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Protein–protein complexes remain enticing, but extremely challeng-
ing, targets for small-molecule drug discovery. In a rare example
described earlier, a high-affinity small molecule, SP4206 (Kd � 70 nM),
was found to block binding of the IL-2� receptor (IL-2R�) to IL-2 (Kd �
10 nM). Recently, the structure of the IL-2�IL-2R� complex was solved
[Rickert, M., Wang, X., Boulanger, M. J., Goriatcheva, N., Garcia, K. C.
(2005) Science 308:1477–1480]. Using structural and functional anal-
ysis, we compare how SP4206 mimics the 83-fold larger IL-2R� in
binding IL-2. The binding free energy per contact atom (ligand
efficiency) for SP4206 is about twice that of the receptor because of
a smaller, but overlapping, contact epitope that insinuates into
grooves and cavities not accessed by the receptor. Despite its inde-
pendent design, the small molecule has a similar, but more localized,
charge distribution compared with IL-2R�. Mutational studies show
that SP4206 targets virtually the same critical ‘‘hot-spot’’ residues on
IL-2 that drive binding of IL-2R�. Moreover, a mutation that enhances
binding to the IL-2R� near these hot spots also enhances binding to
SP4206. Although the protein and small molecule do bind the same
hot spot, they trap very different conformations of IL-2 because of its
flexible nature. Our studies suggest that precise structural mimics of
receptors are not required for high-affinity binding of small mole-
cules, and they show that there are multiple solutions to tight binding
at shared and adaptive hot spots.

drug discovery � protein flexibility � protein–protein interactions

Protein–protein interactions are major regulators of cell biology
and important targets in drug discovery. Although antibody

therapeutics have been developed that block protein–protein in-
teractions, no approved small-molecule drugs have yet been pro-
duced for this important target class (1).

Protein–protein interfaces, which are large, flat, and featureless
(2, 3), appear to lack sufficient functionality for small-molecule
binding. However, mutational studies suggest that protein–protein
interactions are driven by a small set of the contact residues, termed
‘‘hot spots,’’ whose footprints are not significantly larger than those
covered by small molecules (4–6). Moreover, there have been
several reports of small molecules that disrupt discontinuous pro-
tein–protein interactions with reasonable potencies (Ki values �1
�M), and their binding sites have been confirmed by high-
resolution structural analysis (7–12).

It is important to functionally dissect and analyze successful cases
in which a small molecule has mimicked a larger protein partner to
comprehend the design principles that transfer from a protein to a
small molecule. Recently, SP4206, a small molecule (Structure 1)
was discovered that binds with high affinity (Kd � 70 nM) to IL-2
(Fig. 1A) and blocks binding to its natural receptor, IL-2R� (8, 9).
SP4206 was assembled from smaller fragments by using a structure-
guided approach with a binding and functional assay (8, 9). Sub-
sequently, the structure of IL-2 bound to the IL-2R� (Kd � 10 nM)
was described (Fig. 1B) (13). This structure showed that the IL-2R�
completely envelops the footprint covered by these small-molecule
competitive inhibitors (Fig. 1C).

In this article, we provide structural and functional analysis to
compare these binding epitopes on IL-2. The small molecule binds

with twice the ligand efficiency (�G per contact atom; refs. 14 and
15) of the receptor because of its smaller size and ability to access
cavities not accessed by the receptor. SP4206 shares a similar but
more localized electrostatic field, and remarkably it targets the
same hot-spot residues that the receptor uses to bind IL-2. How-
ever, the contacts to IL-2 from the receptor and small molecule are
very different, as is the conformation of IL-2 to bind them. Thus,
there are multiple solutions to tight binding at this common and
adaptive hot spot on IL-2. Such adaptive hot spots offer more
opportunities for drug discovery than is revealed from the static
structures of either the individual proteins or their complexes.

Results and Discussion
Structural and Electrostatic Epitopes on IL-2 for Binding Its Receptor
Versus Small Molecule. By inspecting the surface area on IL-2 buried
by the IL-2R� versus SP4206 (Table 1), it is apparent that the
receptor contact epitope completely envelops that covered by the
small molecule (Fig. 1C). The small molecule is fully covered
by the contact epitope from the receptor. This situation is remark-
able, given that the small molecule was constructed by using a
binding and functional assay without prior structural information
for how the receptor bound to IL-2 (7–9).

The receptor covers an area about twice the size of that for the
small molecule (�2,100 versus 1,100 Å2) and utilizes a much larger
number of contact heavy atoms (134 versus 45) (Table 1). Despite
the larger surface area covered, the two molecules bind with similar
binding affinities (�10.9 versus �9.8 kcal�mol for the receptor
versus SP4206, respectively). Thus, the small molecule binds with 2
to 4-fold greater ligand efficiency when calculated either by free
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energy per surface area buried or per contact atom used. A
traditional measure for ligand efficiency (�G binding per contact
heavy atom; refs. 14 and 15) shows that the value for SP4206 (0.22
kcal per heavy atom) falls within the range for binding of small
molecules to traditional enzyme targets (0.17–1.3 kcal per heavy
atom). Moreover, the ligand efficiencies we calculate for other
inhibitors to protein–protein interfaces, such as Bcl-xL (11) and
Mdm2 (12), are fairly close to those of IL-2 at 0.26 and 0.18 kcal per
heavy atom, respectively. Both of these small molecules are more
efficient at binding than the helical structures they mimic, which
have calculated efficiencies of 0.04 and 0.14 for the BAD helix and
p53 helix, respectively. These three examples show that small
molecules can be discovered with greater ligand efficiencies than a
natural protein partner. As a class these protein–protein interface
inhibitors tend to be on the low end of the enzyme inhibitor
efficiency range, but not beyond the range. Moreover, these ligands
may yet be optimized for ligand efficiency.

One of the notable differences between the binding of the small
molecule versus the receptor is a more focused electrostatic
epitope. The electrostatic field produced by the atoms on IL-2R�
that are in contact with IL-2 shows a diffuse, but distinctive,
zwitterionic character (Fig. 2A). There are two similarly sized and
oppositely charged lobes separated by a hydrophobic patch. Re-
markably, the small molecule contains a similar and overlapping
zwitterionic distribution; however, the electrostatic field is much
smaller (Fig. 2B). This difference can be further appreciated by
comparing the complementary zwitterionic epitopes on IL-2 for
binding these two molecules (Fig. 3). The receptor uses a cluster of
three positively charged side chains (R35, R36, and K38) (Fig. 3A)
to interact with five negatively charged side chains on IL-2 (E61,
E62, E68, E106, and D109). At the other end, the receptor uses five
negatively charged side chains (E1, D4, D5 and D6, and E29) to
interact with four positively charged side chains on IL-2 (K35, R38,
K43, and the more distal K32).

In sharp contrast, the small molecule uses just one positive charge
from its guanido group to form a direct salt bridge to E62 on IL-2
(Fig. 3B). At the other end, the small molecule uses the furonic acid
group to interact with a small cluster of positively charged groups

from IL-2 (K35 and R38, and the more distal K32 and K43). It is
notable that there is only one clearly conserved functionality
between the small molecule and receptor; the guanido group from
the small molecule and R36 from the receptor both interact with
E62 on IL-2. Other than this the contact atoms and corresponding
functionalities appear quite different.

Another significant difference between the receptor and the
small molecule is that they bind to considerably different confor-
mations of IL-2. The surface of IL-2 that binds the receptor is
relatively flat (Fig. 3A), as is typical of most protein–protein
complexes (2, 3). In contrast, the small molecule binds to an
S-shaped groove that is not evident in the receptor-bound structure.
One of the most significant differences is the position of F42 in the
center of the IL-2 epitope. It is in an up position to bind the receptor
and a down position to bind the small molecule; the down position
helps create the binding groove. In addition, there is a substantial
reorganization of the loop between residues 31–35 in IL-2 that
produces a binding pocket for the furonic acid moiety of the small
molecule. This loop is flattened out when binding to the receptor.
Thus, the binding conformation of IL-2 for the receptor is sterically
incompatible with binding the small molecule (Fig. 3C). The highly
adaptive binding surface on IL-2 has been previously noted (7, 10,
16) and suggests how IL-2 is capable of binding two radically
different ligands, such as the receptor and the small molecule.

Functional Epitopes on IL-2 for Binding Its Small Molecule Versus
Receptor. To begin to understand the functional features on IL-2
necessary for binding the small molecule, we mutated to alanine
(17) the residues on IL-2 that are known from the x-ray structure
to contact SP4206. The mutated positions were K35, R38, M39,
T41, F42, K43, F44, Y45, E62, P65, V69, and L72. Each variant was
individually cloned, expressed, and purified as described in Mate-
rials and Methods. A competitive ELISA was used to test the affinity
of the alanine variants versus SP4206 or IL-2R� (Fig. 4). F42, Y45,
and E62 were each found to disrupt binding affinity by at least
100-fold (beyond the detection limit of the assay) for both SP4206
and IL-2R�. These data are in agreement with a random mutagen-
esis approach used for murine IL-2, in which mutations at F42, Y45,
and E62 were found to reduce cellular activity (18). None of the
other positions mutated on IL-2 had a significant impact on the
binding affinity of SP4206 (Fig. 4 Left), and of the remaining eight
positions, only F44, K43, and T41 exhibited modest (�10-fold)
disruptions of binding to IL-2R� (Fig. 4 Right). Thus, the side chains
on IL-2 most important for binding are shared for both SP4206 and
IL-2R�. To confirm that the alanine mutations did not grossly
perturb the structure of IL-2, we tested the ability of mutant IL-2
molecules to bind to the IL-2R� subunit, which binds at a distinct
site (19). None of the alanine substitutions caused a significant

Table 1. Calculation of ligand efficiency

Measurement IL-2R� SP4206

Area buried, Å2 2,093 1,083
Ki, nM 10.5 68.8
�G°binding, kcal�mol �10.9 �9.8
�G°�Å2 buried 5.2 � 10�3 9.0 � 10�3

No. of contact atoms 134 45
Ligand efficiency, kcal per contact atom 0.08 0.22

Fig. 1. Contact epitopes for bind-
ing of SP4206 or the IL-2R�. (A)
Binding of SP4206 (stick model)
with its contact surface (orange, all
surface points within 4.5 Å of the
ligand) mapped onto IL-2 (gray). (B)
Structure of IL-2R� (yellow ribbons)
bound to its contact surface (green,
all surface points within 4.5 Å of
IL-2R�) on IL-2 (gray). (C) Binding of
SP4206 (stick model) to the contact
surface on IL-2 made by IL-2R�

(green). The PDB ID codes are 1PY2
for IL-2 bound to SP4206 (10) and
1Z92 for IL-2 bound to IL-2R� (13).
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change in the ability of IL-2 to bind to IL-2R�, suggesting they did
not disrupt the correct fold of the protein (data not shown).

The importance of the three critical residues on IL-2 for binding
the IL-2R� and SP4206 can be further appreciated by the close

packing interactions seen in Fig. 5. As noted above, F42 is pointing
in an up position and well packed in a cavity in the receptor formed
by IL-2R� side chains M25, N27, L42, Y43, and H120 (Fig. 5A
Upper). In the small-molecule structure, F42 is pushed down but
making clear van der Waals interactions with the piperidine moiety
of SP4206 (Fig. 5A Lower). IL-2 E62 takes part in a salt bridge
interaction with R36 of the receptor and the guanido of the SP4206
(Fig. 5B Lower). IL-2 Y45 makes van der Waals interactions with
the aliphatic portions of IL-2R� R35 and R36 (Fig. 5C Upper). As
with IL-2 F42, the conformation of IL-2 Y45 shifts to bind to
SP4206 and both contacts the isobutyl group and forms a wall with
the salt bridge between the guanido moiety on SP4206 and IL-2 E62
(Fig. 5C Lower). Thus, both aromatic side chains on IL-2 are tightly
packed when in complex with the receptor or small molecule yet are
flexible and exist in different conformations depending on the
ligand.

Mutations in IL-2 That Improve Affinity Discovered by Phage Display.
It has been possible to systematically improve affinity for a number
of other natural interfaces by alanine-scanning (17) or protein

Fig. 3. Binding surfaces and electrostatic fields created by IL-2. (A) IL-2R� in
ribbons and sticks with specific residues labeled binding to the surface of IL-2,
which is colored in proportion to the electrostatic field that would be felt by
a test atom in contact with the surface. Blue is positive, white is neutral, and
red is negative, with a dynamic range of �15 to �15 kBT�ec at T � 310 K, and
all potentials are calculated with respect to the dielectric envelope of the fully
solvated complex. (B) SP4206 in sticks binding to IL-2 represented as in A. Note
the more localized electrostatic field presented by IL-2 in the presence of
SP4206. (C) Bound conformation of SP4206 superimposed on the surface of
IL-2 that binds the IL-2R�. Note that in this conformation part of the surface
of IL-2 (shown by the arrow) is incompatible with binding.

Fig. 4. Hot spots from alanine-scanning of IL-2 for binding SP4206 (Left) or
IL-2R� (Right). (Upper) The two ligands (sticks or ribbons) bound to the surface
of IL-2, with residues most critical for binding (F42, Y45, and E62) shown in red
and other contacts shown in blue. (Lower) The degree of disruption in affinity
(expressed as IC50 Ala�IC50 WT) due to each of the dozen alanine substitutions.
Note the similarity of the most critical residues (�100-fold reduction in affin-
ity) indicated by the red bars. Lesser effects are shown in blue bars. See
Materials and Methods for further details.

Fig. 2. Electrostatic fields created by
IL-2R� (A) or SP4206 (B). Interfacial atoms
(within 5.3 Å of any IL-2 atom) for both
binding partners are shown on the left in
stick view. The electrostatic fields created
by the ligands in the complexed struc-
tures are shown on the right. Blue is pos-
itive and red is negative, shown at isopo-
tential levels of 	6 kBT�ec at T � 310 K (ec,
electron charge). Note the more local-
ized electrostatic field presented by the
small molecule.
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display technology (20–23). We wished to determine whether
optimizing the hot spot on IL-2 through mutagenesis for enhanced
binding to IL-2R� would show improved affinity for binding the
small molecule. Given the uncertainties in which mutations would
improve binding, we used a random library-based approach and
monovalent phage display (20). IL-2 was displayed on filamentous
phage particles (see Materials and Methods). The residues around
the binding interface for the compound were randomly mutated
and IL-2 variants were selected by successive rounds of binding to
plates containing immobilized IL-2R�. After six rounds of enrich-
ment, individual clones were sequenced and tested for binding to
both IL-2R� and SP4206. Not surprisingly, the critical residues F42,
Y45, and E62 were fully conserved (data not shown). Several IL-2
variants were found that improved binding affinity for IL-2R� by
2- to 10-fold (Table 2). By deconvoluting the most improved mutant
(V69A�P65A�Q74P) into single mutants, it was clear that most of
the improvement in affinity was derived from the P65A and V69A
substitutions, which were 2- and 5-fold improved, respectively.
Recently, Rao et al. (21) reported using gene-wide PCR mutagen-
esis of IL-2 displayed on yeast to select for enhanced affinity toward
IL-2R�. Interestingly, many of their ‘‘hits’’ corresponded to the
V69A, Q74P, or a combination of both, as observed here. The
V69A improvement was also seen in the alanine-scanning result
(Fig. 4A) and a structural interpretation of the result is offered
below.

Next, we wished to determine how these mutations affected
binding to the small molecule. The receptor improved IL-2 triple
mutant (P65A�V69A�Q74P) no longer bound SP4206 (EC50 � 100
�M, Table 2), showing that it is possible to generate high selectivity
between these binding partners. This capability is not surprising,

given the differences in the details of their binding modes. Two of
the other receptor-improved variants had little impact on SP4206
binding. For example, P65A slightly enhanced affinity for IL-2 and
decreased affinity for SP4206. This result may reflect a biased
conformation for binding IL-2R� versus the small molecule. In-
terestingly, the V69A variant that was 5-fold enhanced for binding
IL-2R� was 7-fold enhanced for binding SP4206 (EC50 � 10 nM).
V69 sits next to the critical F42 and supports its position in the apo
form of IL-2.

To understand how the V69A mutation affected binding of
SP4206, we attempted to crystallize this complex. Unfortunately,
diffraction-quality crystals of SP4206 in complex with V69A could
not be obtained. It was possible, however, to solve the structure of
the complex between SP4160 (Structure 1) and V69A (EC50 � 250
nM) to 2.7-Å resolution (Table 3, which is published as supporting
information on the PNAS web site). SP4160 is identical to SP4206
except it contains a terminal benzyl acylamide group in place of the
carboxyfuran group. The structure of the SP4160 complex with the
V69A mutant reveals several interesting features. First, SP4160
binds in the identical groove as SP4206 except that the loop between
helix 3 and 4 is ‘‘flattened out’’ and resembles the receptor bound
conformation (Fig. 6). Second, the position of F42 is virtually
identical between the two small-molecule-bound conformations.

Fig. 5. Details of contacts be-
tween IL-2 (shown in gray) and ei-
ther IL-2R� (Upper, shown in blue)
or SP4206 (Lower, shown in yellow)
at the three hot-spot residues
found to be critical for binding: F42
(A), E62 (B), or Y45 (C). In A, note
the fully buried nature of F42 in
both complexes despite the differ-
ence in conformation of this resi-
due between the two complexes.
In B, IL-2R� R36 forms a buried salt
bridge with IL-2 E62. This interac-
tion is structurally mimicked by the
guanido group on SP4206. In C, Y45
is fully buried upon binding to IL-
2R� and forms a binding pocket for
both the guanido group and the
isobutyl moiety in SP4206.

Table 2. Effect of enhanced affinity mutations on binding of IL-2
to IL-2R� and SP4206

EC50, nM

Mutant IL-2R� SP4206

WT 10.5 (1) 68.8 (1)
V69A�P65A�Q74P 1.1 (10) �100,000
K35L�M39V 1.9 (5) 80.1 (1)
P65A 5.2 (2) 117.0 (2)
V69A 2.0 (5) 10.4 (7)

The approximate fold improvement in affinity of each variant versus WT
IL-2 for either IL-2R� or SP4206 is shown in parentheses. Each result is the
average of three independent experiments. Experimental details are outlined
in Materials and Methods.

Fig. 6. Structure of SP4160 (green sticks) bound to IL-2. Red and blue
represent oxygen and nitrogen atoms, respectively. The structure of SP4206
from its x-ray coordinates (yellow sticks) is overlaid onto SP4160. Note the close
superposition except in the region of the benzyl acylamide in SP4160 versus
the carboxyfuran in SP4206 on the left. Also, note the absence of the binding
pocket in IL-2 for the carboxyfuran moiety of SP4206 seen in Fig. 3B. The
positions of hot-spot residues (F42, Y45, and E65) are labeled.
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The V69A mutation is smaller and makes it easier for F42 to move
to the down position, where it can then create the groove necessary
to bind SP4206 or SP4160. Thus, the IL-2 binding site can exist in
hybrid conformations in which part of the interface is like SP4206
and the other is like the receptor, suggesting independence between
the loop region and that around F42. We observed similar inde-
pendence between these regions when IL-2 was crystallized with
smaller fragments or precursors to SP4206 (7, 14).

It is notable that the neutral-for-charged substitution in the
SP4160 causes a 30-fold reduction in affinity for IL-2 (IC50 � 2 �M)
relative to SP4206 (IC50 � 70 nM) (9). When we alanine-scanned
the individual basic residues in IL-2 that interacted with the
carboxyfuran group, we saw much more modest effects (Fig. 4).
This difference for altering the basic groups on IL-2 versus the
single negative charge on the compound likely reflects that each
member in this cluster of basic groups incrementally contributes to
affinity and that neither singly is responsible for the interaction.

A possible explanation for the improved affinity of IL-2 V69A for
both SP4206 and the receptor could be that V69 impedes the down
or up movement of F42 that is critical to bind SP4206 or the
receptor, respectively. V69 packs under F42, so one can imagine
that it could hinder the downward movement of F42 needed to form
the small-molecule groove (Fig. 7, which is published as supporting
information on the PNAS web site). Moreover, attractive van der
Waals interactions between F42 and V69 could impede the ability
of F42 to spring up and interact with the IL-2R�. Another possible
explanation is that the V69A mutation destabilizes the free IL-2
relative to the bound complexes. Recently, Kossiakoff and cowork-
ers (24) have shown data that affinity-enhanced variants of human
growth hormone are significantly less stable than the WT hormone,
but equivalently stable when complexed to the receptor. Thus,
destabilizing the unbound form while retaining stability of the
bound form could account for the overall increase in affinity. It is
striking that the same mutation in IL-2 can enhance binding for two
different partners but for apparently different structural reasons.

Conclusions
The fact that the small molecule was designed independent of
knowledge of the structure of the IL-2R complex provides unbiased
comparisons of the basis for binding a big and small molecule.
These data show that small molecules and proteins with very
different structures can bind the same protein interface with
virtually identical functional epitopes. Although the small molecule
and receptor bind the same hot spot on IL-2, these residues provide
different interactions with each of the partners. The small molecule
and receptor bind with very different structural and conformational
epitopes. This difference is afforded by the fact that the binding
interface on IL-2 can exist in multiple conformations. The epitopes
for Bcl-xl and Mdm-2 naturally recognize helical protein partners,
yet the small-molecule ligands for these (11, 12) bear no structural
resemblance to �-helices, and many of the contacts are different. It
has been repeatedly observed when selecting random peptides for
protein hormones and receptors that they tend to be selected for
functional hot spots at these interfaces; moreover, the structures of
the selected peptides bear little resemblance to the structures of the
protein they mimic (refs. 25 and 26, for review see ref. 27). Such
promiscuous binding sites partially reflect the intrinsic flexibility of
the target protein that can accommodate many solutions for tight
binding.

The small molecule SP4206 is 1�83 the size of the receptor and
uses only about one-third the number of contacts to achieve nearly
the same binding affinity as the receptor. The basis for the increased
ligand efficiency for the small molecule may derive from at least
three factors: more highly focused electrostatic interactions, trap-
ping a conformation of IL-2 that provides deeper cavities and thus
increasing surface-to-volume ratio for ligand binding, and better
packing with fewer buried waters at the interface.

These studies begin to address several daunting concerns
about designing small molecules for protein–protein interfaces.
One does not need to precisely graft the structural features of a
large receptor into the small molecule to achieve high affinity.
It is striking that in this case there was only a single group clearly
in common between the small molecule and the receptor (the
guanido functionality). The general but diffuse zwitterionic
character of the receptor was encapsulated in a small molecule.
Adaptive proteins such as IL-2 can create binding grooves that
are not evident in either the apo or receptor-bound conforma-
tion. Thus, one should not assume the interface observed in a
protein–protein complex is all that the small molecule has to
bind. Although the ligand efficiencies for the inhibitors of IL-2
and other protein–protein interactions are on the lower end of
efficiency relative to inhibitors of enzymes, they provide valida-
tion that modest-affinity compounds are possible.

Materials and Methods
Cloning and Expression of IL-2 and Mutants and IL-2R�. WT IL-2 and
alanine mutants were expressed in Escherichia coli (BL21 DE3
pLysS; Invitrogen, Carlsbad, CA) as insoluble inclusion bodies as
described in ref. 7. Constructs corresponding to individual alanine
mutations were designed at positions K35, R38, M39, T41, F42,
K43, F44, Y45, E62, P65, V69, and L72 and made by using the
mutagenesis approach of Kunkel (28). The protein was expressed
in BL21 DE3 pLysS cells by inducing a 1-liter culture (in 2� YT
medium (Fisher Biotech, Fair Lawn, NJ) plus 100 �g�ml carbene-
cillin) at OD600 � 1.0 with isopropyl �-D-thiogalactopyranoside
(200 �g�ml) for 3 h at 37°C. For a 1-liter culture, inclusion bodies
were resuspended in 50 ml of 8 M guanidine hydrochloride, and the
soluble material was then slowly dripped over the course of 120 min
into a buffer containing 1.1 M guanidine, 110 mM Tris, 6.5 mM
cysteamine, and 0.65 mM cystamine, pH 8. This solution was
allowed to equilibrate at room temperature all day and was then
dialyzed overnight into a buffer of 10 mM ammonium acetate, pH
6�25 mM sodium chloride. Insoluble�aggregated material was
removed by centrifugation and discarded. The soluble portion of
the refolded protein was filtered through a 0.22-�m filter (Milli-
pore, Billerica, MA) and then purified by chromatography on an
S-Sepharose (Amersham Pharmacia, Piscataway, NJ) column using
a 25 mM to 1 M NaCl gradient in a buffer of 25 mM ammonium
acetate, pH 7. IL-2R� was prepared as described in ref. 7.

X-Ray Crystallography. Crystals were grown by the vapor diffusion
method using hanging drops on silane-treated glass coverslips
and standard trays from Hampton Research (Aliso Viejo, CA).
An approximate 1.1 molar excess of SP4160 to IL-2 V69A was
used, and the crystals were grown at 10–20 mg�ml IL-2 in
28–31% (vol�vol) PEG 8K�0.1–0.3 M (NH4)2SO4�sodium ca-
codylate, pH 5.9. Before data collection, crystals were trans-
ferred to a reservoir solution supplemented with 20% (vol�vol)
glycerol. Diffraction data were collected at �180°C at beamline
7-1 (Stanford Synchrotron Radiation Laboratory) on a MAR345
(Mar Research, Evanston, IL) detector and processed with
MOSFLM (� � 1.08 Å) (29). The structures were determined by
molecular replacement using AMORE and refined with REF-
MAC5 (29). The protein models were adjusted by using O and
ligand models were constructed in INSIGHT-II (Accelrys,
Waltham, MA).

IL-2�IL-2R� Inhibition Assay. Activity of SP4206 against WT IL-2 and
each IL-2 variant was measured by the inhibition of the IL-2�IL-
2R� interaction as a function of compound concentration in an
ELISA format as described in ref. 9. Approximately 10–20 nM
biotinylated IL-2R� was immobilized in the wells of a streptavidin
(Pierce, Rockford, IL)-coated 96-well plate (Maxisorp; Nunc,
Rochester, NY). Serial dilutions of SP4206 were prepared in
DMSO, added to a solution of IL-2 or IL-2 alanine mutant (2%
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DMSO final) in Superblock (Pierce) with 0.01% Tween 20, and
incubated with the immobilized IL-2R�. Unbound IL-2 was washed
from the plate. Bound IL-2 was measured with 0.65 nM anti-IL-2
antibody labeled with horseradish peroxidase (Pierce) followed by
addition of a colorimetric substrate for horseradish peroxidase
(3,3
,5,5
-tetramethylbenzidine; Pierce). Inhibition was plotted as a
function of compound concentration, and the EC50 was determined
by nonlinear regression with Kaleidagraph (Synergy Software,
Reading, PA).

IL-2 Phage Display. A modified form of the low plasmid copy pMal
vector from New England Biolabs (Ipswich, MA) formed the basis
for construction of the IL-2 phagemid. First, the gene sequence
encoding the M13 phage p8 coat protein was cloned into the SacI
and HindIII restriction sites by PCR, and its correct sequence was
confirmed by DNA sequencing as described in ref. 30. Second, a 5

PCR primer was designed that encodes an NdeI restriction site
containing an ATG start codon site, in frame with DNA encoding
the leader sequence from the heat-stable enterotoxin II (STII) of
E. coli (protein sequence KKNIAFLLASMFVFSIATNAYA) and
IL-2 residues 21–25, was synthesized by Operon Technologies
(Huntsville, AL). A 3
 primer was also designed that encoded the
reverse complement of the C terminus of IL-2 fused in frame with
a SacI restriction site. Using these primers, we generated a PCR
product with IL-2 used as a DNA template for the amplification
reaction. The resulting PCR product was cloned into the NdeI and
SacI sites of the vector, resulting in a construct that encoded the
full-length STII-IL-2-M13p8 fusion protein. The libraries encoded
NNS codons (where N is any base, and S is G or C) corresponding
to the codons at positions K35, R38, M39, T41, F42, K43, F44, Y45,
E62, P65, V69, L72, and Q74. Oligo 1 encoded NNS codons for
K35, R38, M39, T41, and F42. Oligo 2 encoded mutations for F42,
K43, F44, and Y45. Oligo 3 encoded mutations at E62, P65, V69,
L72, and Q74. Mutagenesis was performed by using Kunkel mu-
tagenesis (28) as described in detail in ref. 27. In the generation of
each library, a diversity of approximately �1 � 109 was achieved by

using electrocompetent XL-1 Blue cells (Stratagene, La Jolla, CA).
For the selection, each library of IL-2 displayed phage was allowed
to incubate for 1 hr on IL-2R�-coated plates (as described above)
in PBS supplemented with 0.2% BSA and 0.05% Tween 20.
Unbound phage were washed off with 10 washes of 200 �l PBS�Tris
(pH 8) in each well. Bound IL-2 phage were eluted with 100 �l of
100 mM HCl and transferred to an Eppendorf (Westbury, NY)
tube containing 30 �l of 1 M Tris, pH 8.0. Approximately 50 �l of
the eluted phage solution was then added to 500 �l of actively
growing XL-1 Blue cells (OD600 � 0.8). After six rounds of
selection, individual clones were sequenced and tested for affinity.

Electrostatic and Surface Area Analysis. Electrostatic calculations
were performed by using the Adaptive Poisson Boltzmann Solver
(31) with an interior dielectric constant of 2 and a solvent dielectric
constant of 80. Protein charges were assigned by using the Amber
force field (32), and the small-molecule charges were assigned by
using the Merck Molecular Mechanics Force Field (33). To eluci-
date the electrostatic contribution of the respective binding partners
in the complexed state, all Poisson Boltzmann calculations were
performed by using the full dielectric envelope of the complex.
Electrostatic potentials on molecular surfaces were visualized by
using PyMOL version 0.98 (http:��pymol.sourceforge.net�) in a
manner such that the coloring of the surface corresponds to the
effective potential felt by a probe atom in tangential contact with
that surface. Solvent-accessible surface areas were calculated by
using the PyMOL program using all-atom models of the binding
partners both alone and in complex, using the cocrystal structure
conformations of each partner.
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