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Sensitivity to chirality in proteirligand interactions is of H]z N s\S : s 0
particular interest in molecular recognition and enzyme catalysis. TN A3 NN PLPPLP-NH
That enzymes catalyze reactions involving only one enantiomer M7 o a7 e 54
17

of a chiral substrate is commonly explained by the inherent
chirality of proteinsi=3 However, an apparent lack of ste- [Mn20] [Mn1]
reospecificity has also been observed in biochemical studies offigure 1. Ligands NL2 and NL2R. Mnl, Mn18, and Mn20 are
protein-ligand binding*® For example, calmodulin is able to synthetic monomers. _The numbering of the h_eavy atc_Jms and the
bind two enantiomeric peptides with comparable affifitfhe corre;pondlng protons in Mn1, 'Mn18_, e_md Mn20 is used in the t7ext to
structural details of how a protein receptor can recognize ligands describe the structures. The dissociation constafst¢ Src SH3
having mirror image relationship are scarce. were measured by a fluorescence perturbation assay at pH 7.4.

Two ligands relevant to this issue that bind SH3 protein ) ) o .
domains were recently discovered using split-pool synthesis andcomplex® was determined using multidimensional NMR and
an affinity selection assdy.Although they contain key SH3-  compared to that of the SHNL2 complex.
binding elements with a mirror image relationship that bind to ~ Although the unbound forms of NL2 and NL2R have highly
the same pocket in the protein, these ligands bind the Src SH3similar 1D NMR spectra (Figure 2A), the two SH3-bound
domain with similar affinity. Multidimensional NMR has now ligands have very different 2EC-filtered TOCSY spectra for
been used to uncover the structural basis for this result. A the respective aromatic protons on Mn18 and Mn20 (the TOCSY
comparison of the structures of two synthetic ligands, NL2 and Spectra were acquired using samples consisting of a 1:1 ratio
NL2R (Figure 1), complexed to enantiomerically pure Src SH3 ©f the uniformly*3C-labeled SH3 protein and unlabeled ligand)
reveals that a subsite on the binding surface maintains key (Figure 2B). The binding site serves as a chiral shift reagent,
intermolecular contacts with the mirror image elements. The dispersing otherwise degenerate resonances. The spectra indi-
results illustrate a mechanism through which a protein receptor cate that racemization did not occur during synthesis.
interacts with binding elements having opposite chirality.  The structures reveal how the same receptor binds two mirror
Similar topographical surfaces of the chiral ligands coupled with image elements. Upon complexation, the common peptidic
a hydrophobic binding site lacking directional hydrogen bonds PLPPLP fragments of the two ligands adopt essentially the same
or charge-charge interactions appear to be important features polyproline type Il (PPII) helix conformation as expected from
of a receptorligand system having minimal sensitivity to  studies of other Src SH3 ligands (Figure A} 13 Mn1 serves
chirality. as a bridging element linking the PPII helix to the “monomer”

The NMR structure of the Src SHNL2 (Ac-Mn18-Mn1- residing in the pocket between the n-Src and RT loops. NL2
PLPPLP-NH; P = Pro, L= Leu) complex has been reportéd. and NL2R differ from each other by the chirality of thgC
Since Mn18 is a chiral monomer, its enantiomer Mn20, which stereocenters of Mn18 and Mn20 (Figure 1). In the two
was not used in the original library synthesis, was synthe%fzed structures, opposite faces of the tetrahydroisoquinoline group
in order to investigate the effect of inverting the stereochemistry pack against Thr96 and Thr98 in the RT loop as a result of the
on binding. The corresponding diastereomeric compound Ac- opposite stereochemistry, but the bound conformations of the
Mn20-Mn1-PLPPLP-NH (NL2R) was found to bind the Src  two enantiomeric moieties are remarkably similar (Figure 3B).
SH3 domain with affinity comparable to that of NL2 (NLRg NL2 and NL2R can be interconverted mentally by disconnecting
= 11 uM; NL2R, K4 = 5.4 uM; Figure 1)/ Both Mn18 and the Ni;—Cj0 and Gs—Cip bonds in one monomer, flipping the
Mn20 are crucial for high affinity binding to the Src SH3 domain disubstituted phenyl ring by 18pand rejoining the bonds to
as evidenced by the weak affinities of the two truncation ligands. form the enantiomeric monomer. Flipping of the tetrahydroiso-
The ligand Ac-Mn1-PLPPLP-Nkhas aKqy of 220uM to Src quinoline rings is accompanied by a EF8fotation of the
SH3, and th&q for Ac-PLPPLP-NH is larger than 1 mM (the  thiazolyl groups along thed=-Cyo bond, thereby preserving the
binding was too weak to be measured accurately using Ng—Cg—Cio—Nj1; dihedral angle in the two complexes. For
fluorescence perturbati®pn The structure of the SH3NL2R
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Figure 2. (A) Comparison of the 1D NMR spectra of free NL2 and
NL2R in a DO buffer. (B) Overlay of the 23°C-filtered TOCSY
spectra of NL2-SH3 (red) and NL2R-SH3 (black) complexes. All cross Thr 96
peak signals shown in the 2D NMR spectra are from the SH3-bound
ligands; the signals from tHé€C-labeled SH3 have been purged through H1g : £.85/6.89 ppm His: 5.31/5.16 pom
isotope filtering%svlg H1g: 5.51/5.76 ppm H1g: 6.99/7.00 ppm
Mn18, the isopropyl substituent on the thiazole has weak NOE Figure 3. (A) Structure of NL2R at the binding site (average minimized
contacts with an ji of Trp118 in the Src SH3 protein. In structure). The gtrace of the SH3 domain is shown as a red worm.
contrast, the isopropyl group of the thiazole in Mn20 points The SH3 residues are labeled yellow, and the ligand residues are white.
toward s’olvent and has no NOEs to the receptor. Instead the(B) Schematic representation of the bound conformations of Mn18 in
Mn20 isopropyl has NOEs to the nearby hydrogens attached tothe ligand NL2 and Mn20 in NL2R. The two sets of resonances
Cs on the following monomer Mn1 correspond to thérangcis rotamers of the Ac-amide. The chemical

6 : hifts of d Hgin Mn18 ble th f d Hgin Mn20

The structures reveal that the overall “L-shape” geometry of > o His and HoIn Mn18 resemble those ofisland Ho in Mn20,

. A . S . Lo respectively, as they reside in similar chemical environment on the
Mn18 is maintained in Mn20 upon binding, allowing the binding eceptor surface. Also shown are binding site residues Thr96 and Throg

interactions occurring in one complex to be preserved in the i, ihe RT loop as well as Trp118. Carbon is black/gray, hydrogen is
other. Comparing resonances for the Mn18 and Mn20 aromatic yijte, oxygen is red, nitrogen is blue, and sulfur is yellow.

protons shows that {din Mn18 and Hg in Mn20 have similar
chemical shifts, as do din Mn18 and Hg in Mn20 (Figure
3B). ThelH-13C HMQC spectra of thé3C-labeled SH3 in the
two complexes are almost identical, suggesting that the two
ligands cause the same resonance perturbations at the bindin
site. These chemical shift data faithfully represent the relative
chemical environment in which the corresponding nuclei reside
in the two complexes and are in accord with the structures
defined by intermolecular NOEs.
The conservation of the key interactions in binding explains

Thr 98

mirror image binding elements. As a result of their unique
cyclic features, monomers Mn18 and Mn20 can adopt confor-
mations that present overall similar molecular surfaces contact-
ing the SH3 domain. The binding is largely mediated by van
Yer Waals and hydrophobic contacts involving primarily side
chain packing and lacks the geometrically precise registers such
as chargecharge and hydrogen-bonding interactions. These
latter forces often play a prominent role in the highly stereospe-
cific enzyme-substrate recognition observed in enzyme active

e ; sites, where an intricate catalytic machinery requires accurate
the similar Ky data for the two complexes. The accessible y v 'ed

surface areas on the SH3 domain buried by NL2 and NL2R are alignment with the substrate in order to achieve catalysis.
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