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The disruption of proteirprotein interactions represents one
of the most challenging target classes for small-molecule drug
discovery! The difficulty is due in part to the nature of protein
interfaces, which are often flat and quite large (126000 £2).2

functional determinant used by the receptor for specificity toward
IL-2.

Hot spots have the characteristics of being accessible, hydro-
phobic, and adaptivéWhile proteins are dynamic molecules, little

However, despite the vast size of these interfaces, the bindingis known about their adaptivity because crystal structures often only

energy of the interaction is not evenly dispersed throughout

provide a snhapshot of a particular protein conformation. We

each surface. Rather, hot spots exist, which are much smaller subsetsbserved a high level of plasticity in the hot spot of IL-2 and

of the interface, and represent energetic focal points of the
interaction.

Small peptides isolated from va& phage libraries often bind
at hot spots, suggesting that small molecules could be found
to inhibit this target class. However, like phage display, large
libraries must be surveyed to search the chemical diversity
needed to discover novel leads. Small-molecule fragment
assembly methods such as tethetioffer a possibility because
tens of millions of potential fragment combinations can be
screened.

Tethering was used to enhance the affinity of low micromolar
lead compound4 and 2 for IL-2. A furanoic acid fragment was
merged withl to make3, which has an Ig = 60 nM for IL-2,
corresponding to a 50-fold improvement in affinftff.o determine
the structural basis for the enhanced affinigye crystallized IL-2
in the presence of each molecule. Diffraction-quality crystals were
isolated with IL-2 in the presence of eithzor 3, and the structures
were refined to a resolution of 2.6 and 2.8 A, respectively
(Supporting Information Table 1 andKg — F.) electron density
map).
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These compounds bind to a portion of IL-2 corresponding to
the hot spot for IL-2R.6 The structures solved here were compared
with an apo form of IL-2 (Figure 1A) and a complex of IL-2 with
a tethering “hit” (IGo > 1 mM, Figure 1B). Each of the compounds
is anchored to IL-2 via a buried polar interaction between a guanido
group and the carboxylate side chain of Glu 62 (Figure-DB.
Interestingly, this residue is a critical hot spot position for IL-2
binding to IL-2Rx.® Thus these inhibitors appear to mimic a
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captured the protein in multiple forms.

Along with Glu 62, Phe 42 is a hot spot position previously
shown to be critical for IL-2R binding® We noticed two
different conformations of this residue in our structures. In
the apo form and in the tethered structure, Phe 42 is in an
“up” position (Figure 1A-B). However, in the complexes of
IL-2 with both 2 and 3, Phe 42 is in a “down” conformation
and Leu 72 is shifted out. This conformational change opens
up a greasy binding site for the dichlorophenyl moiety that
is not observed in either the apo form or the tether bound
form. Because the binding modes of either compound are incom-
patible with the IL-2 apo form, Phe 42 and Leu 72 appear to be
gatekeeper residues, with a conformational shift necessary for
binding to occur.

In addition to these movements, a striking conformational
change was observed in the hot spot of IL-2. Tyr 31 is found
in two distinct conformations, 14 A apart. The first form is a
solvent-exposed position with the tyrosyl side chain pointing out
from the protein (Figure 1C). Tyr 31 is in a buried position in the
second form, with the tyrosyl side chain pointing into the core of
the protein (Figure 1D). In the structure ®fwith IL-2, each form
is seen in the asymmetric unit. However, the binding site for the
added furanoic acid i is only available when Tyr 31 is in the
buried conformation. In this form, helix'As elongated from one
turn to two full turns (residues 3442). The added helical turn
organizes the bhinding pocket for the furanoic acid, which is
positioned in a greasy yet charged pocket between Pro 34 and two
positively charged residues, Lys 35 and Arg 38. Thus, while the
binding of 2 is compatible with either conformation of Tyr 31, the
binding of 3 is strictly limited to IL-2 with Tyr 31 in the buried
conformation.

It is tempting to speculate that the binding mode of IL-2
observed in complex with3 is the preferred conformation
of IL-2 for its natural ligand, IL-2R, which has only 6-fold
greater affinity for IL-2, despite the vast disparity in size. This
binding mode creates an elongated and unobstructed groove
from Pro 34 to Glu 62, which elaborates the hot spot of IL-2
by increasing the accessibility and solvent-exposed hydro-
phobicity of the site. Conformations of IL-2 similar to those seen
here have been reported elsewhénewever, the elongated groove
is only visible when IL-2 is complexed witB. Furthermore, the
binding of 3 is incompatible with the binding mode of IL-2 seen
in complex with2 (Figure 1C), suggesting that the form of IL-2
observed when bound ®is better suited for high-affinity ligand
binding.
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Figure 1. Comparison of four IL-2 crystal structures. (A) An unliganded form of IL-2. F42 is in the “up” position, and no binding site for the small
molecule is observed. (B) A complex with a guanido-containing tethering hit. F42 is also in the “up” position. (C) Stru@QusétoiL-2 F42 is in the

“down” position, and L72 is shifted out of the way to accommodate the dichlorophenyl moi@ty¥81 is in the solvent-exposed form. (D) Structure of

3 with IL-2. F42 is in the down position, L72 is shifted, and Y31 is buried into the core of the protein. A binding pocket is created for the furanoic acid
between P34, K35, and R38. The bindingBafreates an elongated groove which stretches from P34 to Ef2.cation interaction between the dicholoroaryl

moiety of 3 and R38 could facilitate binding of the compound. Figures were made with Pymol (http://pymol.sourceforge.net). The PDB accession numbers
are 1PW6 for/IL-2 and 1PY2 for3/IL-2 and are available at www.pdb.org.

IL-2 is a dynamic molecule which binds this class of inhibitors References

like a zipper, with the conformation of the protein changing as (1) (a) Toogood, P. LJ. Med. Chem2002 45, 1-16. (b) Cochran, A. G.
necessary to hind each novel functionality added to the compound %‘g? 8?"1‘2(3:23'1“2‘5%'_0'2001 5, 654-659. (c) Stites, W. EChem. Re.

(Figure 1A-D, and two movies published as Supporting Informa-  (2) (a) Clackson, T.; Wells, J. ASciencel995 267, 383-6. (b) Janin, J;
Chothia, C.J. Biol. Chem199Q 27, 16027-30.

tion). B!ndlng-sne .rl'gldlty is often thought tp p!ay a role in (3) (a) Delano, W. L.: Ultsch, M. H.; de Vos, A. M.; Wells, J. Science
developing high-affinity compounds. However, in this case, specific %g80154§a( 1)2&9—8:?._(% B%g_an_, ,;. Ag T_horn(5 K.SS]. Molll._ B'\i/lol. é998. _
: . —9. (c) Niccolai, N.; Ciutti, A.; Spiga, O.; Scarselli, M.; Bernini,
_contacts betw_egn small m(_)legule a_md protein are made, despite the A Bracéi, L.; Di Maro, D.; Daivit, C.. Molinari, H.; Esposito, G..
inherent plasticity of the binding site. Temussi, PAJ. Biol. Chem2001, 45, 42455-61.
A : ; f (4) Erlanson, D. A,; Braisted, A. C.; Raphael, D. R.; Randal, M.; Stroud, R.
Struc_:ture guided, ratlc_)ngl _drug design relies on cr){stal structur(_es M. Gordon, E. M.: Wells. J. AProc. Natl. Acad. Sci. U.S.£2000 97,
to provide a path for optimizing lead compounds. This approach is 9367-72.
P ; f . _Aafi (5) Braisted, A. C.; Oslob, J. D.; Delano, W. L.; Hyde, J.; McDowell, R. S;
suitable in the case of most enzymes, which have rigid, well-defined Waal, N: Yu. C.: Arkin. M_ R.: Raimundo. B. GJ. Am. Chem. ‘Soc.

pockets and often have added structural data from substrate 2003 125 3714-15.

; i ; 9 it ; (6) (a) Zurawski, S. M.; Vega, F.; Doyle, E. L.; Huyghe, B.; Flaherty, K.;
complexes. Given the adaptivity opserved in IL-2, it is unlikely McKay, D. B Zurawski. GEMBO J.1993 12, 5113-9. (b) Wang, 7 -
that3 could have been found by rational design. Therefore, when Zheng, Z.; Sun, L.; Liu, XEur. J. Immunol.1995 25, 1212-16. (c)

: _ i Mott, H. R.; Baines, B. S.; Hall, R. M.; Cooke, R. M.; Driscoll, P. C;
targeting hot spot.s, fragment as;embly methods offer thg stochastlc Weir, M. P.: Campbell. I. DJ. Mol. Biol 1995 247, 976-994.
advantage of finding fragments in highly adaptable protein regions (7) (a) Bazan, J. FSciencel992 257, 410-13. (b) Arkin, M. R.; Randal,

M.; DeLano, W. L.; Hyde, J.; Luong, T. N.; Oslob, J. D.; Raphael, D. R.;

where structural Changes are unprEdICtable' Taylor L.; Wang, J.; McDowell, R. S.; Wells, J. A.; Braisted, A.R¥oc.
_ ) . o Natl. Acad. Sci. U.S.£2003 100, 1603-8. (c) Hyde, J.; Braisted, A. C;
Supporting Information Available: X-ray crystallography statistics Randal, M.; Arkin, M. R.Biochemistry2003 42, 6475-83. (d) Thanos,
(PDF) and two movies (AVI). This material is available free of charge C. D. 2003. Manuscript in preparation.
via the Internet at http://pubs.acs.org. JA0382617

J. AM. CHEM. SOC. = VOL. 125, NO. 50, 2003 15281



