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ABSTRACT: Src homology (SH)2 and SH3 domains are found in a variety of proteins involved in the
control of cellular signaling and architecture. The possible interrelationships between domains are not
easily investigated, even though several cases of multiple domain-containing constructs have been studied
structurally. As a complement to direct structural methods, we have developed consolidated ligands and
tested their binding to the Abl SH(32) complex. Consolidated ligands combine in the same molecule
peptide sequences recognized by SH2 and SH3 domains, i.e., Pro-Val-pTyr-Glu-Asn-Val and Pro-Pro-
Ala-Tyr-Pro-Pro-Pro-Pro-Val-Pro, respectively; these are joined by oligoglycyl linkers. Four types of ligands
were chemically synthesized, representing all the possible relative orientations of ligands. Their affinities
were found to vary with binding portion topologies and linker lengths. Two of these types were shown
to bind to both SH2 and SH3 dual domains with high affinities and specificities, showing increases of
one order of magnitude, as compared to the most strongly bound monovalent equivalent. These results
suggest that the relative orientation of SH2 and SH3 in Abl SH(32) is not fixed, and this synthetic approach
may be generally useful for determining the structures of ligated complexes and for developing reagents
with high affinities and specificities.

Many proteins involved in intracellular signal transduction
contain multiple domains, as do proteins in other functional
classes (1). These domains, especially SH2,1 SH3, and PH
domains (2-4), can fold into compact structures themselves
and display the appropriate partial function of the whole
protein. The interrelationships between these domains in a

whole protein are likely to be involved in the integrated
biological function, and are of considerable significance
(5-10). Recently, we demonstrated that a series of synthetic
ligands can interact simultaneously with the SH2 and SH3
domains of Abelson kinase in a SH(32) dual domain
construct (11). These consolidated ligands have enhanced
affinity and specificity compared to their monovalent equiva-
lents. In this paper, we extend the earlier observations to
the complete treatment of the different possible topologies
of combining the linear epitopes involved; we show the
enhancement of affinities in two of these topological series
of four ligands, and show that this arises from the formation
of 1:1 complexes. These results are consistent only with a
highly flexible picture of the range of SH3 and SH2
interdomain relationships, in contrast to the “snapshot” seen
in crystallographic studies of similar complexes (5, 7). Since
the flexibility of these domains is significant in the modula-
tion of Src family enzymatic activity (12) or the interplay
of subdomains in adapters (13, 14), it is important to
understand what the range and role of such flexibility may
be in the control of protein tyrosine kinases’ self-inhibition
and processive phosphorylation (15).

SH2 domains recognize motifs that include key phospho-
tyrosine residues (16), while SH3 domains recognize se-
quence with multiple proline residues. The two domains are
frequently found together in the same protein, for example,
in the Abelson kinase (Abl). The technical limitations to
current structural approaches to multiple domain proteins led
to experiments involving designed ligands, which can be used
to modify the activities of those proteins and to analyze the
structures of the ligand-binding domains by simultaneous
binding to multiple sites.
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Since both bound ligands have a fixed orientation, only
those consolidated ligands which have a correct linkage, in
terms of both length and topology, will fit the relative
orientations of the SH3 and SH2 domains in the SH(32)
construct simultaneously. The topology of the first group of
enhanced-affinity consolidated (type A) ligands was designed
on the basis of the orientation of SH(32) seen in the crystal
structure of Lck (5) and is consistent with earlier studies in
solution of Abl SH(32) (6). However, this type of consoli-
dated ligand will not fit in the apparent conformations of
SH(32) as seen in the crystal structure of Abl SH(32) (7) or
of Grb-2 (13). To elucidate the possible existence of
alternative orientations of SH3 and SH2 in the complex, we
synthesized additional consolidated ligands with alternative
topologies and linker lengths, and showed the flexibility of
these two domains.

MATERIALS AND METHODS

General. Some of the materials and general synthetic and
analytical procedures have been described in earlier publica-
tions (17-19). Fmoc-Tyr(PO3H2)-OH and Fmoc-Lys(Dde)-
OH were from Novabiochem (San Diego, CA). Other
protected Fmoc-amino acid derivatives, as well as coupling
reagents and resins for peptide synthesis, were from the
Biosearch Division of PerSeptive Biosystems (Framingham,
MA), Bachem Bioscience (Philadelphia, PA), or Advanced
Chemtech (Louisville, KY). Piperidine, trifluoroacetic acid
(TFA), N,N-diisopropylethylamine (DIEA), and 1-hydroxy-
benzotriazole (HOBt) were from Fisher (Pittsburgh, PA).
N,N′-Diisopropylcarbodiimide (DIPCDI) was from Aldrich
(Milwaukee, WI).

Analytical HPLC was performed using a Vydac analytical
C-18 reversed-phase column (218TP54; 5µm, 300 Å; 0.46
cm × 25 cm) on a Beckman system configured with two
model 112 pumps and a model 165 variable-wavelength
detector controlled from an IBM computer with Beckman
System Gold software. Peptide samples were chromato-
graphed at 1.2 mL/min with 0.1% aqueous TFA/CH3CN
(10:0 for 10 min and then a gradient to 2:3 over the course
of the next 25 min), with detection at 220 nm. Semiprepara-
tive HPLC to purify crude peptide products obtained after
cleavage was performed on a Vydac semipreparative C-18
reversed-phase column (218TP1010; 10µm, 300 Å; 1.0 cm
× 25 cm) on a Waters Deltaprep system using manual
injection (3 mL,∼20 mg of peptide per run) and elution at
a flow rate of 5 mL/min using 0.1% aqueous TFA/CH3CN,
(19:1 to 1:1 over the course of 55 min), with detection at
220 nm. Fractions with the correct peptide were pooled and
lyophilized to provide white powders. Isolated yields were
typically 20-40% with purities ofg93% as judged by
analytical HPLC. Amino acid analyses were performed on
a Beckman 6300 Analyzer with a sulfated polystyrene cation-
exchange column (0.4 cm× 21 cm). Free peptides were
hydrolyzed with 6 N aqueous HCl at 110°C for 24 h.
Electrospray mass spectrometry (ESMS) was performed on
a PESciex API III triple-quadrupole mass spectrometer
equipped with an ion-spray interface. The following param-
eters were used: ion-spray voltage of 5000 V, interface
temperature of 55°C, potential on the first quadrupole of
30 V, and an orifice voltage from 55 to 80 V. The flow rates
for the curtain gas (N2) and the nebulizer gas (ultrapure air)

were set at 0.8-1.0 L/min. Molecular masses were calculated
with the Sciex Macspec 3.22 program.

Syntheses of Type A Ligands. The branched orientations
of these peptides were achieved by solid-phase synthesis as
outlined (Figure 1), according to experimental details
published elsewhere (19). In brief, syntheses started with
Fmoc-PAL-PEG-PS resin (∼600 mg, 0.16 mmol/g) and
repetitive steps were carried out either manually or on a
continuous flow PerSeptive BioSystems 9050 instrument.
Fmoc removal was performed with piperidine/DMF (1:4, 2
+ 8 min), and couplings were achieved by combining solid
NR-Fmoc-amino acid (4 equiv, 0.5 M), HOBt (4 equiv, 0.5
M), BOP (4 equiv, 0.5 M), and NMM (8 equiv, 1.0 M) in
DMF for 1 h. However, incorporation of Asn was achieved
by usingNR-Fmoc-Asn-OPfp/HOBt (4 equiv each) in DMF
for 1 h. NMM was substituted with DIEA at the step where
NR-Fmoc-Tyr(PO3H2)-OH was coupled, and in all subsequent
couplings. Dde removal to introduce a branch point involved
treatment with anhydrous hydrazine hydrate/DMF (1:49, 6
× 5 min). After chain assembly was complete, the final
deprotection and cleavage steps were carried out using
reagent K (35:2:2:2:1 TFA/phenol/H2O/thioanisole/1,2-
ethanedithiol) (20) for 3 h at 25 °C. Purification and
characterization were as already described (19).

Model Studies of Fragment Coupling: Addition of H-Pro-
Ala-NH2 to Glutaric Anhydride-Modified Ala-Phe-PAL Resin.
Solid-phase syntheses started from Fmoc-PAL-PEG-PS resin
(100 mg, 0.16 mmol/g) using BOP/HOBt/NMM protocols
as described above. The dipeptide H-Pro-Ala-NH2 was
isolated after cleavage with reagent R (90:5:3:2 TFA/
thioanisole/1,2-ethanedithiol/anisole) (17). The free amine
of Ala-Phe-PAL resin (swollen in CH2Cl2) was acylated by
adding glutaric anhydride (18 mg, 10 equiv)/triethylamine
(46 µL, 20 equiv) in CH2Cl2 (0.1 mL) for 30 min, followed
by washing with CH2Cl2 (5 × 2 min) and DMF (5× 2 min).
The pendantω-carboxyl peptide resin (swollen in DMF) was
preactivated in situ by addition of different coupling reagents,
listed in Table 1, in DMF (0.2 mL) for 10 min, and then
free peptide H-Pro-Ala-NH2 (5.8 mg, 2 equiv) dissolved in
DMF (20µL) was added to the activated peptide resin. After
coupling for 6 h, the peptide resins were washed with DMF
(5 × 2 min) and CH2Cl2 (5 × 2 min), followed by final
cleavage with reagent R as described above. Analytical
HPLC using a C-18 reversed-phase column, eluted at a flow
rate of 1.2 mL/min with 0.1% aqueous TFA/CH3CN (10:0
for 8 min, and then a gradient to 17:3 over the next 12 min),
with detection at 220 nm, showed the acylated Ala-Phe-NH2

at 17.1 min and the expected product model tetrapeptide at
17.5 min (characterized further by amino acid analysis and
ESMS, calcd 516.2, found 517.0 [MH+]).

Syntheses of Type B LigandsVia Fragment Coupling.
These syntheses were carried out essentially as already
outlined, including direct incorporation of theNR-Fmoc-Tyr-
(PO3H2)-OH derivative. The 2BP-1 (SH2 binding ligand)
sequence and the oligoglycyl spacer were assembled on PAL-
PEG-PS (200 mg, 0.16 mmol/g, swelling in CH2Cl2),
followed by acylation of the free amine by addition of
glutaric anhydride (36 mg, 10 equiv)/Et3N (92µL, 20 equiv)
in CH2Cl2 (0.2 mL) for 30 min. The pendantω-carboxyl
was coupled with the 3BP-2 amide (SH3 binding ligand)
sequence (33 mg, 2 equiv) that had been made separately
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on PAL-PEG-PS, cleaved, and purified (peptide was char-
acterized by ESMS, calcd 1029.8, found 1030.2 [MH+]), in
the presence of HATU (24.3 mg, 2 equiv)/HOAt (8.9 mg, 2
equiv)/NMM (14.4µL, 4 equiv) in DMF (0.25 mL) for 6 h
(characterized by ESMS, forn ) 6, calcd 2265.1, found
2266.7 [MH+]; for n ) 7, calcd 2322.1, found 2323.8
[MH +]).

Syntheses of Type C and D Ligands by Stepwise SPPS.
These syntheses were carried out by procedures already
outlined. For the newly synthesized type C ligands, the
ESMS data were as follows: forn ) 6, calcd 2281.1, found
2281.8 [MH+]; for n ) 7, calcd 2338.1, found 2338.8 [MH+];
and forn ) 8, calcd 2395.1, found 2394.9 [MH+]. The single
representative of type D was reported previously (19).

Syntheses of Control Peptides (Figure 2 Legend). An
analogue of type A ligands (n ) 6), in which the lysine side

chain link is adjacent to the 2BP-1 segment, was synthesized
by the general procedure, including direct incorporation of
C-terminal lysine as itsNR-Fmoc, Nε-Dde derivative, and
incorporation ofNR-Fmoc-Tyr(PO3H2)-OH. The character-
ization of this peptide was reported previously (19). An
analogue of type C ligands, in which the lysine is replaced
by another glycine, was synthesized essentially as described
above: ESMS calcd 2210.0, found 2210.9 [MH+].

Affinity Measurements. Concentrations of proteins and
peptides were determined by UV absorbance at 264 nm,
using values of 1752 for phosphotyrosyl and 840 for tyrosyl
for mean residue absorption coefficients. Affinities were
measured by intrinsic fluorescence quenching using a Perkin-
Elmer 760-40 apparatus, with excitation at 290 nm, and
emission at 345 nm, with effective bandwidths of 2 and 17
nm, respectively. The changes of fluorescence observed are
apparently additive for the occupancy of the SH2 and SH3
sites. The SH3 site has an apparent level of quenching that
is about 4-fold greater than that for the SH2 site in the
individual domains. The sample compartment was main-
tained at 18°C, and a minimagnetic stirrer was used for
continuous mixing. Titration of SH domains was ac-
complished by making appropriate sequential additions from
the peptide stock solution to the domain(s) in a 1 cmsquare
quartz cell. Fluorescence was recorded 2 min after each
addition. One milliliter of a protein solution [140 mM NaCl
and 5 mM phosphate (pH 7.3)] with 1 mM DTT was used.

FIGURE 1: Solid-phase synthesis of ligands. (i) Incorporation of residues from the indicated structure by Fmoc chemistry with the BOP/
HOBt/NMM protocol. NMM was replaced by DIEA starting with the step for incorporation of Fmoc-Tyr(PO3H2)-OH. (ii) Removal of Dde
by hydrazine hydrate/DMF (1:49 v/v, 6× 5 min), followed by Gn and 2BP-1 assembly. (iii) Glutaric anhydride/Et3N (10:20) in CH2Cl2 (30
min). (iv) Coupling of (3BP-2)-NH2 (2 equiv) by HATU/HOAt/NMM (2:2:4) in DMF (6 h). (v) Cleavage from polymer support by reagent
K (35:2:2:2:1 TFA/phenol/H2O/thioanisole/1,2-ethanedithiol) for 2 h. The sequence of 2BP-1 is PVY*ENV (Y* is phosphotyrosine); the
sequence of 3BP-2 is PPAYPPPPVP, and NH2 refers to carboxamide function at the C-terminus.

Table 1: Model Coupling Yields as a Function of the Reagents
Useda

coupling conditions % product

1 BOP/HOBt/NMM (2:2:4) 47
2 HBTU/HOBt/NMM (2:2:4) 80
3 HATU/HOAt/NMM (2:2:4) 94
4 DIPCDI/HOBt (2:2) 3
5 DIPCDI/HOAt (2:2) 6

a H-Pro-Ala-NH2 (2 equiv) and HO2C(CH2)3(CdO)-Ala-Phe-PAL-
PEG-PS (1 equiv) for 6 h (further details in Materials and Methods).
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Protein concentrations were approximately 500 nM, deter-
mined accurately by absorption prior to dilution. Data were
analyzed using the program Origin (Microcal Software, Inc.
4.0) to fit the equation

whereF is the observed fluorescence quenching at the total
ligand concentration [total],Fmax is the level of quenching
of protein saturated with ligand, andF0 is the fluorescence
without ligand. Kd, Fmax, and F0 are treated as fitted
parameters.

NMR Spectroscopy. NMR spectra were obtained on Bruker
DMX 500 MHz NMR spectrometers, at 35°C, in a
phosphate buffer [200 mM NaCl, 8 mM sodium phosphate,
2.7 mM KCl, and 1.4 mM potassium phosphate (pH 7.2)],
with 0.02% sodium azide and 10% D2O. The construct used
for NMR substituted an easily oxidized cysteine in SH3, has
nongenomic N- and C-terminal sequences slightly different
from the constructs used previously (6, 11), and has the se-
quence gspggsLFVALYDFVASGDNTLSITKGEKLRVL-
G Y N H N G E W A E A Q T K N G Q G W V P S N Y I T -
PVGCLEKHSWYHGPVSRNAAEYLLSSGINGSFLV-
R E S E S S P G Q R S I S L R Y E G R V Y H Y R I N T A S -
D G K L Y V S S E S R F N T L A E L V H H H S T V A D G -
LITTLHYPAPKRgihrd, where the lowercase letters represent
those amino acids introduced by the expression system used.
This SH(32) construct had the same affinities to the ligands
of reference (11), within experimental error, and is assumed

to be functionally identical to the earlier construct throughout
this discussion. Ligand titrations were performed by the
addition of small volumes of peptide in buffer to the protein
NMR sample, and are not corrected in intensity for dilution
effects. Spectra observed were typically HSQC spectra with
1H and 15N sweep widths of 14 and 50 ppm, respectively
(Figure 3).

Molecular Modeling and Display. Structures [PDB codes
1LCK (5), 1GRI (13), 2ABL (7), 1FMK (9), 2HCK (8),
1AB2 (21), 1AB3 (22), and 2AB3 (6)] were superimposed
on one or both domains using the common secondary
structural (Figure 4) heavy atoms of the backbone with
INSIGHT II (Molecular Simulations Inc.). Structures are
displayed using Insight, or SETOR (23).

FIGURE 2: Affinities, in nanomolar, of ligands for SH(32) of Abl. The structures of constituent ligands, termed 2BP-1 (PVY*ENV) and
3BP-2 (PPAYPPPPVP), were known from biological screening of either chemically synthesized model peptides or hybrid proteins that
included these sequences. Our early studies have shown the design consideration for these consolidated ligands which have enhanced
affinities and specificities. Ligands were synthesized as illustrated in Figure 1; the type A, C, and D ligands include lysine at the C-terminus
of the Gn linker. The affinity assay has been described previously (further details in Materials and Methods). The compounds in columns
A and D were previously described and assayed (11), and their numbering in that reference is shown in braces. The linker is not symmetric,
so there are additional questions concerning the role that the positioning and stereochemistry of the inserted lysine might play. For type C,
the compound (3BP-2)-G7-(2BP-1)-NH2 had an affinity (750 nM) similar to that of the lysine-containing (3BP-2)-G6K-(2BP-1)-NH2 (403
nM; this figure type C, G6). However, the type A compound in which the 2BP-1 segment is attached to theR-amine of lysine and the 3BP-2
fragment is attached to the G6 spacer on the lysineε-amine side chain (compoundXI ; 11) has an affinity of 3200 nM, about 10-fold lower
than that of its analogue reported in the figure (e.g., type A, G6; 249 nM). The stereocenter in lysine may not permit access to the 2BP
segment needed for binding as efficiently as a G residue. Synthetic strategies for symmetric linkers are currently being studied.

[total] - [ligand] ) [Kd(F - F0) +
[Fmax - (F - F0)](F - F0)([total] -

[protein])/Fmax]/[Fmax - (F - F0)]

FIGURE 3: NMR spectroscopy of Abl SH(32) with binding ligands.
500 MHz 1H{15N} NMR spectra of Abl SH(32) in complex (A)
with a type A ligand (n ) 6) and (B) with a type C ligand (n ) 7).
The resolution is 0.007 ppm in the1H dimension and 0.1 ppm in
the 15N dimension.
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Isothermal Titration Calorimetry. ITC studies were per-
formed using the Omega instrument from MicroCal Inc.
(Northampton, MA) (24). In a typical titration, the peptide
was added over 20 injections (of 6µL) to Abl SH(32) that
was present in the isothermal calorimeter cell at 20°C. The
buffer in which the titrations were performed was 50 mM
potassium phosphate (pH 7.2). Heats of dilution for both
reactants with buffer solution were determined in separate
experiments. The total measured heats were corrected for
these heats of dilution prior to data analysis. Titration curves
were fit using the ORIGIN software (MicroCal Inc.). Protein
concentrations were determined by measuringA280 (ε )
30 000) and peptide concentrations by measuringA264 (ε )
2592) using the extinction coefficient that had been checked
by comparison with the results from quantitative amino acid
analysis.

RESULTS AND DISCUSSION

Definitions and Syntheses of Consolidated Ligands with
Different Topologies. Four different topological alignments
of the binding sequences and the intervening linkers were
assembled by solid-phase synthesis (Figure 1). The branched
orientation of the type A ligands was achieved as reported
previously (19), and the linear orientations of the type C and
D ligands were achieved by straightforward stepwise Fmoc
syntheses. To obtain the type B ligands, which have the
N-termini of the two binding sequences in close proximity,
a new strategy was developed. Starting with Fmoc-PAL-
PEG-PS, we built the 2BP-1 (SH2-binding peptide) sequence
and the oligoglycyl spacer in the Cf N direction. The free
amine was acylated with glutaric anhydride, and the pendant
ω-carboxyl was activated in situ and coupled with the 3BP-2

FIGURE 4: Computer modeling and display of SH(32) dual domains in various proteins. The crystal structures of the SH2 of the SH(32)
segments of Grb2, Src/Hck, Lck, and Abl are superimposed, on the basis of the backbone alignment of their SH2 domain (in magenta), and
SH3 domains are shown in a different color for different proteins. The display illustrates the wide variety of conformational orientations
in the SH(32) dual domain.
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(SH3-binding segment) amide sequence (PPAYPPPPVP) (2
equiv) that had been made separately on Fmoc-PAL-PEG-
PS, cleaved, and purified. Corresponding experiments with
succinic anhydride gave unacceptably low coupling yields,
most likely due to succinimide formation upon activation of
the pendant carboxyl. Among numerous protocols examined,
the best yields were achieved upon activation with HATU/
HOAt/NMM (2:2:4, with respect to peptide resin). The
members of all four peptide ligand families were released
from the solid supports by treatment with reagent K (35:2:
2:2:1 TFA/phenol/H2O/thioanisole/1,2-ethanedithiol) (20),
purified by reversed-phase HPLC, and characterized by
ESMS. Overall isolated yields were 20-40%, and materials
that were assayed wereg93% pure.

In Figure 4, the crystal structures of the SH2 of the
SH(32) segments of Abl, Lck, Grb2, Src, and Hck are
superimposed, on the basis of a backbone alignment of their
SH2 domains (panel A). The complete topological set of
ligands for the Abl SH(32) dual domains are illustrated in
Figure 2, along with the binding affinities of synthesized
members of each family. The linkers connecting the domains
are adjusted in length so that the two ligands are spaced and
oriented for optimal affinity for the target protein. The linkers
here are comprised of glycyl residues, and five to eight
glycyls were found to be optimal for types A and C.

Both type A and type C ligands bind to SH2 and SH3
subdomains in SH(32) with high specificities and affinities
(Kd ∼ 200 nM). A one order of magnitude increase was
observed with respect to the most strongly bound single
ligand (2BP-1,Kd ) 2350 nM), and an increase of ap-
proximately 2 orders of magnitude was observed compared
to those of low-affinity ligands (types B and D) which bind
only with SH2 domains, as shown by competitive inhibition
studies with ligands to SH2 or SH3; e.g., the bindings of
3BP-2 to SH(32) have similar constants (Kd ∼ 10 µM) in
the presence and absence of type D ligands. The values of
affinities of ligands with variable linker lengths are most
readily interpreted as indicating an optimal length of about
G6 (type A ligands) or G7 (type C ligands), with little
interaction between the linker and the SH(32) protein. The
ability of SH(32) to bind to two alternate topologies
presumably reflects the flexibility of the peptide segment
between SH3 and SH2; i.e., the solution structure of the
protein can convert between states binding tightly to topolo-
gies A and C.

Formation of a 1:1 Complex. The previous section invoked
conformational interconversion and inherent flexibility to
explain the tight binding of multiple topologies of the
conformational ligands. An alternative explanation might be
that the complexes formed are not truly 1:1 ligand-protein
complexes but involve inter-multidomain self-association
[e.g., in SH(32) molecule A, the SH3 is ligated to the
consolidated ligand, while the same ligand binds to the SH2
of molecule B of SH(32)]. If this was so, then one would
predict a strong dependence on the protein concentration of
the apparent bimolecular affinity which would be due to
formation of a ternary complex. The fluorimetry assay was
carried out over a narrow range of protein concentrations,
but no dependence on concentration was observed. Using
isothermal titration calorimetry (Figure 5), the apparentKd

for the interaction of the type A ligand with the Abl SH(32)
protein was∼400 nM, inconsistent with the formation of a

ternary complex, but indicative of the possibility of a slightly
reduced affinity from dependence on SH(32) protein con-
centration. It may be concluded that the principal interaction
of the SH(32) with the consolidated ligands is the formation
of a 1:1 complex. The rotational correlation times for free
and ligated forms are also inconsistent with a ternary complex
(25).

Can the Orientation of the Subligands Switch?An alterna-
tive hypothesis for the conformational interconversion might
involve the ability of one of the subligands to bind in
alternative structural modes. Since this is a known charac-
teristic of some SH3 ligands (type I and type II binding;
reviewed in ref16), this possibility needs close consideration.
The alternative may be rejected for the following reasons.
First, the ligands which have type I and II binding require
the exchange of orientating groups [specifically positively
charged residues for the Src case (26)] to provide the
alternates. The ligands used here have a constant sequence
for their SH3 binding segment, and this sequence is likely,
from the crystal structure of the SH3-ligand complex (22),
to involve specific orientating recognition at its N-terminus.
Second, the specific peptide with the reverse sequence of
3BP-2 was made here, and shown to have an approximately
millimolar binding affinity for Abl. It seems very unlikely
that any counter orientation binding could then give rise to
the high-affinity binding seen in topology series A or C. This
is further supported by NMR titration data.1H{15N} spectra
were recorded for complexes, and spectra are illustrated in
Figure 3. Direct structural and dynamic studies for investi-
gating these complexes further are now in progress.

FIGURE 5: Ligand binding determined by isothermal titration
microcalorimetry. (A) Trace of the calorimetric titration of Abl SH-
(32) (0.014 mM) with a type A ligand (n ) 6, 0.34 mM) at 20°C;
details are in Materials and Methods. (B) Binding isotherm obtained
from the experiment shown in panel A. The best fit to these data
shows that the binding reaction is enthalpically (∆H) driven and
entropically (∆S) unfavorable (∆H ) -20.6 kcal/mol andT∆S)
-12.3 kcal/mol; another run showed similar results, where∆H )
-19.0 kcal/mol andT∆S ) -10.5 kcal/mol). The value forKD
thus obtained was 430 nM (for another run, it was 450 nM). These
measurements concluded that this binding involves the formation
of a large number of contacts, which are enthalpically favorable,
and a loss of conformational freedom upon binding is associated
with a loss of entropy.
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CONCLUSIONS

This work offers several new perspectives. First, in contrast
to diffraction showing well defined relationships between
SH2 and SH3 domains in SH(32)’s (reviewed in ref12) in
Src kinases, the study described here, probing the orientation
of Abl SH(32), and a related NMR study (6) definitely
establish that the orientation of SH3 and SH2 domains in
Abl SH(32) is not fixed, and can probably accommodate a
wide range of relative orientations of the binding sites. This
is potentially significant for the role of SH3 and SH2 domains
in processive targeting in active kinases, and in the targeting
of SH(32)-containing adapters. Clearly, the relative orienta-
tion between SH3 and SH2 plays an important role in the
mediation of the activity of tyrosine kinases (12). For
example (at least in the case of Src and Hck), in the inactive
form, the SH3 and SH2 pack at the kinase domain which
plays an inhibition role; while in the active form, SH3 and
SH2 domains presumably move out and interact with other
proteins which may play a role in localizing the kinases to
the proper locations.

Second, the approach described here provides a synthetic
alternative to one part of the “SAR (Structure Activity
Relationship) by NMR” (27) approach by complementing
the step for determining the structure of a ternary complex
[equivalent to that of SH(32) with separate ligands to SH2
and SH3 subdomains]. The relative orientation and distance
between subsites can be probed synthetically, as described
here, and our approach is not limited to the molecular weight
range of the NMR-based approach. Since the screening step
of “SAR by NMR” is likely to be effective for significantly
higher molecular weights than the structure-determining
steps, the addition of topological synthesis of consolidated
ligands may significantly extend the molecular weight range
of strategies for efficiently discovering high-affinity ligands.
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