the proline helix. can induce strain in the intramolecular hydrogen-bonding
The backbone atoms of ligand-bound SrcSH3 and of network even involving strangs andps of the SH3 domain
unbound LckSH3 are superimposable with 1.1 A RMSD, \hich are remote from the bound ligari?]. This transmis-
confirming that SH3 domains generally have similar struc- sjon of structural rearrangements after ligand binding to
tures which undergo only minor structural changes upon remote regions of the molecule was suggested to play a role
ligand binding 64). The Tip-LckSH3 complex was modeled  jn changing the SH3SH?2 interface formed by strand,

by docking Tip to the SH3 domain assuming an identical g, andgs of the SH3 domain7?).

orientation as in the SrcSH3APP12 complex followed by Molecular Factors Determining the Tip Binding Affinity.
100 steps of conjugate gradient energy minimization. In that The affinity of Tip(173-185) and Tip(168-187) for different
way, modeling of residues 17683 of Tip was possible  SH3 domains was determined by fluorescence spectroscopy
while a reliable modeling of the additional residues was (Table 2). The W170L mutant of Tip(168.87) was used
impeded by the lack of sequence homology to APP12.  in order to allow an undisturbed detection of the SH3

The location of Tip residues 176.83 in the complex is  fluorescence.
in good agreement with the NMR chemical shift data from  For the SH3 domains from Lck, Lyn, Hck, Src, Fyn, and
the titration experiments: All residues showing changes of Yes binding affinities between 2 and #M were calculated
their normalized shifts larger than 0.12 ppm are in direct (Table 2), which is the same range as the values reported

A8 1H [ppm]
o

=
o

N

iy

10 20 30 40 50 60

AS 15N [ppm]
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distal
loop

Ficure 7: (A) Backbone presentation of the Tip(:7683)-LckSH3 complex model generated from the structure of unbound LckSH3

and the SrcSH3APP12 complex (see text). Residues of LckSH3 are color coded according to the magnitude of the changes of their
normalized chemical shiftsAqom) upon Tip titration. The color coding is as follows: reflyom > 0.12 ppm; orange, 0.12 ppm

Anorm > 0.06 ppm; yellow, 0.06 ppra Anorm > 0.04 ppm; white Aporm < 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 (561) and Raster3D52).

Table 2: Affinity Measurements of Proline-Rich Tip Peptides for Members of group B (Lyn, Hek, Lck) generally bind tighter
GST-Tagged SH3 Domaifis to Tip than those of group A (Src, Fyn, Yes).

Kg (uM) A similar affinity pattern has been observed previously
for the HIV-1 Nef protein {7) and peptides derived from

GST-SH3 Tip(168-187) W170L Tip(173-185) ) ; 4 i

Herpesvirus ateles Tio proteii&). As in Tip, the four key
h‘g‘( éﬁgi 8:2? 2'25.3106927 residues (in capital letters) of the class Il consensus binding
Lck 8.70+ 0.77 30.13+ 1.06 motif WPpWYPpt+ are conserved in these two proteins (Tip,
Src 20.51+ 3.10 4431+ 1.26 8PpLPPR®% Tio, 8PqLPpR%*; Nef, "tPqVPIR).
\F%r; gg'ggi g'?? Sigi g'ég Comparison of those SH3 residues that constitute the
Abl nt ' nb ' ligand binding interface (Figure 1) reveals several sequence
PLCy nb nt positions that may account for the differences in binding
PI3K p85 nb nb affinity. In the RT loop the largest differences between group

aThe values were determined from fluorescence titration experi- A and group B kinases are observed at sequence positions
ments. The W170L mutant of Tip(168.87) was used in orderto allow 18 and 19 while the most significant differences within the
an undistu_rbe_d detection of the SH3 fluorescence=ntot tested,; group B kinases are found at position 17. In addition, group
nb = not binding. 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

Generally, a stronger binding to Src family SH3 domains b?nding can frequently not fully be explained by static
was observed for Tip(168187) compared to Tip(173185). pictures {1, 81, 82).
The overall differences in binding affinity, however, are While there are numerous SH3 structures already available,
always less than 1 order of magnitude, which is smaller than @ more detailed comparison of the dynamics based on the
those effects reported for several point mutations within or N relaxation studies for the unbound HckSHS3) and
directly adjacent to the proline-rich motif7§). These  SrcSH3 {1) which differ significantly in the Tip binding
observations suggest that the additional residues in Tip{168 affinity is hampered by the fact that tAld—**N cross-peaks
187) may form additional interactions but do not represent Of residues 1820 in the RT loop were not detectable in the
major determinants of binding affinity and specificity. NMR spectra of HckSH3§3), impeding a further charac-
The classification of Src family tyrosine kinases into terization.
groups A and B based on sequence and structural consid- This present study shows that Tip can interact with the
erations {6) is also reflected in their Tip binding affinity: ~ SH3 domains of several Src family tyrosine kinases. Further

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, PL@; and PI3K in the
fluorescence titration experiments, indicating that the affinity
is lower than 30Q«M, and binding may therefore be regarded
as nonspecific.
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structural investigations will have to prove whether the 22.Hartley, D. A, Hurley, T. R., Hardwick, J. S., Lund, T. C,,
molecular details of the corresponding FiH3 interactions
are the same as observed for the-TijgkSH3 complex. In
particular, it will be interesting to see whether Tip binding
generally affects the residues of tfiestrands close to the

SH3-SH2 interface as detected by the chemical shift changes

in our NMR experiments for the TipLckSH3 interaction
(Figure 7). This feature is of particular interest in light of
the fact that the SH3SH2 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 aB@). Thus, secondary effects
of Tip binding mediated via the SH3SH2 domain interface
might confer additional specificity to the TH5H3 interac-
tion.
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