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ABSTRACT: The cytokine hormone interleukin-2 (IL-2) contains a highly adaptive region that binds small,
druglike molecules. The binding properties of this adaptive region have been explored using a “tethering”
method that relies on the formation of a disulfide bond between the protein and small-molecule ligands.
Using tethering, surface plasmon resonance (SPR), and X-ray crystallography, we have discovered that
the IL-2 adaptive region contains at least two cooperative binding sites where the binding of a first ligand
to one site promotes or antagonizes the binding of a second ligand to the second site. Cooperative energies
of interaction of-2 kcal/mol are observed. The observation that the adaptive region contains two adjacent
sites may lead to the development of tight-binding antagonists of a protein-protein interaction. Cooperative
ligand binding in the adaptive region of IL-2 underscores the importance of protein dynamics in molecular
recognition. The tethering approach provides a novel and general strategy for discovering such cooperative
binding interactions in specific, flexible regions of protein structure.

There is a growing appreciation in drug-discovery research
that proteins are dynamic systems (1-3). Computational
studies have indicated that many ligand-binding sites include
a dynamic region of structure that becomes organized upon
ligand binding (1). Similarly, in several cases of active site
and allosteric site binding, the structures of protein-inhibitor
complexes reveal a protein surface not observed in the
unbound state (see, for example, refs4-10). The binding
“hot spots” at protein-protein interfaces have also been
shown to contain regions of flexibility, with proteins binding
to multiple protein or peptide partners through structural
adaptation (11-13). The discovery of small-molecule an-
tagonists for protein-protein systems has been especially
challenging (for recent reviews, see refs14-19). New
methods that are able to take advantage of protein adaptivity
would therefore provide avenues for discovering drugs
toward a number of different target classes.

Fragment assembly strategies have been shown to be rapid
methods for identifying small-molecule leads (20-23). With
this approach, weakly binding fragments (MW< 200 Da)
are discovered and then linked in a second step to create a
druglike ligand. Fragment assembly thus allows one to
undertake a broad search of chemical space without having
to make a large number of compounds. Two important
challenges of fragment assembly are identifying weakly
binding fragments and determining how to link these
fragments productively. Productive linking implies that the
free energy of binding for the linked molecule is ap-
proximately the sum of the free energies of binding for the
fragments themselves. However, fragment discovery methods
that can identify cooperatively binding molecules would be
preferred, since cooperativity offers the opportunity to further
augment the affinity of the linked compound (24).

We have used a fragment discovery method called
tethering (Figure 1) to screen for small-molecule ligands that
bind in an adaptive region of protein structure. Tethering
addresses the issue of identifying weak binders by capturing
fragments at specific sites in a protein with a covalent bond
(22, 23). The target protein is engineered to contain a single,
reactive cysteine residue near a binding site. This protein is
then probed with a library of disulfide-containing fragments
under conditions that facilitate thiol-disulfide exchange.
After equilibrium has been reached, the reaction mixture is
analyzed by mass spectrometry, and compounds that both
bind to the protein and form a disulfide bond with the
cysteine residue are identified. The site-directed nature of
the tethering approach makes it well-suited to searching for
new ligand-binding sites in the adaptive region of proteins.
Here, we extend the method to focus on ligands that bind
cooperatively to such regions.
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FIGURE 1: Tethering experiment. A protein is engineered to contain
a single cysteine residue near a target site for small-molecule
binding (left). The protein is then interrogated with a library of
disulfide-containing fragments under conditions that facilitate thiol-
disulfide exchange. Compounds that both bind the protein and form
a disulfide bond are selected (center). Finally, the disulfide is
removed from the fragment, and the fragment is characterized for
noncovalent binding to the wild-type protein (right).
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Recent work with the T-cell cytokine interleukin-2 (IL-2)
suggests that small, nonpeptidyl molecules can target the
dynamic regions at a protein-protein interface. IL-2, which
stimulates the proliferation of activated T-cells by signaling
through the trimeric IL-2 receptor [IL-2R (25)], is a well-
validated drug target for immunological disease (26-29).
Structural studies of IL-2 have shown that the binding
interface for theR-chain of IL-2R (IL-2RR) (30-33) contains
both rigid and flexible portions of protein structure (34).
Small, organic molecules that bind to IL-2 at the IL-2RR
site take advantage of this flexibility, revealing a binding
site conformation not observed in the X-ray structures of
unliganded IL-2. Compound1, discovered at Hoffman-
LaRoche (Chart 1) (35), was the first small-molecule
inhibitor of IL-2 to be characterized by X-ray crystallography
[Figure 2 (34)]. The dynamic region of IL-2 revealed by this
structure includes the hydrophobic portion of the binding
site, characterized by surface residues F42, R38, and L72,
and extends through the two loops (amino acids 30-33 and
73-81) adjacent to the binding site of1. The observations
that organic molecules preferentially bind to the adaptive
region of IL-2 and that compound1 does not fill the adaptive
area led us to consider whether there are additional binding
sites for small molecules within the hydrophobic, flexible
region of IL-2.

We screened for additional binding interactions outside
the binding site of1 by tethering in the presence of a
saturating concentration of compound1. We expected that
1 would block the known binding site and also alter the
structure of IL-2 relative to its unbound conformations. We
find that compound1 has a dramatic effect on the selection
of fragments by tethering. The tethering of some fragments
was synergistic with the binding of1, and we set out to
understand the mechanism and energetics of this cooperat-
ivity. The data indicate that cobinding of1 increases the
affinity of fragments by as much as-2 kcal/mol. These
results highlight the importance of protein adaptability in
molecular recognition. Tethering in the presence of known
ligands provides a novel approach for discovering new
binding sites and for characterizing their small-molecule
binding properties.

EXPERIMENTAL PROCEDURES

Preparation of Proteins and Compounds. IL-2 and mutants
were prepared as described previously (34). Synthesis of the
disulfide library has been described previously (22). Selected
hits were also prepared as nonexchangeable capped analogues
by converting the same functional group used to install the
disulfide linker (either an amine or a carboxylic acid) to a
neutral amide linker through condensation with either
3-methoxypropionic acid or 2-methoxyethylamine.

Primary Tether Screening. A single, purified IL-2 cysteine
mutant (N30C, Y31C, or N33C) (34) at 10µM in 100 mM
HEPES buffer (pH 7.4) was combined with 4 mMâME and
2 mM total disulfide-containing compounds (10 compounds

at 200µM each) at a final DMSO concentration of 2%. Each
mixture was tested in the presence and absence of 50µM 1.
Mixtures were allowed to come to equilibrium (2-8 h) at
room temperature and then were analyzed by liquid chro-
matography-mass spectrometry (LC-MS) as previously
described (34). Compounds which modified the cysteine
mutant of IL-2 by more than 30% were retested as single
compounds.

Compound Titrations.The concentration of a disulfide-
containing fragment required for labeling an IL-2 cysteine
mutant by 50% (50% dose-response value, DR50) was
determined by monitoring the percentage of the fragment-
protein conjugate as a function of compound concentration.
Dose-response titrations were performed with 10µM IL-2
mutant, 4 mM âME, and seven concentrations of the
fragment disulfide (from 62µM to 4 mM) at room temper-
ature. Two types of titrations were compared. First, fragment
disulfides were added to a single mutant of IL-2 (Y31C or
N33C) in the absence of1. Second, fragment disulfides were
added to these mutants in the presence of 50µM compound
1. Mixtures were allowed to come to equilibrium (2-8 h)
at room temperature and then were analyzed by LC-MS as
previously described (34). Data were plotted (Kaleidagraph,
Synergy Software) and fit by nonlinear regression to obtain
the DR50.

Titrations with Y31C/K43C-IL-2.Two types of dose-
response titrations were performed with a double mutant
(Y31C/K43C). In the first type of titration, fragment disul-
fides (62-4000 µM) were added to the double mutant of
IL-2 (1 µM) in the presence of 4 mMâME and a variant of
1 (5 µM) containing a disulfide (1t). In the second type of
experiment, titrations were performed by adding1t in the
presence and absence of tethering fragments. Seven concen-
trations of1t (from 700 nM to 500µM) were mixed with 1
µM Y31C/K43C, 1 mM fragment disulfide, and 4 mMâME,
in a buffer of 100 mM HEPES (pH 7.4).

Chart 1: Structure of Compound1

FIGURE 2: X-ray crystal structure of compound1 bound to IL-2
(PDB entry 1M48). IL-2 is shown as a ribbon, with residues
discussed in the text shown in stick representation. The adaptive
region of the compound1 binding site (see the text) includes
residues R38, F42, and L72 and extends through the two loops
(light blue and yellow) adjacent to these residues. The loop
connecting residues 78-83 is not observed in the electron density
and is denoted with dots in the ribbon diagram. Residues used for
tethering experiments (N30, Y31, N33, and K43) are also shown.
Carbon atoms are colored gray or light blue, nitrogen atoms blue,
oxygen atoms red, and sulfur atoms yellow. Structures were
rendered in Pymol (DeLano Scientific, San Carlos, CA).
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Because a low concentration of IL-2 was used, the double
mutant titrations were analyzed with an LC-MS system
more sensitive than that used previously. These experiments
utilized an HP 1100 chromatography system (Agilent, Palo
Alto, CA), an HTS PAL autosampler (LEAP Technology,
Carrboro, NC), and a hybrid quadrupole time-of-flight
QSTAR Pulsar I mass spectrometer (PE Sciex Instruments,
Toronto, ON) outfitted with a MicroIonSpray electrospray
ionization source. Chromatography was conducted on a
Phenomenex Jupiter C5 column (50 mm× 2.0 mm) with a
gradient from 10 to 90% acetonitrile in water containing 1%
formic acid over the course of 1.9 min. Chromatography was
performed at a flow rate of 750µL/min, and a small amount
of eluate was then passed into the mass spectrometer at a
rate of 25µL/min. Mass spectrometry was performed in
positive ion mode, scanning the range ofm/z 900-2000.
Settings were controlled by the Analyst computer software
package (PE Sciex Instruments).

Surface Plasmon Resonance.Wild-type IL-2 and K43C-
IL-2 modified with 1t were immobilized on a CM5 chip
(Biacore, Uppsala, Sweden) using standard amine coupling.
Between 4000 and 8000 RU of IL-2 was immobilized; 4000
RU of protein tyrosine phosphatase (PTP-1B) was im-
mobilized on the same chip as a control for nonspecific
binding. No nonspecific binding was detected for1 or for
any of the fragments that were tested. Eight concentrations
of compound (from 4 to 500µM) in phosphate-buffered
saline (PBS) with 0.05% azide and 1% DMSO were passed
over the IL-2/PTP-1B-labeled chip at a rate of 40µL/min at
25 °C. The stoichiometry of binding was estimated with the
equation

where MW is the molecular mass. The dissociation constant
(Kd,SPR) for each compound was determined by plotting the
RU at the plateau of the binding curve versus the compound
concentration; data were fit by nonlinear regression.Kd,SPR

values were determined in the presence and absence of 50
µM 1 in the sample buffer.

X-ray Crystallography.The carboline fragment (7t) was
tethered to the Y31C mutant of IL-2 by the following
procedure. Y31C-IL-2 was expressed and refolded; under
the refolding conditions, Y31C was found to be a mixed
disulfide with cystamine. The Y31C residue was reduced
by treating 0.5 mg of Y31C-IL-2 with 10 mMâME for 4 h
at room temperature.âME was removed by desalting (NAP5,
Pharmacia, Uppsala, Sweden), and the protein solution was
concentrated to 100µM protein using an Ultrafree centrifu-
gation filter (Millipore, Bedford, MA). Then 500µM 7t, 100
µM âME, and 100µM compound1 were incubated with
the protein overnight at 4°C. The fragment-protein
conjugate was then separated fromâME and1 by desalting
(NAP5, Pharmacia). Monitoring by LC-MS (34) showed
that 100% of Y31C-IL-2 was labeled with compound7t.

Crystals were grown by standard hanging-drop vapor
diffusion methods from a reservoir of 30% PEG 8K and 0.2
M (NH4)2SO4. Prior to data collection, crystals were trans-
ferred to a reservoir solution supplemented with 20%
glycerol. Diffraction data were collected at-180 °C using
an R-AXIS-IV (Rigaku) detector mounted on an RU-3R
generator and processed with D*TREK (36) (Table 1). The

structures were determined by molecular replacement using
AMORE (37) and refined with REFMAC5 (37). The protein
models were adjusted using O (38) and ligand models con-
structed in INSIGHT-II (Molecular Simulations, Waltham,
MA). Solvent molecules were placed automatically using
ARP•WATERS (37), and refinement continued until no
interpretable features remained inFo - Fc difference maps.
The final model is summarized in Table 1.

RESULTS AND DISCUSSION

Tethering in the AdaptiVe Region of IL-2. Analysis of the
costructure of1 and IL-2 (Figure 2) suggested that residues
N30, Y31, and N33 would be well-suited to accessing the
adaptive region adjacent to the binding site of compound1.
Previous studies had shown that cysteine mutations at these
sites had no effect on the overall conformation or activity
of IL-2, and furthermore showed that these residues select
large numbers of fragments from our in-house fragment
disulfide library (34). The cysteine mutants were screened
against the most active subset of this library at 4 mMâME
in both the absence and presence of a saturating concentration
of 1. Table 2 describes the results from screening at a single
concentration of the disulfide library. In all, approximately
7000 compound/protein pairs were screened, and 132 frag-
ments labeled the IL-2 mutants by at least 30% under one
of the screening conditions. Of these selected compounds,
31 fragments were unaffected by the binding of1, 57
fragments showed at least 2-fold decreases in the level of
protein conjugation, and 44 fragments showed at least 2-fold
increases in the level of protein conjugation in the presence
of 1. In fact, the effect of1 was usually more dramatic; 95%
of inhibited compounds showed decreases of more than
4-fold, and 68% of augmented compounds showed increases
of more than 4-fold. An example of an augmented compound
is shown in Figure 3. These results demonstrate that the
selection of specific fragments is tightly coupled to the
presence of1.

Quantification of Tethering CooperatiVity. The binding
augmentation observed in the initial tethering screen was

stoichiometry) (RUligand/MWligand)(MWprotein/RUprotein)

Table 1: Crystallographic Data

space group P21212
cell dimensions (Å) a ) 49.16

b ) 85.35
c ) 31.71

no. of molecules per asymmetric unit 1
resolution (Å) 10-2.2
no. of unique reflections 7042
completenessa (%) 98.2 (96.9)
Rsym(I)b (%) 6.9 (25.3)
I/σ 17.5 (5.5)
Rcryst

c (%) 22.8
Rfree

d (%) 27.7 (342)
averageB factor (Å2)

protein 29.9
solvent 37.2
ligand 40.5

a Values in parentheses are for the highest-resolution bin.b Rsym(I)
) ∑hkl|Ihkl - 〈Ihkl〉|/∑hklIhkl, whereIhkl is the intensity of reflectionhkl.
c Rcryst ) ∑hkl||Fobs| - |Fcalc||/|Fobs|, whereFobsandFcalc are the observed
and calculated structure factors, respectively, for the data used in
refinement.d Rfree ) ∑hkl||Fobs| - |Fcalc||/|Fobs|, whereFobsandFcalc are
the observed and calculated structure factors, respectively, for data
omitted from refinement (number of included reflections in parentheses).
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striking, and we therefore focused our effort on understanding
the mechanism of the observed cooperativity between
fragments and compound1. Compounds chosen for further
analysis are shown in Figure 4. These fragments were
characterized by a dose-response curve in which the
percentage of the protein-fragment conjugate is plotted as
a function of the fragment concentration (sample data shown
in Figure 5). The dose-response curve yields a DR50, the
concentration of the compound at which 50% of the protein
is in the conjugated form at 4 mMâME. The DR50 is an
apparent dissociation constant, and includes contributions
from thiol-disulfide equilibria as well as noncovalent
interactions between the compound and protein. Analogous
to a dissociation constant, a small value for DR50 denotes a
strong tether conjugate.

The results of dose-response data are shown in Table 3,
where the designation “t” indicates that the fragment is
functionalized with a disulfide for tethering. In each case,

compounds identified as being cooperative with1 in the
primary screen show decreased DR50 values when measured
in the presence of1 compared to the DR50 values measured
without 1 present. Analogously, the inhibited compound
yields an increased DR50 value when1 is present.

The effects of bound compound1 on both the augmenta-
tion and inhibition of tethered compounds are impressive.
For example, tethering of compound6t to the Y31C mutant
of IL-2 (Y31C-IL-2) is 30-fold more efficient in the presence
of 1 than in its absence (DR50 ) 90 and 3000µM with 1
and without1, respectively). Similarly, compound8t tethers
to Y31C-IL-2 with moderate efficiency in the absence of1,
but is completely inhibited in the presence of1 (DR50 >
4000 µM with 1 and DR50 ) 750 µM without 1). Dose-
response assays consistently support the screening data and
demonstrate that there can be large differences in the apparent
binding of tethering hits depending on whether compound1
is also bound.

Dose-Response CurVes with the Double Mutant.To
further characterize cooperative binding, we prepared a
tethering experiment in which both compound1 and a
fragment could be simultaneously tethered to IL-2. This
experiment had two goals. First, it was important to evaluate
if the apparent cooperativity between1 and a tethered
fragment resulted from simultaneous binding of both mol-
ecules. Second, we wanted to determine whether the observed
cooperativity was reciprocal, i.e., whether compound1
exhibited altered binding in the presence of fragments. These
two goals are readily accomplished using a form of1 that
can be tethered to IL-2, because binding to IL-2 can then be
directly assessed by mass spectrometry.

Accordingly, an analogue of compound1 was synthesized
to contain a disulfide linker. Modeling based on the cocrystal
structure of 1 bound to IL-2 (Figure 2) indicated that

Table 2: Summary of the Tether Screen in the Presence and
Absence of Compound1

mutant
no. of compounds

screeneda no effectb inhibitedc augmentedd

N30C 800 0 5 6
Y31C 4156 21 32 27
N33C 2084 10 20 11

total 7040 31 57 44
a Compounds in the tethering library screened in pools of 10

compounds, as described in Experimental Procedures. Conditions: 2
mM compound pool, 10µM IL-2 mutant, and 4 mMâME. b Number
of compounds for which the percent of protein conjugated with the
tethering fragment was less than 2-fold different in the presence and
absence of1. c Number of compounds for which the percent of protein
conjugated with the tethering fragment was more than 2-fold greater
in the absenceof 1 than in its presence.d Number of compounds for
which the percent of protein conjugated with the tethering fragment
was more than 2-fold greater in thepresenceof 1 than in its absence.

FIGURE 3: Mass spectrometry data from the tethering screen. (A)
Deconvoluted, neutral scale mass spectrum of Y31C-IL-2 in the
presence of a pool of 10 disulfide-containing fragments. (B)
Deconvoluted, neutral scale mass spectrum of the same mutant and
fragment pool in the presence of 50µM compound1. Peaks in the
spectra are labeled as follows: Y31C-IL-2, mass of the unmodified
protein (15 358 Da);+cyst, mass of the protein modified with
cystamine at Y31C (15 432 Da);+met, mass of the unmodified
protein with an N-terminal methionine (15 488 Da);+cyst/+met,
mass of the protein containing an N-terminal methionine and labeled
with cystamine at Y31C (15 565 Da);+6t, mass of Y31C-IL-2
modified with compound6t (15 577 Da); and+6t/+met, mass of
Y31C-IL-2 containing an N-terminal methionine and modified with
compound6t (15 708 Da). The yield of the fragment-protein
conjugate is negligible in the absence of1 (A) and 84% in the
presence of 50µM 1 (B).

FIGURE 4: Chemical structures of fragments selected for further
study. Compounds containing CS-SCH2CH2NH2 as the Rt group
have an exchangeable disulfide for tethering. Compounds containing
OCH3 as the Rc group are chemically inert and are used to measure
the level of noncovalent binding to IL-2. In the text, compounds
containing Rt are denoted with a “t” and those containing Rc are
denoted with a “c”.
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compound1 could be tethered to a K43C mutant of IL-2 if
the compound contained a disulfide linker with a three-
methylene spacer (Chart 2). The disulfide-containing ana-
logue (1t) was tested for the ability to label the Y31C/K43C
double mutant of IL-2 (Y31C/K43C-IL-2). Tethering of1t
to Y31C/K43C-IL-2 consistently gave a DR50 value of 5-6
µM under the experimental conditions (Figure 5A). Further-
more, the complex between Y31C/K43C-IL-2 and1t no
longer interacted with IL-2RR (data not shown), suggesting
that the tethered compound1t bound to IL-2 at the same
binding site as did compound1 itself.

Table 3 summarizes the dose-response data for coopera-
tive fragments4t-7t binding to Y31C/K43C-IL-2 in the
presence and absence of1t at 4 mM âME. The mass
spectrometry data clearly distinguish the unmodified protein

from all three tethered species (Y31C/K43C-IL-2 conjugated
to fragment, Y31C/K43C-IL-2 conjugated to1t, and Y31C/
K43C-IL-2 conjugated to both compounds simultaneously;
data not shown). For fragments4t-7t, the dose-response
curves in the presence of1t agree closely with the data
obtained using Y31C-IL-2 and noncovalently bound1. In
the case of compound7t, for example, the dose-response
curves indicate an 8- and 12-fold enhancement in tethering
in the presence of1 and 1t, respectively. Throughout the
dose-response titrations,1t remained bound to IL-2. These
data indicate that cooperative tethering (decrease in DR50)
requires the cobinding of1.

Tethering experiments using Y31C/K43C-IL-2 also al-
lowed us to test whether the tethering of7t and8t at Y31C
influenced the tethering of1t at K43C.1 Figure 5 shows the
results of dose-response measurements of compounds7t
and1t bound to Y31C/K43C-IL-2. As described above,7t
tethers at 12-fold lower concentrations when1t is covalently
tethered (Figure 5B). Conversely,1t conjugates to Y31C/

1 Fragment7t was chosen because it can be tethered to Y31C-IL-2
in the absence of1. The other highly cooperative fragments,5t and6t,
do not significantly label protein in the absence of1 or 1t.

FIGURE 5: Characterization of compound7t by tethering to the Y31C/K43C mutant of IL-2. (A) Scheme depicting experiment and data
showing the percent of IL-2 conjugated to1t as a function of the concentration of1t in the presence (black) and absence (gray) of 1 mM
7t. Half-maximal tethering occurs at 1 and 5µM, respectively, indicating a 5-fold enhancement. (B) Scheme depicting experiment and data
showing the percent of IL-2 conjugated to7t as a function of the concentration of7t in the presence (black) or absence (gray) of 5µM 1t.
Half-maximal tethering occurs at 80 and 1000µM, respectively, indicating a 12-fold enhancement.

Table 3: Tether Screening and Characterization

N33C-IL-2 or Y31C-IL-2a Y31C/K43C-IL-2b

tether
fragmentc cysteined hit classe

DR50 (µM)
without1 f

DR50 (µM)
with 1g

fold
increaseh

DR50 (µM)
without1t i

DR50 (µM)
with 1t j

fold
increasek

2t N33 equal 500 250 2.0
3t Y31 equal 250 140 1.8
4t Y31 augmented 480 270 1.8 440 130 3.4
5t Y31 augmented >4000 210 >20.0 >4000 200 >20.0
6t Y31 augmented 3000 90 30.0 >4000 130 >30.0
7t Y31 augmented 1180 140 8.0 1000 80 12.0
8t Y31 inhibited 750 >4000 <0.2

a N33C mutant of IL-2 used for measuring dose-response curves for2t; Y31C mutant of IL-2 used for3t-8t. b Y31C/K43C double mutant of
IL-2 used for measuring dose-response curves.c From Figure 4.d Cysteine residue at which fragment was identified.e Fragment classified by
primary screening as defined in the text and Table 2.f DR50 value, defined as the concentration of fragment needed to label IL-2 by 50%, measured
under the following conditions: 10µM IL-2 mutant, 62-4000µM tethering fragment, and 4 mMâME. g DR50 value measured under the following
conditions: 10µM IL-2 mutant, 62-4000µM tethering fragment, 4 mMâME, and 50µM compound1. h Ratio of DR50 values in the absence and
presence of compound1. i DR50 value measured under the following conditions: 1µM IL-2 mutant, 62-4000µM tethering fragment, and 4 mM
âME. j DR50 value measured under the following conditions: 1µM IL-2 mutant, 62-4000µM tethering fragment, 4 mMâME, and 5µM compound
1t. k Ratio of DR50 values in the absence and presence of1t. For all measurements,n g 2.

Scheme 2: Structure of Compound1t

Cooperative Binding of Small Molecules to IL-2 Biochemistry, Vol. 42, No. 21, 20036479



K43C-IL-2 at 5-fold lower concentrations when7t is
simultaneously tethered (Figure 5A; DR50 ) 5 µM in the
absence and 1µM in the presence of7t). The DR50 value of
1 µM for compound1t in the presence of7t represents a
lower limit, since 1µM protein was used in the tethering
assay. These experiments demonstrate that7t and1t bind in
a mutually cooperative fashion.

Analogously, the competitive fragment8t and 1t are
mutually competitive. The fragment8t shows a greater than
5-fold increase in DR50 in the presence of1 (Table 3).
Conversely,1t shows a 10-fold increase in DR50 in the
presence of8t (DR50 ) 6 µM in the absence and 60µM in
the presence of 1 mM8t; data not shown). This result
indicates that8t and 1t are competing either for the same
protein contacts or for mutually exclusive binding conforma-
tions.

NoncoValent Binding of CompetitiVe and CooperatiVe
Compounds.The cooperativity observed in the tethering
experiments suggests that the binding of1 changes the
protein conformation at a second small-molecule binding site.
From the tethering data alone, there are three potential
mechanisms for this observed synergy (Figure 6). Positive
cooperativity could be caused by improvements in the
interactions of the fragment with the protein (Figure 6A) or
through direct interactions between the fragment and com-
pound1 (Figure 6B). Alternatively, binding of1 could alter
the conformation of the flexible loop containing the cysteine
residue, allowing an already bound fragment to be captured
by tethering (Figure 6C). To distinguish these mechanisms,
surface plasmon resonance (SPR) was used to measure the
extent of noncovalent binding of fragments to wild-type IL-2
in the presence and absence of1. If cooperativity were due
to the orientation of Y31C (Figure 6C), then no cooperativity
should be observed for noncovalently bound ligands.

For these SPR studies, fragments were prepared with a
chemically inert, methyl ether “cap” in place of the disulfide
tether (Figure 4). Wild-type IL-2 was then immobilized to
the surface of an SPR chip, and increasing concentrations
of the capped fragment were passed over the IL-2-modified
chip in the presence or absence of a constant, saturating
concentration of1. Binding of fragments to IL-2 was

monitored at the equilibrium plateau and plotted as a function
of concentration to yield a dose-response curve (sample data
shown in Figure 7). The dissociation constants (Kd,SPR)
calculated from SPR dose-response curves are given in
Table 4 for five representative fragments. In all cases,
fragments showed low-stoichiometry binding to IL-2 in both
the presence and absence of1; when fragments were
sufficiently soluble to reach binding saturation, they were
found to bind to immobilized IL-2 with a binding stoichi-
ometry of 1:1.

SPR data confirm the tethering results. Each fragment
whose binding is augmented in the presence of1 when
tethered also shows augmented binding in the noncovalent
assay. For example, the three most strongly cooperative
tethering hits, compounds5c-7c, show no binding to wild-
type IL-2 by SPR. In the presence of1, however, these
fragments demonstrate strong binding, withKd,SPRvalues of
200, 110, and 230µM, respectively.2 Similarly, the competi-
tive compound8cexhibits aKd,SPRof 500µM in the absence
of bound1, but undetectable binding in the presence of1.
Compound2, which was unaffected by the binding of1 in
the tether assay, is also unaffected by the presence of1 in
the SPR experiment (Kd,SPR) 75 and 50µM in the presence
and absence of1, respectively). In this case, tethering is
surprisingly weak, given the strong, noncovalent affinity of
2cshown by SPR. This discrepancy suggests that the binding
observed by tethering is limited by a suboptimal length or
conformation of the linker connecting the compound to the
protein. The observation that binding to wild-type IL-2 is
augmented for5c-7c and weakened for8c indicates that
these fragments bind cooperatively or competitively with1
on the basis of altered noncovalent interactions with IL-2.

To ensure that compound1 was indeed bound throughout
the SPR experiment, we labeled an SPR surface with a K43C
mutant of IL-2 (K43C-IL-2) that had been fully labeled with
the disulfide analogue1t. Noncovalent binding of6cand7c
to this protein was compared to the fragment’s binding to
wild-type IL-2 (Table 4). Again,6c and 7c exhibited no
binding to immobilized wild-type IL-2; however, both
exhibited strong binding to the1t-labeled K43C mutant. The
values ofKd,SPRfor 6cand7cagree with the values obtained
when1 was added noncovalently to the wild-type protein.
These results demonstrate that1 remains bound to wild-type

2 The apparent dissociation constants observed in the SPR and
tethering experiments are not expected to be the same, since DR50 values
are dependent on the concentration of reductant (âME).

FIGURE 6: Possible mechanisms of cooperative binding observed
by tethering. (A) The conformation for the second site is altered
by the binding of compound1, augmenting binding of the second
ligand. (B) A direct interaction between the two ligands increases
the binding affinity for the fragment. (C) The orientation of the
cysteine residue is altered by the binding of compound1, allowing
tethering of the second ligand.

Table 4: Surface Plasmon Resonance Assay for Measuring the
Level of Fragment Binding

tether
selectanta hit classb

Kd,SPR

(IL-2)
(µM)c

Kd,SPR

(IL-2 and1)
(µM)d

Kd,SPR

(K43C-IL-2 and1t)
(µM)e

2c equal 50 75
5c augmented inactive 200
6c augmented inactive 110 210
7c augmented inactive 230 250
8c inhibited 500 inactive

a From Figure 4.b Fragment classified by primary screening data as
defined in the text and Table 2.c Kd,SPRvalue for the fragment binding
to wild-type IL-2. d Kd,SPRvalue for the fragment binding to wild-type
IL-2 in the presence of 50µM 1 (n g 2). e Kd,SPRvalue for the fragment
binding to the K43C mutant of IL-2 modified 100% with1t.
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IL-2 in the SPR experiment and further emphasize that the
cobinding of1 (or 1t) has a marked cooperative effect on
the binding of fragments6c and7c.

The SPR experiment is complementary to the tethering
assay, and these two binding measurements have different
assets and liabilities. On one hand, SPR is a more direct
measurement of noncovalent binding interactions than tether-
ing, which relies on a reversible covalent bond for detection.
On the other hand, tethering permits identification of very
weakly bound fragments, such as6 and7, whose noncovalent
binding cannot be detected by SPR in the absence of cobound
1 (Tables 3 and 4). Tethering also allows quantification of
the amount of each compound bound to IL-2 throughout the
titration experiment. It is therefore possible to measure the
extent of competitive binding between two compounds. In
contrast, since SPR measures the total mass bound to protein,
it is difficult to measure the extent of competitive binding
between two species of similar mass, such at1 and8c.

Energetic Consequences of CooperatiVity. In principle, the
free energy of cooperative binding between1 and fragments
4t-7t can be obtained by comparing the tethering DR50

curves (39). However, changes in tethering (and thus DR50)
can be attributed to changes in molecular recognition and/
or changes in the tethering reaction itself. The cooperative
free energy of tethering (∆∆Gtether) can be described by the
equations

where DR50,+1 and DR50,-1 are the DR50 values for tethering
in the presence and absence of1, respectively,R is the gas
constant,T is the temperature,∆∆Gnoncov describes the
changes in noncovalent interactions between the protein and
fragment,∆∆Gthiol describes the energetics of thiol-disulfide
exchange, and∆∆Glinker accounts for changes in the steric
constraints of the disulfide linker connecting the protein and
fragment. From tethering dose-response curves, the 8-12-
fold change in the DR50 for fragment7t in the presence of
1 or 1t indicates a∆∆Gtetherof approximately-1.2 to-1.5

kcal/mol. In the case of fragment6t, the observed cooper-
ativity in tethering corresponds to a∆∆Gtether of ap-
proximately-2.1 kcal/mol. DR50 measurements made in the
presence or absence of1 use very similar conditions, thus
reducing the importance of∆∆Gthiol; however, tethering
experiments alone may not distinguish between the effects
of ∆∆Gnoncov and∆∆Glinker.

The effects of∆∆Gnoncov and∆∆Glinker can be separated
by comparing tethering measurements to SPR experiments.
Because the weakly binding fragments could not be detected
in the absence of1, however, it is possible only to state a
lower limit for the cooperative free energy from the SPR
experiment. For fragments5c-7c, this lower limit is ap-
proximately-1.4 kcal/mol, using an equation similar to eq
1 and assumingKd,spr > 2 mM in the absence of1. SPR
data thus provide values for cooperative free energies of
binding that are similar to the free energies obtained from
tethering, indicating that∆∆Glinker is small in the tethering
experiments and that cooperativity arises primarily from
improvements in noncovalent binding affinity. Both tethering
and SPR data show that the small-molecule binding sites in
the adaptive region of IL-2 are tightly coupled, with
cooperative free energies of binding as large as-2 kcal/
mol.

Structural Characterization of7t. Y31C-IL-2 was modified
with 7t, and the structure of the tethered complex was
determined by X-ray crystallography (Figure 8A, PDB entry
1NBP). The structure of7t is clearly defined by the electron
density. The tethered compound is several angstroms from
the IL-2RR (and compound1) binding site; in fact, it is found
close to the binding site for theâ-chain of the IL-2 receptor
(IL-2Râ) (31, 33). The carboline moiety of7t forms a
shallow cup shape, and closely contacts residue L70 on the
concave face and residues F78 and L80 on the convex face.
The carboline is also in van der Waals contact with residues
M23, I24, G27, I28, P82, and L85; in all, 99% of the surface
area of the carboline is buried in the structure [DIFFAREA
(37)].

The adaptive region of IL-2 wraps around the surface of
the carboline, enclosing the tethered compound in a highly
complementary, hydrophobic binding envelope. Interestingly,

FIGURE 7: Characterization of cooperative fragments by SPR. (A) Experimental scheme for the SPR experiment. The fragment, with or
without compound1, is passed over a chip containing immobilized IL-2. (B) Plot of bound6c in resonance units (RU) as a function of
time. Binding profiles for six concentratons of6c are shown in the presence (black) and absence (gray) of 50µM 1. (C) Data from panel
B, plotted as the percent of6c bound vs the concentration of6c in the presence (black) or absence (gray) of 50µM 1. Kd,SPR) 110 µM
for 6c binding in the presence of1, andKd,SPRis unmeasurable in the absence of1.

∆∆Gtether) RT ln(DR50,+1/DR50,-1) (1)

∆∆Gtether) ∆∆Gnoncov+ ∆∆Gthiol + ∆∆Glinker (2)
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several of the residues surrounding7t are found on a loop
(residues 73-81), which is disordered or partially ordered
in several of the X-ray structures of IL-2 [PDB entries 1M47,
1M48, 1M4A, 1M4B, and 1M4C (34)]. In the cases for
which electron density is observed for residues 73-81 (40,
41), the hydrophobic residues in the loop are found to be
well-packed against the protein, and no binding site for7t
exists. Thus, the binding site for the carboline is highly
flexible and appears to be organized by the binding of7t.
Compound1 is not present in the determined structure, so
we cannot rule out the possibility that7t has a different
binding site in the presence of1. Nevertheless, it is
noteworthy that the binding site for7t in this structure and
the known binding site for1 are connected through a long,
flexible loop, which may provide a mechanism for linking
these two sites.

We have previously reported the structure of a noncoop-
erative fragment, an indole glyoxylate, also tethered at Y31C
[PDB entry 1M4A (34)]. Figure 8B shows the structure of

the indole glyoxylate superimposed on the structure of7t
tethered to Y31C-IL-2. The residues surrounding the indole
(K35, R38, L72, and A73) are the same as those surrounding
the distal ring of 1 (Figure 2). Thus, while the indole
glyoxylate and the carboline fragments can be covalently
attached to IL-2 at the same residue, they bind in nonover-
lapping sites. Interestingly, these sites coincide with the
binding sites for two chains of the IL-2 receptor (30-33).
By performing tethering selections under different conditions,
we were able to identify two, biologically relevant binding
sites for fragments within the adaptive region of IL-2. Far
from being intractable for small-molecule discovery, IL-2
is highly prone to binding small, organic ligands.

CONCLUSION

Tethering in the presence of a known antagonist has led
to the identification of a new binding site for small molecules
in the dynamic region of IL-2. These two sites can bind
ligands cooperatively, gaining as much at-2 kcal/mol in
the free energy of binding. This strong cooperativity could
result from direct interactions between the ligands and/or
through conformational changes in the adaptive region. X-ray
crystallography suggests that cooperativity may be mediated
by conformational changes in the loop bridging the two
binding sites, but a direct interaction between ligands may
also be important. Crystallography also demonstrates that
there are distinct small-molecule binding sites in IL-2, a
discovery that may lead to the development of tight-binding
inhibitors for this important immunomodulator.

Tethering has proven to be an efficient and informative
method for discovering ligands for IL-2. As a screening
method, tethering is rapid and uses only single-milligram
quantities of protein. Because the method is site-selective,
it is possible to focus the fragment discovery effort in the
adaptive region of IL-2. The covalent tether is then used to
affix one member of the cooperative pair of ligands to the
protein, allowing a number of mechanistic experiments to
be performed, in both tethering and SPR contexts. Finally,
tethering facilitates X-ray crystallography, making it possible
to structurally characterize the fragment7t bound to IL-2.
The tethering experiments described here provide a new, site-
selective approach to discovering and characterizing coop-
eratively binding ligands in adjacent sites. Moreover, ex-
periments with IL-2 suggest that focusing on dynamic regions
of protein structure holds promise for the development of
small-molecule antagonists of a protein-protein interaction.
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