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Interleukin-2 is a key immuno-regulatory cytokine whose actions are
mediated by three different cell surface receptors: the o, B and the
“common vy” () chains. We have undertaken a complete thermodynamic
characterization of the stepwise assembly cycle for multiple possible com-
binations of the receptor—ligand, and receptor—receptor interactions that
are necessary for formation of the high-affinity IL-2/afv. signaling com-
plex. We find an entropically favorable high affinity interaction between
IL-2 and its o receptor, a moderately entropically favorable low affinity
interaction between IL-2 and its B receptor, and no interaction between
IL-2 and the shared receptor, y.. Formation of the stable intermediate tri-
molecular complexes of IL-2 with o and B receptors, as well as IL-2 with
B and <. receptors proceeds through enthalpy—entropy compensation
mechanisms. Surprisingly, we see a moderate affinity interaction between
the unliganded receptor a and B chains, suggesting that a preformed of3
complex may serve as the initial interaction complex for IL-2. Reconstitu-
tion of the IL-2/Rafry. high-affinity quaternary signaling complex shows
it to be assembled through cooperative energetics to form a 1:1:1:1
assembly. Collectively, the favorable entropy of the bimolecular inter-
actions appears to be offset by the loss in rigid body entropy of the
receptor components in the higher-order complexes, but overcome by the
formation of increasingly enthalpically favorable composite interfaces.
This enthalpic mechanism utilized by <. contrasts with the favorable
entropic mechanism utilized by gp130 for degenerate cytokine interaction.
In conclusion, we find that several energetically redundant pathways exist
for formation of IL-2 receptor signaling complexes, suggesting a more
complex equilibrium on the cell surface than has been previously
appreciated.
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Introduction

superfamily'~® that includes interleukin-6, growth
hormone, erythropoietin, and many others. This

Interleukin-2 (IL-2)' is a prototypical member
of the four-helix bundle hematopoietic cytokine
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receptor; IL2-Rp, IL-2 B receptor; IL2-Ry,, common IL-2 vy
receptor; ITC, isothermal titration calorimetry MALS,
multi-angle light scattering; SPR, surface plasmon
resonance; CHR, cytokine binding homology region;
BCA, bicinchoninic acid.
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superfamily, originally described by Bazan et al.® is
subdivided into short and long-chain members, of
which IL-2 resides in the former group. IL-2 was
initially identified as a key regulatory molecule in
T-cell proliferation* and natural killer cell activity®
and thus was originally denoted as T-cell stimu-
latory factor. The biological activities of IL-2 are
many, and diverse, and a number of these activities
have made IL-2 a very compelling protein for
clinical use in a variety of immune-related
diseases.® Currently, IL-2 (known clinically as

0022-2836/$ - see front matter © 2004 Elsevier Ltd. All rights reserved.
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Proleukin) is one of the most effective biological
agents in the treatment of metastatic renal cell
carcinoma and metastatic melanoma.” Although
the downstream signaling pathways of IL-2 recep-
tors are known to proceed through JAK/STAT
pathways,® uncertainties about the nature of the
molecular interactions between IL-2 and its recep-
tors still exist. Given the immunological relevance
of IL-2 we have undertaken a comprehensive effort
to study the thermodynamic basis of complex for-
mation with its receptors, to complement previous
kinetic studies.”"

The biological activities of IL-2 are mediated by
three single-transmembrane, cell surface receptors:
the IL-2-specific IL2-Ra and IL2-RB chains, and
the promiscuous Ry, (review"). The cDNA of the
IL2-Ra subunit (p55, Tac)'* encodes a single mature
polypeptide chain of 251 amino acid residues that
folds into two sushi-style domains connected by
an extended 30 amino acid linker. IL2-Ra is not
involved in signaling but its presence enhances
receptor affinity and it may play a role in the regu-
lation of the lymphoid compartment.’® The binding
of IL-2 to IL2-Ra can be blocked with monoclonal
antibodies, termed anti-Tac, which have been
proven to be clinically effective as immuno-
suppressive agents." The larger 75kDa IL2-Rf
(p75),” is a member of the hematopoietic growth
factor receptor family.® The key structural feature
of these signaling receptors is a cytokine binding
homology region (CHR) comprised of two fibro-
nectin repeats where the C-terminal domain
encodes a WSXWS motif and the N-terminal
domain shows a distinct disulfide-bonding pattern.

The third receptor component of the IL-2 signal-
ing complex is the “common gamma chain” (vy.),
which is the principal signaling receptor within
the complex.'® IL2-Ry, is also utilized as a signaling
receptor component by IL-4, IL-7, IL-9, IL-15, and
IL-21 in combination with their cytokine-specific
receptor a or 3 chains."” vy, along with the common
B. and gp130 form the three principal shared sig-
naling receptors for cytokines. As such, IL2-Ry. is
endowed with striking cross-reactivity for diverse
cytokines. The use of a common signaling chain
by immunoregulatory cytokines ensures functional
redundancy and pleiotropy in their biological
activities.

There have been no thermodynamic studies of
cytokine receptor interactions involving IL-2, or
any of the cytokines, which use the shared .
(IL-2, IL-15, IL-13, IL-4, IL-7, and IL-9). An import-
ant question is the energetic basis for the ability of
Y. to cross-react with such a diverse array of
cytokines, as well as assemble multipartite signal-
ing complexes. The majority of data describing
ligand-receptor interactions within the IL-2
system has been derived from cell-based assays
and a comprehensive series of kinetic analyses
from the Ciardelli group using surface plasmon
resonance.'”'® From these studies, the affinity of
IL-2 for each of its individual receptor subunits
was measured to be modest. The IL2-Ra and

IL2-RB subunits exhibit dissociation constants
(Kg) of approximately 10 nM and 450 nM, respec-
tively."?® The interaction between IL-2 and the .
subunit is still controversial and was determined
to be very weak (Kq > 50 uM).*" Physiologically,
these subunits act in concert to generate binding
sites with much greater affinity for the ligand.”****
On NK-cells TL2-RB and IL2-Ry. also form a
heterodimeric complex in the presence of ligand
to create an intermediate-affinity site having a
Kq = 1nM."” When all three subunits are present,
such as on the surface of activated T-cells, a hetero-
trimeric high-affinity site is generated with a
Kq = 10 pM.** Different groups have studied the
affinity and kinetics of interactions between IL-2
and its receptors using different formats for dif-
ferent combinations of receptors, but there has not
yet been any thermodynamic characterization.
Such thermodynamic data can give detailed infor-
mation about the chemical and structural nature
of the receptor—ligand interactions.

Recently, experimental evidence indicates that
the anti-tumor efficacy of IL-2 is mediated by dis-
tinct subsets of T cells, which express structurally
unique forms of the IL-2 receptor® Further, it
appears that these different forms of the IL-2
receptor may dissociate efficacy from toxicity.
Thus, it has become a desirable goal to understand,
in detail, the thermodynamic basis of assembly of
the various low, intermediate, and high-order
complexes of IL-2 with its receptors as a comple-
ment to ongoing efforts to crystallize the IL-2
receptor complexes, for which no structural
information currently exists.

We have undertaken a complete thermodynamic
characterization of the assembly cycle for multiple
possible combinations between IL-2 and its three,
different receptor subunits, using isothermal
titration calorimetry (ITC) and multi-angle light
scattering (MALS). We find a transition from
highly favorable entropy for formation of the
bimolecular complex between IL-2 and IL2-Ra to
a more enthalpy-driven process commensurate
with the formation of composite interfaces in the
higher-order IL2-Ravy. signaling complex. Thus,
the thermodynamic basis for the positive
cooperativity in formation of the quaternary sig-
naling complex is achieved through compensation
of loss in entropy by increasingly enthalpically
favorable receptor—receptor, and receptor—ligand
intermolecular interactions. We show positive
cooperativity for formation of the IL-2 complex
with IL2-Ra and IL2-RB. We also find low affinity
binding of IL2-Ra to IL2-RB in the absence of IL-2,
supporting the idea of a preformed IL2-Ra/IL2-RB
complex, which would serve as the initial inter-
action complex for IL-2 on the surface of activated
T-cells. These studies reveal important new
features, as well as confirm some previous notions,
about the stepwise mechanism of IL2-R assembly
on activated T and NK-cells. Further, they
define a unique entropy—enthalpy compensation
mechanism used by the shared <. to cross-react
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with multiple cytokines of differing surface
structure and chemistry.

Results

Thermodynamics of complex formation
between IL-2 and its individual
receptor subunits

In order to carry out our proposed studies, we
expressed human IL-2 as well as the extracellular
domains of Ra, RB and Ry. using a baculovirus
expression system (Figure 1(A)). Each of the pro-
teins is secreted into the culture media using an
insect-derived leader peptide. The individual,
unliganded proteins behave according to their
expected molecular masses as analyzed by gel fil-
tration chromatography. Each of the molecules is
extensively N-glycosylated, thereby eliminating
concern about the behavior of non-glycosylated
forms expressed in Escherichia coli. To study the
assembly energetics of the ternary IL-2 signaling
complex we dissected all possible binding combi-
nations between IL-2 and the extracellular domains
of its three individual receptor subunits using
ITC (Figure 1). Each experiment is presented with
a schematic model describing the interactions
studied, a representative ITC trace (I), an FPLC
chromatogram along with SDS-PAGE gel of the
contents from the ITC cell after the titration (II)
and the measured and calculated thermodynamic
values (III). Thus, all experiments described here
show both measured N values by ITC as well as
gel filtration and SDS-PAGE to verify complex for-
mation and to rule out protein precipitation in the
ITC-cell. Additionally, the thermodynamic experi-
ments of the binary ligand-receptor complexes
were performed at three different temperatures to
enable the calculation of heat capacity, ACp (more
temperatures are not possible due to the limited
supply of recombinant proteins). AC, is an
approximate measure of buried hydrophobic sur-
face area and can also serve as a signature of con-
formational rearrangements upon binding when
AC, is anomalously large.

In the first series of experiments, IL-2 was
titrated into IL2-Ra ectodomain at 10 °C, 15 °C and
20 °C with the representative ITC trace at 15°C
(shown in Figure 1(Al)). The interaction of IL-2
with IL-2Ra shows a stoichiometry of 1:1 with a
dissociation constant (Kgq) of 10nM, consistent
with previous observations.” We find that the
binary interaction is largely entropy driven
(AS = 18.38 cal/mol K), presumably as a result of
desolvation, but also displays a favorable enthalpy
of AH = —5.23 kcal/mol, suggesting that hydro-
philic interactions also play a significant role in
complex formation. The enthalpy change upon
binding was shown to decrease linearly with tem-
perature, indicating that the association reaction is
characterized, in this temperature range, by a con-

stant heat capacity change, AC,, of —519cal/
mol K (Figure 1(AIII)).

The titration of IL-2 into its receptor B-subunit
ectodomain (Figure 1(B)) shows a binding
stoichiometry of 1:1, consistent with previous
studies.”” The measured affinity of IL-2 with
IL-2RB of K4 ~ 144 nM, is significantly lower than
observed for the IL-2/IL2-Ra interaction but
higher than determined previously (450 nM) from
a competitive receptor binding assay.*® The inter-
action between IL-2 and IL2-R@ displays both an
overall favorable enthalpy (AH = —7.6 kcal/mol)
and entropy (AS = 4.79 cal/mol K). In comparison
to the IL-2/1L.2-Ra titration, the IL-2/IL2-RpB inter-
action shows a greater enthalpic contribution
while being less reliant on the entropic term
(Figure 1(BIII)). The heat capacity change (AC,)
was calculated to be —597 cal/mol K.

In the absence of complete structural
information, buried surface can be approximated
based on an empirical calculation of
AC, = 0.45A,p01 — 0.26Ap01, Where Ay, represents
the change in apolar and A, represents the
change in polar surface buried upon complex
formation.?® Using these parameters, we calculated
the total buried surface area between IL-2 and
IL2-Ra, and IL-2 and IL2-RB, to be ~2700 A* and
~3100 A?, respectively. These calculated values for
overall buried surfaces are somewhat higher com-
pared to normal buried surface area for typical
hydrophobic, rigid body interactions.” This
suggests that, in addition to the hydrophobic effect,
there are likely to be some structural rearrange-
ments occurring upon binding, either domain
movements or conformational adjustments of
flexible loops. Structural plasticity is known from
the human growth hormone system to be a com-
mon feature of cytokine receptor interactions.”®

The titration of IL-2 into IL2-Rvy. ectodomain
showed no detectable interaction at 15°C and
20 °C, nor was any complex formation detected by
FPLC sizing chromatography. This observation
contrasts previous SPR experiments® and antibody
precipitations of whole cell lysates that showed a
modest interaction between the two proteins.*
The discrepancy may lie in the very weak affinity
of IL-2 for IL2-Ry., which is supported by a com-
petitive binding assay® where the affinity of IL-2
for IL2-Ry. was measured to be Ky > 50 pM,
which is above the protein concentrations used in
our ITC experiments (and therefore below our
detection limit). We conclude that there is not a
biologically relevant interaction affinity between
IL-2 and Ry..

Receptor-receptor binding interactions within
the IL-2 signaling complex

To test the possibility that a population of the
IL-2 receptors may exist as preformed complexes
on the cell surface, in the absence of IL-2, we
carried out all possible combinations of ITC
titrations between the extracellular domains of
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Figure 1. Isothermal titration calorimetry (ITC) of IL-2 with (A) IL2-Re, (B) IL2-RB and (C) IL2-Ry.. Each experiment
in Figures 1 through 3 is presented in a multi-panel format that includes a schematic model of the experiment, (I) a
representative ITC trace, (II) an FPLC chromatogram and SDS-PAGE 1 of the contents of the ITC cell and (III) a list of
the measured and calculated thermodynamic values. In each titration experiment, the concentration of protein in the
cell was 2—4 pm with a seven- to tenfold higher concentration in the syringe. Data points from each titration are fit
with a best-fit curve with non-linear least-squares fitting using the ORIGIN-software. (A) The titration of IL-2 into
IL2-Ra formed a 1:1 complex that is largely entropy driven (AS = 18.38 cal/mol K) with a moderate enthalpic
(AH = —5.23(*+0.04) kcal/mol) contribution. (B) IL-2 also forms a 1:1 complex with IL2-RB; however, the affinity
(144 nM) is much weaker than for IL-2/IL-2 Ra and the interaction is enthalpy driven (AH = —7.64(*0.11) kcal /mol)
and relies less on entropic contributions (4.79 cal/mol K). The heat capacity (ACp) calculated for (A) and (B) was
—519 cal/mol K and —597 cal/mol K, respectively. (C) No binding is observed for IL-2 with IL2-Ryy..
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Figure 2. Receptor—receptor interactions. (A) IL2-Ra forms a 1:1 complex with IL2-RB of moderate affinity
(Kg ~ 278 nM) in the absence of IL-2. The interaction is largely entropy driven (AS = 18.15 cal/mol K) suggesting
burial of hydrophobic surfaces. The FPLC chromatogram and SDS-PAGE indicate that the IL2-Ra/IL2-RB complex is
of low affinity with only a small complex peak visible on the FPLC chromatogram relative to the excess RB. (B) and
(C) IL2-Ry. does not appear to form a complex with either IL2-Ra or IL2-B. n.d., not determined.

IL2-Ra, IL2-RB and IL2-Ry. (Figure 2). First we
titrated IL2-Ra into IL2-RB at 25 °C (Figure 2(A)).
A low affinity binding event was observed
(Kg ~278nM) with favorable enthalpy (AH =
—3.52 kcal/mol) and entropy (AS = 18.15cal/
mol K) resulting in AG = —8.94 kcal/mol. We find

a 1:1 stoichiometry of binding consistent with
previously published reports.’” Due to the low
affinity of this interaction, a large excess of Rp
was necessary to drive the titration to saturation,
and this is reflected in the excess unliganded R
apparent in the second peak of the gel filtration
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profile, with the first peak containing all of the Ra
in a Ra/RB complex through mass action.

Titrations of IL2-Rvy. into either IL2-Ra or IL2-RB
showed no detectable binding (Figure 2(B) and
(©)). Our thermodynamic data reflect kinetic
studies done by Liparoto et al.,** who used SPR to
characterize the binding activity between IL2-Ry,
and components of the IL-2 receptor complex.
That IL2-Rvy. is not separately binding to any
individual module of the IL-2 receptor complex
suggests that IL2-Ry. needs a composite binding
interface between the ligand IL-2 and/or IL2-Ra
and IL2-RB. This observation prompted our next
series of ITC experiments studying the thermo-
dynamics of the higher-order assembly of IL-2
receptor variants.

Thermodynamic assembly of the higher-order
IL-2 receptor complex variants

At least two different biologically relevant IL-2
receptor variants are present in two affinity states
on IL-2 responsive cells. High affinity receptor
complexes exist as heterotetramers (IL-2 plus -Ra,
-RB and -Ry.) on activated T-cells, while the inter-
mediate affinity receptor complex is comprised of
IL-2 plus -RB and -Ry. on NK-cells and
monocytes.’ To study the thermodynamic basis for
these alternate higher-order assemblies, we titrated
monomeric components into preformed, purified
bimolecular complexes. By using this approach we
were able to effectively deconvolute a multi-body
problem into a binary interaction.

In the first series of experiments, IL2-Rf was
titrated into a pre-formed IL-2/IL2-Ra complex
(Figure 3(A)). Initially, IL-2 and IL2-Ra were
mixed stoichiometrically and the complex purified
over a FPLC gel filtration column to ensure a
binary 1:1 complex was used in the titration. The
titration of IL2-RB into the pre-formed complex
showed a moderate binding affinity of
K4 ~ 63nM, which is significantly higher com-
pared to the separate binding of IL2-Rf to IL-2
(Kg ~144nM), or to IL2-Ra (Kq ~ 278 nM).
Despite the N value of 0.64 (IL-2/Ra to RB), we
are certain that this three-way complex is 1:1:1,
since it runs at ~67kDa by gel filtration, the
IL-2/Ra complex was preformed for the titration,
and 1:1:1 is consistent with SPR analysis.** Also,
the individual IL-2/Ra and IL-2/RB are each 1:1.
Thus, the N value reflects the collective impreci-
sions inherent in the protein concentration
measurements of three heavily glycosylated pro-
teins in the complex. These data indicate a positive
cooperativity for IL2-R@ binding to the “compo-
site” IL-2/IL2-Ra binary complex, suggesting that
IL2-RB interacts with both IL-2 and IL2-Ra.
Myszka et al.,” saw a similar effect of cooperativity
when they tested the kinetics of IL-2 binding to
IL2-Ra and IL2-RB, where the effect of IL2-RB was
to decrease the off-rate of IL-2 binding to the
trimeric complex of IL-2, IL2-Ra, and IL2-RB.°
Both the enthalpy and entropy of binding contri-

bute favorably to the interaction of IL2-Rf with
the IL-2/IL2-Ra complex, resulting in a free energy
of AG = —9.5 kcal/mol; however, the entropic con-
tribution is considerably lower compared to the
separate binding of IL2-RB to IL2-Ra or to IL-2
(Figures 1(A) and 2(A)). The less favorable entropy
is likely the result of the loss of rotational and
translational freedom associated with fixation of
multiple rigid bodies®?* as the IL2-R3 chain enters
the higher-order complex. Another possible
explanation is an altered composite interface that
is less entropically favorable for binding.

In our initial binary ITC experiments (Figure 1),
we did not measure a significant affinity for
IL2-Ry. with either IL-2 or IL2-Ra. To test whether
IL2-Ry. requires a composite binding epitope to
participate in the higher-order complex, we used
the pre-formed complex of IL-2 and IL2-Ra. The
ITC titrations at 10 °C and 15 °C (Figure 3(B); data
not presented for titration at 10°C) show no
measurable interaction, indicating that IL2-Ra
plays no role in binding of IL2-Ry. within the
higher-order IL-2 signaling complex.

In some NK-cells and monocytes that lack
IL2-Ra, IL2-Ry. may form a complex with IL2-R
in the presence of IL-2 ligand, resulting in a signal-
ing complex called the intermediate-affinity site.>*
We designed an ITC titration to examine the
thermodynamic parameters for binding of IL2-Rry.
to a pre-formed complex comprised of IL-2 and
IL2-RB (Figure 3(C)). As shown in Figure 3(CIII),
IL2-Ry. binds with high affinity (Kq = 1.5nM) to
the IL-2/IL2-RB complex. At 25°C, we find that
both, the enthalpy, AH = —10.6 kcal/mol, as well
as the entropy of binding, AS = 4.85cal/mol K,
contribute favorably to the free energy,
AG = —12.04 kcal/mol. Since we know that
IL2-Ry, is not binding to unbound IL-2, or IL2-R{,
the binary complex of IL-2 and IL2-Rf must
provide a composite epitope required to recruit
IL2-Ry..

On antigen stimulated CD4" T-cells, all three
IL-2-receptor subunits are expressed and together
with IL-2, comprise the high-affinity signaling
complex.® In our final ITC titration experiment,
we assembled the complete quaternary IL-2-signal-
ing complex by titrating the IL2-Ry. chain into a
pre-formed complex of IL-2/IL2-Ra/IL2-RB
(Figure 4). We find a strong binding affinity
(Kq = 12nM) between IL2-Ry. and the three-way
complex with the interaction being almost com-
pletely enthalpy driven, AH = —10.25 kcal/mol
with  very  little  entropic = contribution
AS = 0.72 cal/mol K. Since we know that IL2-Ra
plays no direct role in binding of IL2-Rvy. within
the high affinity IL-2 signaling complex, we would
expect that the titration of IL2-Rvy. into the two-
way complex between IL-2 and IL2-RB and into
the three-way complex comprised of IL-2, IL2-Ra
and IL2-RB should give the same numerical values
for K4, AH and AS. However, surprisingly only
the value for the binding enthalpy is the same
between these two ITC titrations, clearly indicating
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Figure 3. Higher-order assembly of IL-2 receptor complexes. (A) IL2-RB binds to the preformed IL-2/IL2-Ra
complex with affinity Kgq ~63nM with both enthalpically (AH = —6.92(*=0.07) kcal/mol) and entropically
(AS = 8.95 cal/mol K) favorable energetics. The affinity is greater than the binding of IL2-Rp to IL-2 or free IL2-Ra,
indicating that IL2-Rp is cooperatively associating with the IL-2/IL2-Ra complex. (B) IL2-Rvy. shows no affinity for a
preformed IL-2/IL2-Ra complex consistent with IL2-Ra not being involved in binding of IL2-Ry. in the final signaling
complex. (C) IL2-Rvy. does, however, form a stable complex with preformed IL-2/IL2-Rf binary complex with high
affinity (Kq = 1.5 nM) with enthalpically (AH = —10.6(* 0.04) kcal/mol) favorable energetics. Hence, IL-2 and IL2-R
must provide a composite binding interface before IL2-Rvy. can be recruited to build up the intermediate-affinity
signaling complex. n.d., not determined.
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Table 1: Thermodynamic Parameters
binding temp Kd stoichiometry AH AS AG ACp
partners (K) (nM) (n) (kcal/mol) [cal/imolK)] (kcal/mol) [cal/(molK)]
IL-2/Ra/Rp + Ry 288 12 0.64 -10.25 + 0.13 0.72 -10.40 n.d.

Figure 4. Thermodynamic assembly of the quaternary IL-2 signaling complex. (A) IL2-Rvy. binds to the preformed
IL-2/1L2-Ra/IL2-RB complex with high affinity (Kg = 12 nM) that is stable on the FPLC sizing column. SDS-PAGE
clearly shows the presence of the four components of the ternary complex.MALS determined the molecular mass of
the signaling complex to be 128 kDa, consistent with a 1:1:1:1 assembly including one copy each of IL-2, IL2-Re,
IL2-RB and IL2-Ry.. (B) The binding reaction is largely enthalpy (AH = —10.25 (% 0.13) kcal/mol) driven, with little
entropic (AS = 0.72 cal/mol K) contribution. n.d., not determined.

an energetic cooperativity that is not apparent from
the additive measurements of the individual
bimolecular and trimolecular interactions. The
lack of contribution of AS to the binding of
IL2-Rvy. to the three-way complex is perhaps due
to the loss of rotational and translational entropy,
as observed for binding of IL2-Rf to the pre-
formed IL-2/IL2-Ra complex (Figure 3(A)). How-
ever, the higher-order complexes may assemble
structurally altered composite interfaces that are
less entropically favorable for binding, but provide
superior composite enthalpic contributions as the
means of overcoming the unfavorable loss of
entropy of the components. Thus, there appears to
be significant favorable energetic cooperativity
conferred by the increasingly multipartite inter-
faces. The molecular mass of the final IL-2 signal-
ing complex was measured by MALS; (Figure
4(AIll)) to be 128 kDa (£3% accuracy), consistent
with a heterotetrameric assembly including one
copy each of IL-2, IL2-Re, IL2-RB and IL2-Ry..

Discussion

IL-2 is one of the most compelling cytokines with
regards to promise for human cancer and immuno-
therapy, but so far clinical results have been less
predictable than anticipated. A major challenge to
improving IL-2 as a therapeutic is a lack of struc-
tural and thermodynamic understanding of the
assembly of its receptor complexes. Different com-
positions of its receptor complexes are associated

with different functional, and therefore clinical out-
comes. Despite the crystal structure of IL-2 being
solved more than 15 years ago,' there exists no
structural information of IL-2 with any of its
receptors. However, in the absence of such direct
detailed structural information, we have used ITC
to study the stepwise thermodynamic assembly of
IL-2 with IL2-Re, IL2-RB and IL2-Ry.. We can then
use these data, combined with previous data on
the kinetics of IL-2-receptor interactions, to
rationalize structural models of the IL-2 signaling
complex® and the extensive repertoire of muta-
genesis studies.’” >

Using the complex crystal structure of human
growth hormone (GH)/growth hormone receptor
(GHR) as a template,* Bamborough et al*
generated a model of the ternary complex where
IL-2 is sandwiched on opposite helical faces by
IL2-RB and IL2-Ry. and capped at the tip of the
four helix bundle by IL2-Ra. Based on this model,
the overall buried surface area between IL-2 and
the single N-terminal sushi domain of IL2-Ra is
approximately 1500 A% the second sushi domain
of Ra is not thought to make a significant
interaction with IL-2, although this has not been
verified by a structure of the complex. Mutagenesis
has demonstrated that the IL2-Ra contact epitope
on IL-2 is formed by residue Phe44 that forms a
central point of a broader surface completed by
Phe42, Lys43, Tyr45, Glu62, Pro65 and Val69
located in the loop between helix A and B-B' and
in the B-helix of IL-2.%*" These observations fit
well with our observations in two ways; first the
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presence of a centralized hydrophobic core residue
(Phe44) is consistent with a primarily entropy-
driven interaction, and second, the incorporation
of several charged residues at the interface matches
well with the significant enthalpic contribution to
binding. The use of apparently different chemical
surfaces to mediate binding events has been
observed recently in other cytokine receptor
assemblies.*” In addition to the entropic and
enthalpic terms, we determined the heat capacity
of the binding reaction between IL-2 and IL2-Ra,
which is considered to be a more distinctive
thermodynamic signature for the burial of hydro-
phobic surface, than enthalpy or entropy alone.**
The value measured for AC, of —519 cal/mol K is
consistent with expected values for a typical pro-
tein—protein interaction driven by the hydrophobic
effect,®* but somewhat higher than might be
expected for the IL2-Ra interaction based on pre-
dicted buried surface area. This may indicate the
occurrence of some structural adaptation of flexible
loops and side-chains within the IL-2/Ra interface.
Such anomalously high AC, values are known to
be a thermodynamic signature of structural
adaptations or distortion. This fits well with some
known structural information on the Ra binding
site of IL-2. Small molecules for antagonism of
receptor binding have targeted this site. In crystal
structures of some of these small molecules com-
plexed with the Ra binding epitope of IL-2, the
local area of the epitope is observed to undergo
significant structural remodeling to bind to
different drugs. Thus, the Ra binding site epitopes
seem to possess the capacity to undergo ligand-
induced rearrangements, as the large AC, would
suggest.

The energetics of the interaction between IL-2
with IL2-RB show significant differences compared
to the IL-2/IL2-Ra binding. The most noticeable
change is that the primary thermodynamic driving
force is enthalpy with an associated weaker, but
still moderately favorable entropic contribution
indicating that enthalpy—entropy compensation
mechanisms play a role during association.
Residues on the face of IL-2 made up from helix A
and helix C are known to interact with TL2-RB3.3#
In the model, the IL-2/RB interface buries
~1700 A, and Asp20 of IL-2, is within hydrogen-
bonding distance of Tyrl34 of IL2-RB, which is
conserved between the human and mouse recep-
tors. Additionally, Asn88, which is also important
for binding of IL-2 to IL2-RB*" is within hydrogen
bond distance to Argl5 of IL2-RB.* The contri-
butions of polar interactions in the IL-2/IL2-Rf
interface is consistent with our thermodynamic
data that show a largely enthalpy driven inter-
action. The measured value for AC, of —597 cal/
mol K does not appear to correlate with the
reduced entropic contribution. It is possible,
however, that ordering of solvent at a protein-
protein interface, which is known to contribute
unfavorably to AS and favorably to AH,***® as well
as interface adaptation, may be responsible for the

more pronounced AC, than predicted from surface
area measurements.*>°

Our thermodynamic data describing the IL-2
ligand receptor interactions support several
possible pathways towards a functional IL-2
signaling complex (Figure 5). In the literature the
assembly of the IL-2 signaling complex is dis-
cussed somewhat controversially with two main
proposed mechanisms. Initially, the observation
on activated human T-cells where an increasing
number of IL2-Ra chains correlated with an
increase in the rate of IL-2 association with high
affinity IL2-Ra/IL2-RB binding sites lead to the
“affinity conversion” or “stepwise binding” model
for the high affinity IL-2 receptor.”’ > This model
proposes that IL2-Ra and IL2-Rf subunits exist
unassociated on the cell surface in the absence of
ligand and that IL-2 first has to bind to IL2-Re,
because of its faster association rate. This complex
would then stably assemble with the IL2-Rp
subunit™ ™ leading to a conversion of affinity for
ligand. In contrast, the “pre-assembly” model
proposes that IL2-Ra and IL2-Rf subunits are
associated in the absence of ligand. This model is
supported by evidence of chemical cross-linking
of mouse IL2-Ra and IL2-RB in the absence of
ligand and by SPR data with soluble human
receptor subunits.**** Our ITC data suggest that
theoretically both models are feasible on activated
T-cells. The lower Ky value of the IL-2 interaction
with IL2-Ra compared with IL2-RB would support
the first model, assigning the role for IL2-Ra of
concentrating IL-2 to the plasma membrane. On
the other hand, our observations of cooperative
binding of IL2-RB by a preformed complex of IL-2
and IL2-Ra favor the “pre-assembly” model of
IL2-Ra and IL2-RB. Myszka et al.’ found similar
results when they determined cooperative binding
of IL-2 by an IL2-Ra/RB complex, called the
pseudo-high-affinity site.

From our isothermal titrations involving IL2-Rvy,
we determined that IL2-Rvy, is capable of binding
to IL2-RB only in the presence of IL-2. The IL2-Ra
subunit does not appear to be involved in binding
to IL2-Ry. in the signaling complex, though
titration of IL2-Rv. into the preformed complexes
of IL-2/IL2-Ra/IL2-RB and IL-2/IL2-RB does
result in different thermodynamic profiles. Collec-
tively we reason that IL2-Rvy. requires a composite
binding epitope formed by the binary complex of
IL-2 and IL2-RB. This requirement then makes it
difficult to compare data from point mutations to
specific structural features of individual molecules.
To date only Glul26 in the D-helix of IL-2 was
determined to affect binding to IL2-Rvy.* The
requirement for a composite binding site to recruit
IL2-Ryy. to the IL-2 signaling complex is most likely
a regulatory mechanism to prevent stable biding of
IL2-RB to IL2-Ry, in the absence of the ligand IL-2,
since these two receptors have intracellular signal-
ing domains. The highest affinity energetics of
the quaternary complex are clearly not an additive
function of each of the individual lower-order
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Figure 5. Redundancy in the assembly pathways of IL-2 with its receptors. (A) Alternate assembly pathways of the
IL-2 quaternary signaling complex. On antigen activated T-cells complex formation might start with binding of IL-2
to IL2-Ra and proceed in a stepwise mode to finally build up the quaternary signaling complex (I). Alternatively, a
second pathway (II) may integrate a preformed complex of IL2-Ra and IL2-RB (pseudo-high-affinity complex) to
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reactions. Our measurements indicate that the
structurally composite interfaces give rise to an
attendant energetic cooperativity which serves to
drive the ultimate formation of the higher-order
signaling complex despite working against the
entropic cost of fixation of four individual
molecules.

The energetic mechanism utilized by . to inter-
act with IL-2, Ra and RB can be compared and con-
trasted with analogous studies carried out on a
different shared signaling receptor, gp130. This
gp130 is a highly cross-reactive shared cytokine
signaling receptor for over ten different members
of the IL-6/IL-12 family. In that system, highly
favorable entropy of binding was observed
between gpl30 and four structurally variant
cytokines (CNTF, LIF, IL-6, and OSM).”® Thus, it
appears that gpl30 utilizes entropy, likely
mediated through desolvation, as a structurally
insensitive energetic mechanism to cross-react
with diverse cytokines.”® This stands in contrast to
what we now observe for ., where highly favor-
able enthalpy appears to surmount the increasingly
unfavorable rigid body entropy of the system as a
whole. Consistent with this observation, muta-
tional studies of the vy, cytokine binding site show
that the critical energetic hotspots for different
cytokines (e.g. IL-2, -4, -7 and -15) are focused on
unique zones of an overlapping binding site,*
thus minimizing the need for a common, structu-
rally insensitive cross-reactivity mechanism. In
contrast, the gp130 binding site is almost com-
pletely overlapping, necessitating the need for a
large degree of thermodynamic plasticity to accom-
modate the unique surfaces, which it engages by
the identical receptor amino acids. By comparison,
significant non-overlapping regions of vy. play a
major energetic role in interactions with different
cytokines, implying the formation of highly cyto-
kine-specific interactions through charged and/or
polar contacts with large enthalpic signatures.
Thus, gp130 and +vy. have evolved unique
energetic mechanisms for cytokine recognition. The
generality of the . recognition thermodynamics we
see here for the IL-2 components remains to be
determined for additional . family cytokines.

In summary, we have employed ITC for the
energetic analysis of the stepwise assembly of the
IL-2 receptor complex. Throughout our ITC studies
we used the recombinant soluble domains of the
IL-2 receptor subunits, which is not completely
reflecting the physiological situation of mem-
brane-embedded receptor molecules. But the use
of soluble receptor subunits is regarded as being a

valuable methodology to amplify biophysical par-
ameters of ligand-receptor interactions. The
thermodynamic data of our study give an insight
into the binding mechanisms between IL-2 and its
individual receptor subunits and explain the ener-
getics of the higher-order assembly of the complete
IL-2 receptor complex. Our ITC study supports
several possible pathways towards a functional
signaling complex on activated T and NK-cells
and suggests that a preformed complex of IL2-Ra
and IL2-RB could serve as an initial high affinity site
to bind IL-2. The energetic mechanism for v, cross-
reactivity appears to contrast with that utilized by
another shared cytokine receptor gp130. In combi-
nation with currently available structure—function
studies, our thermodynamic analysis will lead to a
more complete understanding of the structural
biology of IL-2 signaling and further enhance efforts
to obtain direct structural information.

Materials and Methods

Protein expression and purification

All proteins used in this study were expressed using
the baculovirus system (Pharmingen). Briefly, insect
Spodoptera frugiperda (Sf9) cells were used for generating
high titer recombinant virus and were cultured at 28 °C
using SF900 II SFM medium (Invitrogen). Trichopulsia ni
(High-Five®) cells (Invitrogen) were used to express the
recombinant protein and were grown in Insect Xpress
medium (Cambrex) at 28 °C.5®

Full length IL-2 (residues 1-133), the ectodomains of
IL2-Ra (residues 1-217), IL2-RB (residues 1-214) and
IL2-Ry. (residues 1-236) were cloned into the pAcgp67A
vector (Pharmingen). The primers (available upon
request) were designed to be in-frame with the gp67A
signal sequence of the vector and included a C-terminal
hexa-histidine tag. After infection of High-Five cells
with recombinant virus, the supernatant was harvested
through a two-step centrifugation process to remove cel-
lular material, and reduced in volume using tangential
flow concentration. Ni-NTA resin (Qiagen) was added
to the concentrated supernatant and allowed to “batch”
bind at 4°C, and elution fractions from the Ni-NTA
resin containing the protein of interest as determined by
SDS-PAGE analysis were concentrated using Centricon
(Millipore, Bedford, MA) spin concentrators and injected
onto an FPLC gf200 Sephadex sizing column
(Pharmacia).

Additional steps for protein production
and modification

Wild-type IL2-Ra has a free cysteine residue at

bind IL-2* followed by the recruitment of IL2-Ry.. On certain NK-cells and monocytes, which lack IL2-Ra, pathway
(II) likely represents the activation mechanism used to form the three-way signaling complex of IL-2/IL2-R@/IL2-
Ry.. (B) Surface representation of a model of the IL-2 receptor signaling complex proposed by Bamborough et al.*®
Bamborough et al. made use of the Brookhaven Data Bank® structures IL-4 (entry name 11TM),%* IL-2 (3INK)** and
human growth hormone complex (3HHR).* Raster3D** and VMD® were used to prepare the MSMS surface

representation.® n.d., not determined.
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position 192 of its ectodomain, which results in the for-
mation of disulfide-linked homodimers during protein
purification. To remove the fraction of disulfide-linked
homodimers of IL2-Ra we reduced Cys192 in 10 mM
cysteine (Sigma) and alkylated with 20 mM iodoaceta-
mide for one hour at room temperature. As reported the
alkylation, or removal of Cys192 has no influence on
ligand binding.”® The completeness of IL2-Ra-alkyl-
ation was monitored with reducing and non-reducing
SDS-PAGE.

IL2-Ry. eluted of the FPLC gf200 sizing column in
three fractions as observed.” These fractions include a
high molecular mass irreversibly aggregated complex, a
dissociable complex having an elution volume consistent
with a trimer, and a lower molecular mass fraction
having an elution volume consistent with a monomer.
Both, the IL2-Rvy. trimer and monomer fractions were
shown to bind IL-2,*' but for our ITC experiments we
only used the IL2-Ry. monomer fraction.

Isothermal titration calorimetry

Calorimetric titrations were carried out on a VP-ITC
calorimeter (MicroCal, Northhampton, MA) at 10°C,
15°C and 20 °C for the binary titrations and 20 °C for
the higher-order complex. Prior to each titration, the
protein samples were degassed for ten minutes. Data
were processed with the MicroCal Origin 5.0 software.
All experiments were carried out in the same buffer
(10mM Hepes (pH 7.5) supplemented with 150 mM
sodium chloride) to control for heat of dilution effects.

Protein concentrations were determined using the
BCA method (in duplicate or triplicate). The precision
of the protein concentration determinations varies
between different proteins (IL-2, Ra, RB and Ry) by
15-20%, and appears to be affected by the heavy
glycosylation content and reactivity of each protein with
BCA. However, each ITC experiment was carried out
multiple times, at different temperatures, at different
protein concentrations, with very close agreement
between the measured and calculated values, indicating
consistency in protein concentration values. The n, or
stoichiometry values determined by ITC can vary by
~25% (e.g. n values between 0.7 and 1.3 for an n value
of 1.0), but the ultimate stoichiometries were assigned
using n values confirmed by gel filtration and MALS of
the various complexes after the ITC titration. Further,
prior kinetic analysis using SPR, and our own pre-
liminary crystallization results confirm that only one
copy of each component is recruited into complexes in
this system.

In the titrations of binary complexes (Figures 1 and 2),
the titrand was used in the cell at a concentration of
3-4 pM, and the titrant at a seven- to tenfold higher con-
centration in the syringe. In the titrations of the higher-
order trimeric complexes (Figure 3) involving IL-2 and
IL2-Ra, a preformed and purified complex of IL-2 and
IL2-Ra was used as the titrand in the cell and IL2-R
and IL2-Ry, as titrants in the syringe. When testing the
complex made of IL-2 and IL2-RB and IL2-Ry,, a pre-
formed complex of IL-2 and IL2-RB was put into the
cell and saturated with IL2-Rvy.. Studying the four-way
heteromeric signaling complex (Figure 4) a preformed
complex of IL-2 and IL2-Ra was used as the starting
titrand and first saturated with IL2-RB followed by IL2-
Ry. as the final titrant. As a last control, the content of
the cell following each titration was injected onto the
gf200 Sephadex sizing column on the FPLC to confirm

stoichiometry by elution position of the complex, to
ensure the proteins had not aggregated in the ITC cell
and finally visualized on an SDS-PAGE gel to ensure
the presence of all proteins in the final complex.

Multi-angle light scattering

A DAWN EOS (Wyatt Technology, Santa Barbara, CA)
equipped with a K5 flow cell and a 30 mW linearly
polarized GaAs laser of wavelength 690 nm was used in
all experiments. All measurements were made in the in-
line flow mode. A Jasco model PU-980 (Jasco Corp,
Tokyo, Japan) pump was used to flow 0.1 wm filtered sol-
vent (10 mM Hepes(pH 7.5), 200 mM NaCl) through a
Shimadzu DGU-14A (Shimadzu Corp., Kyoto, Japan)
degasser and into an HR 10/30 Superdex-200
(Amersham Biosciences, Piscataway, NJ) gel filtration
column. The sample was at approximately 2 mg/ml (in
the eluent buffer). Both the light scattering unit and the
refractometer were calibrated as per the manufacturer’s
instructions. A value of 0.175 ml/g was assumed for the
dn/dc ratio of the protein. Light scattering data were
used from 11 detectors ranging from 50.0° to 134.0°
(detectors 6 through 16). Measuring the signal from
monomeric bovine serum albumin normalized the detec-
tor responses. The temperature of the light scattering
unit was maintained at 25 °C and the temperature of the
refractometer was kept at 35°C. The column and all
external connections were at ambient temperature
(20-25°C). The flow rate was maintained at 0.5 ml/
minute throughout the experiments.
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