Structural basis of interleukin-5 dimer
recognition by its o receptor
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Abstract: Interleukin-5 (IL-5), a major hematopoietin, stimulates eosinophil proliferation, migration,
and activation, which have been implicated in the pathogenesis of allergic inflammatory diseases,
such as asthma. The specific IL-5 receptor (IL-5R) consists of the IL-5 receptor o« subunit (IL-5RA)
and the common receptor  subunit (fc). IL-5 binding to IL-5R on target cells induces rapid
tyrosine phosphorylation and activation of various cellular proteins, including JAK1/JAK2 and
STAT1/STATS5. Here, we report the crystal structure of dimeric IL-5 in complex with the IL-5RA
extracellular domains. The structure revealed that IL-5RA sandwiches the IL-5 homodimer by three
tandem domains, arranged in a “wrench-like” architecture. This association mode was confirmed
for human cells expressing IL-5 and the full-length IL-5RA by applying expanded genetic code
technology: protein photo-cross-linking experiments revealed that the two proteins interact with
each other in vivo in the same manner as that in the crystal structure. Furthermore, a comparison
with the previously reported, partial GM-CSFeGM-CSFRAefic structure enabled us to propose
complete structural models for the IL-5 and GM-CSF receptor complexes, and to identify the
residues conferring the cytokine-specificities of IL-5RA and GM-CSFRA.
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Acquired immune responses are involved in the late
phase of infection and the generation of immunologi-
cal memory, and are mediated by a specialized group
of lymphocytes, including T and B cells. These lym-
phocytes recognize antigens via cell surface antigen
receptors. The activated T cells release cytokines
and chemokines, which activate phagocytosis by the
innate lymphocyte cells, and provide increased pro-
tection against pathogens.’
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Interleukin-5 (IL-5) is a conserved hematopoietic
cytokine. IL-5 is mainly produced by Th2 cells after
stimulation with antigens, and by mast cells upon
stimulation with an allergen/IgE complex or a cal-
cium ionophore.2® The overexpression of IL-5 in vivo
significantly increases the numbers of eosinophils
and B cells, while mice lacking the functional gene
for IL-5 display various developmental and functional
impairments in the B cell and eosinophil lineages.
In humans, the biological effects of IL-5 have been
best characterized for eosinophils. The recent expan-
sion of research on eosinophil development and the
activation and pathogenesis of eosinophil-dependent
inflammatory diseases has led to enhanced therapeu-
tic options.” The intravenous administration of a
humanized anti-IL-5 monoclonal antibody reduces
the baseline of bronchial mucosal eosinophils in mild
asthma, thus providing important implications for
strategies to inhibit the actions of IL-5, for treating
asthma and other allergic diseases.?

IL-5 is a dimeric glycoprotein with a four-helix
bundle motif, and it acts on target cells by binding to
its specific IL-5 receptor (IL-5R), which consists of an
IL-5 receptor o subunit (IL-5RA) and a common recep-
tor B subunit (pc).> 2 IL-5RA specifically binds IL-5,
and induces the recruitment of pc to IL-5R.1*717 The
Bc subunit is a signal-transducing molecule shared
with two receptors for monomeric cytokines, interleu-
kin-3 (IL-3), and granulocyte macrophage colony
stimulation factor (GM-CSF) (IL-3R and GM-CSFR,
respectively).'®2! Both IL-5RA and Bc have a mem-
brane proximal proline-rich sequence (PPXP motif) in
their cytoplasmic domains, which is also essential for
IL-5-induced signal transduction.?272°

IL-5 stimulation induces rapid tyrosine phos-
phorylation of various cellular proteins, including fc,
the SH2/SH3-containing proteins Vav, HS1, She, and
so forth. Btk, the Btk-associated molecules, and the
JAK1/JAK2, STAT1/STATS5, PI3K, and MAP kinases,
activates downstream signaling molecules,242528
and leads to the maintenance of the survival and
functions of B cells and eosinophils. The activation
of JAK2 and STAT5 is essential for IL-5-dependent
signal transduction.?°73! Especially, IL-5 binding to
IL-5R activates the JAK kinases through the associ-
ations of IL-5RA with JAK2 and of fc with JAK1, by
means of their cytoplasmic domains.?® On the other
hand, GM-CSF binding to GM-CSFR induces JAK2
activation via the formation of a unique dodecameric
receptor complex.>2 The activation of JAK2/STAT5
by the mature GM-CSF receptor has been well char-
acterized, in both normal hematopoiesis and disease
states, where aberrant signaling has been shown to
contribute to dysregulated myelopoiesis. In this way,
the JAK/STAT signaling pathways differ between IL-
5 and GM-CSF, although they share the pc subunit.

In this study, we determined the crystal struc-
ture of the 1:1 complex between dimeric IL-5 and
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the IL-5RA extracellular region, consisting of three
domains (D1-D3). The D2 and D3 domains, as well
as the D1 domain, of IL-5RA contribute to IL-5 bind-
ing. In the complex, the two subunits of the IL-5
dimer interact with the IL-5RA molecule in different
manners. Moreover, the application of an expanded
genetic code to the full-length IL-5RA protein
revealed that the two proteins exhibit the same
interaction mode on the cell surface. A comparison
with the previously reported GM-CSFeGM-
CSFRAefc complex structure enabled us to define
the residues determining the cytokine-specificities of
the two receptors.

Results

Structure of IL-5 bound to IL-5RA

We expressed the mature IL-5 (residues 23-134) and
IL-5RA ectodomain (residues 21-335) fragments by
cell-free protein synthesis. These fragments precipi-
tated during synthesis, but were prepared as a solu-
ble protein complex by co-refolding. The purified
complex of IL-5 and the IL-5RA ectodomain (desig-
nated hereafter as the IL-5eIL-5RA complex) was
successfully crystallized. The crystals contain one
protein complex, with a stoichiometry of 2:1 (one IL-
5 dimer plus one receptor).

We determined the crystal structure of the IL-
5eIL-5RA complex at 2.7 A resolution by the single-
wavelength anomalous dispersion (SAD) method,
using the crystal of the selenomethionine-labeled
proteins. The crystallographic data are summarized
in Table I. In the complex, IL-5 forms a homodimer,
and IL-5RA sandwiches the IL-5 dimer [Fig. 1(A,B)].
The IL-5 dimer and IL-5RA in the complex are
arranged in a nearly perpendicular manner [Fig.
1(B)]. Similar to the other class I cytokine recep-
tors,>® IL-5RA is composed of three tandem domains
(D1, D2, and D3). The N-terminal D1 domain adopts
the fibronectin III-like (FnIII) domain fold. The D2
and D3 domains constitute the canonical cytokine
receptor homology module (CRM),>* which is also
composed of a pair of FnIll domains arranged
orthogonally [Fig. 1(A)]. Each domain of IL-5RA
includes seven anti-parallel B strands (D1: B1-p7,
D2: B1-p7, D3: p1-p7) [Fig. 1(A)]l. The D1 domain
contains one cysteine (Cys86) on the B5 strand,
which is not involved in disulfide bond formation.
The D2 domain, consisting of about 100 amino acid
residues, contains two conserved disulfide bonds
(Cys134—Cys155 and Cys182—-Cys196), while the D3
domain, including the conserved WSXWS motif,*®
contains one (Cys269-Cys316). On the other hand,
the IL-5 protomer is composed of four o-helices
(a1-04), connected by three loops. The IL-5 dimer is
stabilized by two intermolecular disulfide bonds,
Cys63-Cys105 and Cys105—Cys63 (chain A—chain B)
[Fig. 1(B)]. The structures of the IL-5 dimer alone!®

PROTEIN SCIENCE ‘ VOL 21:850-864 851



Table I. X-Ray Data Collection, Phasing, and Refine-
ment Statistics of the IL-5eIL-5RA Complex

Native Se-Met
Data collection
Space group P2,2,2, P2,2,2;
Cell dimensions
a, b, ¢ (A) 58.6, 88.7, 58.5, 89.3,
126.7 126.1
o, B, v () 90, 90, 90 90, 90, 90
Wavelength (A) 1.0000 0.9789
Resolution (A) 50-2.7 50-3.0
(2.80-2.70) (3.11-3.00)
Unique reflections 18667 13915
Redundancy 6.7 7.2
Completeness (%) 99.5 (99.9) 99.4 (98.5)
I/o) 20.1 (3.9) 18.5 (7.2)
Ryym® (%) 7.7 (47.9) 9.6 (52.6)
SAD analysis
Resolution (A) 3.5
No. of sites 4
FOMP 0.66
Refinement
Resolution (A) 43.0-2.7
No. of reflections 18615
No. of protein atoms 4205
No. of water molecules 28
Rwork (%) 23.5
Rfree (%)C R 28.7
r.m.s.d. bond length (A) 0.003
r.m.s.d. bond angles (°) 0.7
Ramachandran plot
Most favored 96.9
regions (%)
Additional allowed 3.0
regions (%)
Generously allowed 0.1
regions (%)
Disallowed regions (%) 0.0

All numbers in parentheses represent last outer shell
statistics.

# Reym=y_ | Tayg—lil / > Ii, where Ii is the observed inten-
sity and I, is the average intensity.

b Figure of merit after SAD phasing.

¢ Rivee 18 calculated for 5% of randomly selected reflections
excluded from refinement.

and in complex with IL-5RA superpose well (root-
mean-square deviation [rmsd] 1.0 A for Cu atoms),
except for the a2—a3 loop of IL-5 chain A and the
a3—a4 loop of IL-5 chain B (represented as an arrow-
head) [Fig. 2(A)]. In the complex structure, a4 of IL-
5 chain A is accommodated in a large concave sur-
face of IL-5RA, and is covered by the three o-helices
(a1-a3) of IL-5 chain B (discussed below).

Recently, Patino et al. published the crystal
structure of human IL-5 in complex with a five-point
mutant of IL-5RA (C66A, K72M, L138M, K167M,
and L234M) (PDB ID: 3QT2).2¢ They described the
wrapping of the “preformed” architecture of IL-5RA
around the four-helix IL-5 as resembling that of a
wrench around a nut. Their reported complex and
our wild-type complex superimposed almost perfectly
(rmsd 0.3 A for all Co atoms), and displayed the
“‘wrench-like” architecture [Fig. 1(C)].
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IL-5¢IL-5RA binding interface

IL-5RA forms an extensive binding interface with
IL-5, burying ~ 1,115 A? of the surface area. Approx-
imately 54% of this buried surface area is mediated
by the IL-5RA D1 domain. There are three main
interaction sites, 1, 2, and 3, at the binding interface
[Fig. 2(B)].

Site 1 is composed of the B3—B5 regions of the
IL-5RA D1 domain, the a3—a4 loops of IL-5 chain A,
and the al-o2 loops of IL-5 chain B [Fig. 1(A,B), and
2(D)]; these regions are arranged in an anti-parallel
manner, and form hydrogen-bonding, hydrophobic,
and polar interactions. The 107-Glu-Glu-Arg-Arg-
Arg-111 sequence of IL-5 interacts with the IL-5RA
D1 domain. Argl109 of IL-5, which is located at the
center of the interface, forms a salt bridge with
Glu64, as well as two main chain-main chain hydro-
gen bonds with Glu78 of IL-5RA. Arg110 and Arglll
of IL-5 chain A form a salt bridge with Asp75 and
Asp76, respectively, of IL-5RA, while Glul07 and
Glul08 of IL-5 chain A hydrogen bond with Arg80
and Ser84, respectively, of IL-5RA. In addition,
Gln114 of IL-5 chain A hydrogen bonds with Asp75
of IL-5RA. Interestingly, Asp76 of IL-5RA partici-
pates in hydrogen bond formation with both Arglll
of IL-5 chain A and Arg51 of IL-5 chain B. The
hydrophobic interactions between Tyr77 and Ile81
(B4) in the IL-5RA D1 domain reinforce the salt
bridges and the hydrogen bonds [Fig. 2(D)]. Conse-
quently, these interactions, including many salt
bridges, constitute an interface with good charge
complementarity between the IL-5RA D1 domain
and the a3—a4 loop of IL-5 chain A, as revealed by
the potential mapping of the interface of each pro-
tein [Fig. 2(C)].

Site 2 consists of the B3—p4 and P5-p6 loops of
the IL-5RA D2 domain, which interact with the C
termini of IL-5 chains A and B [Fig. 2(E)]. Glu129 of
IL-5 chain A forms a salt bridge with Lys206, and is
also close to Arg208 from the B5—B6 loop of the IL-
5RA D2 domain. The backbone of Arg208 forms a
hydrogen bond with Lys58 of IL-5 chain B, and the
side chain of Arg208 utilizes its polar and hydropho-
bic characteristics to interact with Vall25 and
Thr128 of IL-5 chain A. In the 3—p4 loops of the IL-
5RA D2 domain, hydrophobic interactions facilitate
the contacts of Ser177 and Trpl78 with Ile131 and
W130, respectively, of IL-5 chain B.

Site 3 is composed of the p2—B3 and B6—P7 loops
of the IL-5RA D3 domain, which contact a4 of IL-5
chains A and B [Fig. 2(F)]. First, the side chain of
His268, from the D3 B2—p3 loop of IL-5RA, hydrogen
bonds with the main chain oxygen atom of Asn127
(IL-5 chain A). Second, the D3 B6—37 loop of IL-5RA
provides the side chain of Glu318, which hydrogen
bonds with GIn120 of IL-5 chain A. These hydro-
philic interactions are surrounded by the hydropho-
bic groups of Phe265 and Pro266 (IL-5RA D3

Structure of the Human IL-5elL.-6Ra Complex



Figure 1. Structure of the IL-5¢IL-5RA complex. IL-5RA is composed of the Fnlll domain (D1: yellow, amino acid residues
27-121) and CRM (D2: orange, amino acid residues 122-237 and D3: salmon pink, amino acid residues 238-332). IL-5RA
bound to IL-5 (chain A: green and chain B: cyan), presented as a ribbon diagram. The two views (A) and (B) are related by a
90° rotation about the vertical axis. (C) Representation of the IL-5eIL-5RA complex with a wrench-like architecture. The two

views are related by a 90° rotation about the horizontal axis.

domain), Met315 (IL-5RA D3 domain), and Thr128
(IL-5 chain A). Furthermore, the other protomer of
the IL-5 dimer also interacts with the receptor:
Val30 and Leu34 (IL-5 chain B) interact with
Met315 (IL-5RA D3 domain) [Fig. 2(G)].

Thus, the three interfaces, sites 1, 2 and 3, ex-
hibit different types of interactions. Site 1 is formed
by the sequence of IL-5, which interacts tightly with
IL-5RA by three salt bridges, surrounded by hydro-
phobic and hydrogen-bonding interactions. On the
other hand, sites 2 and 3 each contain two contact
points between IL-5 and IL-5RA, so that they snugly
fit with each other.

Photo-cross-linking between IL-5 and IL-5RA in
vivo

We also performed experiments with the full-length
IL-5RA and IL-5 molecules in mammalian cells, to
gather evidence supporting the determined complex
structure of the extracellular domain. A photo-reac-
tive amino acid, p-benzoyl-L-phenylalanine (pBpa),
has been site-specifically incorporated into proteins
in living cells with an expanded genetic code.?”*®
This non-natural amino acid is activated by expo-
sure to 365-nm light, and covalently links the pBpa-
containing protein to an interacting protein, when
the pBpa is incorporated at a site adjacent to the
binding interface. The substitution of the cross-
linker (pBpa) for the residues involved in hydrogen
bonding interactions or located in the core of the
interface abrogates the protein—protein interactions,
and results in marked decreases in the cross-linking
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efficiency.®®3% Accordingly, we selected several resi-
dues, such as positions 75, 77, 79, 80, and 81 in site
1, as well as in the surrounding region, as candi-
dates for the incorporation sites of the cross-linker,
since sites 2 and 3 and their surrounding areas lack
suitable sites for the incorporation of the cross-
linker. To probe the binding mode between the full-
length IL-5RA and IL-5 molecules, we incorporated
the cross-linker at these candidate sites (positions
75, 77, 79, 80, and 81) and at another position, 166,
in IL-5RA; the former five positions are located
within f4—B5 and the surrounding region of the IL-
5RA D1 domain, which interact with IL-5 in the
determined crystal structure, while the latter posi-
tion is far from the IL-5 interface, at the p2—f3 loop
of the IL-5RA D2 domain [Fig. 3(A)].

Human embryonic kidney 293 cells, expressing
the wild-type and variants of IL-5RA with C-termi-
nal FLAG tags, were incubated with 1 uM of puri-
fied IL-5 (lacking the histidine tag) to generate the
IL-5-IL-5RA complex on the cell surface, and then
were exposed to 365-nm light. The IL-5RA and its
crosslinked products were immunoprecipitated with
anti-FLAG antibody affinity resin and then detected
with an anti-FLAG antibody. For position80-pBpa
IL-5RA, a protein band with a molecular mass of
~ 70 kDa (represented by an arrowhead), which is
almost equal to the sum of the molecular masses of
the two proteins at a 1:1 stoichiometry, was success-
fully detected [Fig. 3(B)]. We clearly showed that
this band including position80-pBpa is the cross-
linked product with IL-5, because it disappeared

PROTEIN SCIENCE ‘ VOL 21:850-864 853
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Figure 2. IL-5 binding to IL-5RA is mediated by three distinct interfaces. A: Superimposition of IL-5 alone and IL-5 in the
complex. B: Surface representation of IL-5 and IL-5RA, showing the three binding interfaces. Surface colors are same as in
Figure 1. C: Potential mapping of the binding interfaces between IL-5 and IL-5RA. The amino acid residues participating in
interactions involving salt bridges and hydrogen bonds are indicated in sites 1, 2, and 3. Positive potential: blue, negative
potential: red. D: Details of site 1, composed of the IL-5RA D1 domain and IL-5. E: Details of site 2, composed of the IL-5RA
D2 domain and IL-5. F: Details of site 3, composed of the IL-5RA D3 domain and IL-5. G: Surface representation of the IL-5
dimer binding-pocket in site 3, which is recognized by the p6-CT loop of IL-5RA.

under ligand (-) and light (+) conditions [Fig.
3(B,C)]. When WT and position 166-pBpa were
tested as negative controls, no significant band was
detected under the same conditions [Fig. 3(B,D)].
The other tested candidates (positions 75, 77, 79,
and 81-pBpa) did not yield any cross-linked product,
because the size of pBpa and its orientation in these
positions are not appropriate for cross-link formation
(data not shown).
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Characterization of the IL-5¢IL-5RA complex
and its family

The o receptors for IL-5, IL-3, and GM-CSF
(IL-5RA, IL-3RA, and GM-CSFRA, respectively) con-
stitute a subgroup of the class I receptor superfam-
ily. IL-5RA shares less than 30% sequence identity
to IL-BRA and GM-CSFRA. As for the previously
determined structure of GM-CSFRA in complex with
GM-CSF and fc,?2 the coordinates of only one of the

Structure of the Human IL-5elL.-6Ra Complex
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Figure 3. Photo-cross-linking between IL-5 and IL-5RA in mammalian cells. The FLAG-tagged IL-5RA variants, with the
photo-reactive amino acid pBpa at the indicated positions in (A), were expressed in HEK293 c-18 cells. A 1 pM concentration
of the purified IL-5 was added to the cells expressing IL-5RA on the cell surface, and after the cells were exposed to light, IL-
5RA and its photo-cross-linked products were purified by immunoprecipitation with FLAG-M2 agarose. The precipitates were
subjected to SDS-PAGE and analyzed by western blotting with anti-FLAG antibodies. B: The cross-linked IL-5 is indicated by
the red arrowhead. The IL-5RA variants are indicated by the black arrowhead. WT, wild type IL-5RA; IP, immunoprecipitation;
WB: western blotting. C, D: Close-up views of the cross-links between IL-5RA-pBpa and IL-5 and the control residue

locations. The residues are represented as orange sticks.

domains («D2a), with a homologous sequence to that
of the D3 domain of IL-5RA (Supporting Information
Fig.S1A), were deposited in the Protein Data Bank
(PDB: 3CXE). This structure of aD2a superimposes
well with that of the D3 domain of IL-5RA in our
IL-5eIL-5RA complex structure [Fig. 4(A)]. In both
domain structures, two anti-parallel B-sheets are
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formed between 1 and B2 and between B3 and (6,
involving many identical residues (Supporting Infor-
mation Fig. S1A). However, the structures between
B4 and B5 are significantly different [Fig. 4(C)]. In the
IL-5RA D3 domain structure, p4 forms an anti-paral-
lel B sheet with B3. In contrast, in the GM-CSFRA
aD2a structure, the region corresponding to f4 of the

PROTEIN SCIENCE ‘ VOL 21:850-864 855
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Figure 4. Structural comparison and surface properties of the binding interface between IL-5eIL-5RA and GM-CSFeGM-
CSFRA. Superimposition of GM-CSFRA (light purple) bound to GM-CSF (blue) for the IL-5RA D3 domain (A) and for the IL-5
chain B (B), shown as a ribbon diagram. (C) Close-up view of the superimposition in (A) between the IL-5RA and the GM-
CSFRA D3 domains. (D) Residue conservation mapping on the surfaces of IL-5 and IL-5RA. Purple and pink surfaces indicate
the locations of identical and similar residues between IL-5¢IL-5RA and GM-CSFeGM-CSFRA, respectively, among receptor o

of the human Bc family (E), according to the sequence alignment in Supporting Information Fig. S1A. (F) Contact residue
mapping on the surfaces of GM-CSF and GM-CSFRA. The D1 and D2 domains of GM-CSFRA were modeled based on the
structure of IL-5RA by MODELLER, and are colored gray. Blue and green surfaces indicate the locations of putative contact
residues with GM-CSFeGM-CSFRA, based on the sequence alignment, the contact residues with sites 1 and 2, and yellow
and wheat surfaces indicate the contact residues with site 3 and fc, respectively. (G) Contact residue mapping on the
surfaces of IL-5 and IL-5RA. Blue, green, yellow, and wheat surfaces indicate the locations of contact residues with sites 1, 2,
and 3, and putative contact residues with Bc, respectively, based on the sequence alignment.

IL-5RA D3 domain forms a long loop, and then P4
forms an anti-parallel B sheet with p5 [Fig. 4(C)]. This
region between B3 and 5 of GM-CSFRA is involved
in the interactions with Bc (Supporting Information
Fig. S1A).22 On the other hand, the GM-CSF mono-
mer and the corresponding part of the IL-5 dimer (04
of chain A and a1-a3 of chain B) in the complexes also
superpose well, except for a3 [Figs. 1(B) and 4(A)].
Because of the dimer formation by IL-5, the orienta-
tion of a3 in IL-5 is quite different from that in GM-
CSF (Supporting Information Fig. S1C). When we
superimposed the complex structures, based on the
ligands (IL-5 and GM-CSF), their respective receptors
(GM-CSFRA and IL-5RA) have different positions
[Fig. 4(B)], indicating that the ligand-binding interfa-
ces slightly differ between the two receptors.
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We have shown that the D3 domains of IL-5RA
and GM-CSFRA adopt similar structures. Based on
the sequence identities of D1 and D2 between IL-
5RA and GM-CSFRA (Supporting Information Fig.
S1A), we modeled the D1 and D2 domains of GM-
CSFRA, which are missing in the previous GM-
CSFeGM-CSFRAefc ternary complex
using the present crystal structure of IL-5RA as a
template. From these domain models of GM-CSFRA,
we identified putative disulfide bonds between
Cysll and Cys79 in the D1 domain, and between
Cys126 and Cys136, and Cys165 and Cysl78 in the
D2 domain (Supporting Information Fig. S1A). The
Cys51 in this model would be unpaired, and possibly
plays a similar role to Cys86 in IL-5RA. Based on
this model, we compared the residues located in the

structure,

Structure of the Human IL-5elL.-6Ra Complex



Figure 5. Divergence in ligand and alpha receptor heterodimer formation by the IL-5eIL-5RA complex and the GM-CSFeGM-
CSFRA complex in the D3 domains. The superimposed structures of IL-5eIL-5RA and GM-CSFeGM-CSFRA are presented in
the upper left. A: Close-up view of the interfaces between the o helices of the ligands and the 6-CT loops of the o receptors.
B: Potential mapping of the contact residues between IL-5 and IL-5RA, and GM-CSF and GM-CSFRA (C). The residues are

represented as sticks.

interface between IL-5 and IL-5RA, with the corre-
sponding residues of GM-CSF and GM-CSFRA.
Mapping of the ligand-interacting residues in sites
1, 2, and 3 on each receptor [Fig. 4(F,G)] revealed
that they are clustered in similar positions, but the
participating amino acid residues are poorly con-
served between IL-5RA and GM-CSFRA [Fig.
4(D,E)]. In contrast, the residues corresponding to
the PBc-interacting residues of GM-CSF are highly
conserved in IL-5RA [Fig. 4(D,G)l. On the ligand
sides, the receptor-interacting residues reside in
slightly different locations, particularly in o4 within
sites 2 and 3 [Fig. 4(F,G)]. Moreover, the residues
located within the interfaces on the ligands are
hardly conserved, as in the cases of their receptors.
These divergences in the amino acid residues are
likely to determine the ligand specificities of the
receptors.

Specificity for ligand binding of the IL-5RA and
GM-CSFRA D3 domains

A comparison of site 3 of the IL-5¢IL-5RA complex
with the corresponding contact site of the GM-

Kusano et al.

CSFeGM-CSFRA complex revealed significant struc-
tural differences, formed by the B6-CT loop (the D3
domain) of the receptor o molecules, and in the
interacting regions, ol and o4, of the ligands (Fig.
5). In IL-5RA, Glu318 in the B6-CT loop hydrogen
bonds with GIn120 in o4 of IL-5 (chain A). In con-
trast, the corresponding residue of GM-CSFRA is
I1e303, which hydrophobically interacts with Leull5
in a4 of GM-CSF. In the case of GM-CSFRA, the
side chain of Arg302 in the P6-CT loop hydrogen
bonds with the main chain oxygen atom of Leull5
in 04 of GM-CSF, and the main chain of Arg302 in
the B6-CT loop hydrogen bonds with the side chain
nitrogen atom of Arg23 in ol of GM-CSF, while the
side chain of the corresponding Arg residue (Arg317)
of IL-5RA is rotated away from the interface, and is
not involved in IL-5 binding. Instead, in IL-5RA,
Met315 in the B6-CT loop (IL-5RA D3 domain) pro-
trudes into the hydrophobic pocket and interacts
with Val30 and Leu34 in ol of IL-5 (chain B) [Fig.
5(A)]. This difference occurred because Cys316 (IL-
5RA D3 domain), which is not conserved in GM-
CSFRA, forms a disulfide bond with Cys269 (IL-5RA
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D3 domain) and changes the conformation of the p6-
CT loop [Figs. 1(A), 4(F,G), and 5(A)]. Interestingly,
the modes of these receptoreligand interactions in
IL-5¢IL-5RA and GM-CSFeGM-CSFRA are totally
different: IL-5eIL-5RA involves polar and hydropho-
bic interactions, while GM-CSFeGM-CSFRA involves
hydrophobic interactions and hydrogen bonds. This
aspect is clearly shown by the electrostatic potential
map [Fig. 5(B,C)]. Thus, the two o receptors regulate
the ligand specificity by changing the types of inter-
actions and the interactive residues in site 3.

Discussion

In the present study, we determined the crystal
structure of IL-5RA bound with IL-5. One IL-5RA
recognizes three binding sites in the dimeric IL-5.
We confirmed, through photo-cross-linking experi-
ments, that the two proteins interact with each
other in vivo in the same manner as that in the
crystal structure. Previous mutagenesis studies indi-
cated that mutations of the residues in the o3-04
loop (Glu107, Glul08, Argl09, and Argl10) and o4
(Thr128, Glul29, and Trpl130) of IL-5 weaken the
ability to bind IL-5RA.%*°~*2 On the other hand, the
IL-5RA mutations that diminish the high-affinity
binding are located in the D1 domain (Asp75, Asp76,
and Glu78), the D2 domain (Lys206 and Arg208),
and the D3 domain (Arg317).*® All of these IL-5 and
IL-5RA residues, except for Trpl30 and Arg317,
directly participate in the complex formation in our
IL-5eIL-5RA complex structure. The residues in the
a3—a4 loop of IL-5 and the D1 domain of IL-5RA con-
stitute site 1, while those in o4 of IL-5 and in the D2
and D3 domains of IL-5RA constitute sites 2 and 3.
By contrast, Trp130 of IL-5 does not directly partici-
pate in the interaction with IL-5RA in the complex
structure, but its side chain maintains the local
structure of Glul29 of IL-5 (data not shown). There-
fore, the present structure of the IL-5eIL-5RA com-
plex can explain the effects of the previous muta-
tions, with only one exception, Arg317 of IL-5RA,
which is not directly involved in the intermolecular
interaction. Arg317 does not interact with any of the
above-mentioned functional residues, but it supports
the side chain of Glu318 of IL-5RA, which hydrogen
bonds with GIn120 of IL-5.

Furthermore, we compared the D3 domains in
the two complex structures, the IL-5eIL-5RA com-
plex and the GM-CSFeGM-CSFRA complex. A struc-
tural comparison of the two D3 domains revealed
that in site 3, the interactive residues and the types
of interactions are totally different between the IL-
5eIL-5RA and GM-CSFeGM-CSFRA complexes (Fig.
5). It is likely that these differences determine the
ligand-binding specificities of IL-5RA and GM-
CSFRA. On the other hand, the residues that consti-
tute the D1-D3 domains of IL-5RA are well con-
served in GM-CSFRA [Supporting Information Fig.
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1(A,B)]. Therefore, we utilized our crystal structure
of IL-5RA as a template, to perform a modeling of
the missing GM-CSFRA D1-D2 domains structure
[Fig. 4(F)]. The model structure indicated that the
overall architecture of the GM-CSFeGM-CSFRA
complex closely resembles that of the IL-5eIL-5RA
complex; therefore, GM-CSFRA is also likely to
adopt a similar preformed wrench-like architecture
as that in IL-5RA. In addition, in site 1, we found
differences in the residues located on the
ligandereceptor interface between the IL-5e¢IL-5RA
and GM-CSFeGM-CSFRA complexes. For example,
within IL-5, residues 107-Glu-Glu-Arg-Arg-Arg-111
interact with the IL-5RA D1 domain, but they are
replaced with 98-Thr-Gln-Ile-Ile-Thr-102 in GM-
CSF. Similarly, within IL-5RA, residues 75-Asp-Asp-
Tyr-Glu-78 and 80-Arg-Ile-81 are replaced with 49-
Trp-Asp-Cys-GIn-52 and 54-Asn-Thr-55, respectively,
in GM-CSFRA [Fig. 4(F,G), Supporting Information
Fig. 1(A,B)]. As in the case of site 2, these differen-
ces in the amino acid residues may also determine
the ligand specificities of the receptors.

On the other hand, in the context of ligand-
binding, IL-5 binds to IL-5RA with a higher binding
affinity, due to the 20-fold faster association rate
(larger k., value), as compared to that of GM-CSF
toward GM-CSFRA.** Lopez et al. reported that IL-
5, IL-3, and GM-CSF cross-compete for binding to
the same cell.*? In other words, the fast association
can facilitate ligand capture by IL-5RA on the cell
surface. Based on our complex structure, the two
binding interfaces of the IL-5 homodimer with IL-
5RA have more chances to bind to its receptor, as
compared with GM-CSF, with only one binding
interface with GM-CSFRA. Once in the IL-5RA-
bound state, the other binding interface of IL-5 is
oriented toward the cell membrane side [Fig. 1(B)],
and thus the IL-5 dimer is not capable of binding
two IL-5RA molecules.

IL-5 and GM-CSF share the pc subunit to induce
cytoplasmic signal transduction, as described previ-
ously. To clarify the signaling association, we built a
structural model for the IL-5eIL.-5RAefc octamer as-
sembly (4:2:2 ratio), by superimposing our IL-5eIL-
5RA crystal structure onto the previously determined
GM-CSFeGM-CSFRAefc crystal structure (PDB ID:
3CXE) [Fig. 6(A)]. Similarly, we also reconstituted a
structural model for the GM-CSFeGM-CSFRAefc
hexamer assembly (2:2:2 ratio), including our model
of the GM-CSFRA D1-D2 domains [Fig. 6(B)]. The
models revealed that the IL-5eIL-5RA complex asso-
ciates with fBc in a similar manner to that observed
for the GM-CSFeGM-CSFRA complex [Fig. 6(C)]. In
our structural model, f4 of IL-5RA D3 domain, which
corresponds to the Pc-interacting region of GM-
CSFRA, sterically hinders the D4 domain of Bc [Fig.
6(D)]. This probably occurs because, in GM-CSFRA,
the B4 strand has been changed to a loop, to maintain
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the stable binding interface and to avoid structural
hindrance with fc. A similar phenomenon may occur
when the IL-5RA D3 domain interacts with Bc, con-
sidering the high structural conservation of the D3
domain. In the previously determined GM-CSFeGM-
CSFRAefc crystal structure, Glu2l of GM-CSF
hydrogen bonds with Tyr421 of fc, and these residues
are reportedly essential for GM-CSF binding and
function [Fig. 6(E)].*® Our model suggests the exis-
tence of structurally equivalent interactions between
Tyr421 of Bc and Glu32 of IL-5 [Fig. 6(E)], and thus is
consistent with the previous mutagenesis studies
that identified the essential roles of these residues
in IL-5 binding.*” In addition, the Bc mutations,
Y39S, Y365Q, and Y365S, largely suppressed the
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IL-5-induced assembly of pc with IL-5RA [Fig.
6(E)1.*® Consistently, in our structural model of the
IL-5eIL-5RAefc complex, Tyr39 and Tyr365 of Bc are
located on the interface with IL-5 in the complex with
IL-5RA [Fig. 6(E)]. From these findings, it is likely
that the two models of the IL-5eIL.-5RAefc and GM-
CSFeGM-CSFRAefc assemblies share common struc-
tural features, with the exception that the IL-5 dimer
uses the two protomers for different purposes.

IL-5 activates at least three different signaling
pathways, including the JAK2/STAT5, Btk, and
Ras/ERK pathways. The JAK2 and JAKI1 tyrosine
kinases are constitutively associated with IL-5RA
and fc, respectively, and are activated by IL-5 stim-

ulation.?® According to the structural model of the
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IL-5eIL.-5RAefc octamer (4:2:2 ratio) [Fig. 6(A), Sup-
porting Information Fig. 2(A)], JAK2 and JAKI1
bound to the receptor intracellular domains are
located close to each other, thus facilitating their
trans phosphorylation and mutual activation. There-
fore, it is reasonable to assume that the IL-5eIL-
5RAefic octamer is a functional complex for the
JAK2/JAK1 activation by IL-5. On the other hand,
JAK2 is reportedly associated with B¢, and not GM-
CSFRA, and JAK2 activation by GM-CSF requires
functional Bc dimerization,*® as proposed from a
structural model of the GM-CSFeGM-CSFRAefc do-
decamer (4:4:4 ratio), consisting of two hexameric
complexes related by a crystallographic two-fold axis
[Supporting Information Fig. 2(B)].32 Therefore, de-
spite the conserved architectures of the IL-5eIL-
5RAefc (4:2:2 ratio) and GM-CSFeGM-CSFRAefc
(2:2:2 ratio) complexes, the quaternary structures
that are minimally required for their signal trans-
duction may differ, according to the JAKs associated
with the receptors.

In addition, we compared the ectodomain struc-
ture of IL-5RA with those of other members of the
cytokine class I receptor family that contain at least
one of the following three domains, the Ig-like do-
main, the FnlIl domain, and one CRM. A structure-
based alignment indicated that these ectodomains
are classified into three groups, according to the dis-
similarity of the D1 domain orientation and the angle
formed by the D2-D3 hinge [Fig. 7(A)]. It is notewor-
thy that the ectodomain structures of IL-5RA, IL-
13RA1,%° and IL-13RA2%! in complex with either the
IL-5 dimer or the IL-13 monomer are quite similar,
although the amino acid sequence homology is low,
with 24% sequence identity to IL-13RA1 and 28% to
IL-13RA2, among the family [Fig. 7(B,C), Supporting
Information Fig. 3). Furthermore, all three ligand-re-
ceptor interactions in the D1 domain (site 1), between
the IL-5RA D1 domain and IL-5, IL-13RA1 D1 and
IL-13, and IL-13RA2 D1 and IL-13, share conserved
bidentate main chain (mc)-main chain (me) hydrogen
bonds [Fig. 7(D-F)]. Interestingly, the IL-5-IL-5RA
interaction involving the side chains has more hydro-
gen bonds, as compared with the IL-13RAs interac-
tions [Fig. 2(D-F)]. In this way, the preformed recep-
tor architecture has thus far only been seen with the
rather distantly related cytokine receptors IL-13RA1/
2; therefore, it does not necessarily arise from the
unique homodimer of IL-5. Since IL-13RA1 retains
the wrench-like structure in its complexes with IL-13
and IL-4R [Fig. 7(B)], it is likely that IL-5RA also
retains the wrench-like structure in the fc complex.

Materials and Methods

Protein production
The DNA fragments encoding the full-length ectodo-
main of human IL-5 (residues 23-134), and human
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IL-5RA (residues 21-335) were cloned into the TA
vector pCR2.1TOPO (Invitrogen), as fusion proteins
containing an N-terminal histidine tag and a tobacco
etch virus protease cleavage site. These proteins
were synthesized using the large scale dialysis mode
of the Escherichia coli cell-free reaction.’®%3 Both
IL-5 and IL-5RA precipitated during synthesis. The
precipitated proteins were denatured in 50 mM Tris-
HCI buffer (pH 8.3), containing 8M guanidine hydro-
chloride and 20 mM dithiothreitol, and were suitable
for the subsequent preparation of a soluble protein
complex by co-refolding into 100 mM Tris buffer (pH
8.3), containing 1M arginine hydrochloride, 0.2 mM
reduced glutathione, and 1 mM oxidized glutathione.
After stirring for 36 h at 4°C, the protein solutions
were filtered and dialyzed against 20 mM Tris-HC1
buffer (pH 8.0), containing 100 mM NaCl, for 18 h
at 4°C. The refolded proteins were purified to homo-
geneity by chromatography on an affinity (His-Trap)
column. The histidine tags were removed by over-
night digestion with tobacco etch virus protease at
4°C. Because of the location of the tobacco etch virus
cleavage site, seven residues from the histidine tag
(GSSGSSG) remained at the N termini of the IL-5
and IL-5RA proteins after histidine tag cleavage.
For further purification of the IL-5eIL-5RA complex,
the proteins were fractionated on a MonoQ anion-
exchange column, which was eluted with a linear
gradient of NaCl from O to 1.0M. The IL-5¢IL-5RA
complex was concentrated and loaded onto a Super-
dex 200 HR 10/30 column, equilibrated with 20 mM
Tris-HCI buffer (pH 8.0) containing 100 mM NaCl,
and the appropriate fractions were collected. All col-
umns were purchased prepacked from GE Health-
care. The eluted protein complex was finally concen-
trated to about 2.4 mg mL™ in the size exclusion
chromatography (SEC) equilibration buffer, using an
Amicon concentrator. The purity of the IL-5eIL-5RA
complex was judged by an SDS-PAGE analysis.

Crystallization and X-ray data collection

The initial crystallization conditions were deter-
mined by means of the sitting-drop vapor-diffusion
method at 293 K, using sparse-matrix screening kits
from Hampton Research. A 0.5 uL portion of the pro-
tein complex solution was mixed with an equal vol-
ume of reservoir solution, and the drop was equili-
brated against 100 pL reservoir solution, using 96-
well plates. Plate-like micro crystals were obtained
using polyethylene glycol as a precipitant in condi-
tion No. 36 from Crystal Screen I, condition No. 41
from Crystal Screen I, and condition No. 26 from
Crystal Screen II. The initial crystallization condi-
tions were refined by changing the pH and the con-
centration of the precipitants, and by screening addi-
tives. After optimization, the crystals were improved
by mixing 1.5 uL protein solution with 0.75 pL
reservoir solution. Furthermore, we performed the
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micro-repeat seeding method, which generated sin-
gle plate-shaped crystals. The crystals grew to maxi-
mum dimensions of 0.7 x 0.15 x 0.05 mm in 7-10
days. Crystals of the SeMet-labeled IL-5eIL-5RA
complex were optimized mainly under the conditions
that we examined, and they were obtained using
0.1M Na HEPES, pH 7.3, 22% (v/v) PEG 4000, 2% i-
propanol, and 6% (w/v) 1,6-hexanediol, by means of
the hanging-drop vapor-diffusion method at 293 K.
The protein concentration was 3.5 mg/mL. Further-
more, we performed the micro-repeat seeding
method, which generated a single, large plate-
shaped crystal measuring 0.7 mm in the longest
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dimension within 7-10 days. X-ray diffraction data
were collected on beamline BL41XU at SPring-8
(Harima, Japan). Before the X-ray experiments,
crystals of the SeMet-labeled IL-5¢IL-5RA complex
were soaked in crystallization buffer, containing
27.5% glycerol as a cryoprotectant, at 100 K. The
SeMet-labeled crystal belonged to the space group
P2,2,2; with unit cell dimensions of a = 58.6 A, b=
88.7 A, and ¢ = 126.7 A. The diffraction data for the
molecular replacement (MR) and single-wavelength
anomalous dispersion (SAD) methods were processed
with HKL2000.>* The crystallographic data and data
collection statistics of the IL-5eIL-5RA complex and
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the SeMet-labeled IL-5e¢IL-5RA complex are pro-
vided in Table I.

Structure determination and refinement

We solved the structure of a single IL-5 homodimer
by molecular replacement in PHASER,?® using the
reported human 2.4 A IL-5 structure (Protein Data
Bank (PDB) accession code: 1HUL) as a search
model. This solution was subjected to one round of
simulated annealing refinement in PHENIX,*® and
was subsequently completed by manual rebuilding
in COOT?” and refinement in PHENIX. The initial
maps revealed additional density on one side of the
IL-5 homodimer, which indicated the binding site for
IL-5RA. To improve the phases, the SAD data set of
the SeMet-labeled IL-5eIL-5RA complex crystal was
collected. The selenium sites in the asymmetric unit
were determined with the crystal structure—determi-
nation program SHELXD,?® and were confirmed by
their correspondence with the selenomethionine
positions in IL-5 and IL-5RA. Four methionine posi-
tions, in addition to the predicted disulfide bonds,
were used to register the polypeptide in the density
and complete the construction of the initial IL-5RA
model. The program PHENIX was used for iterative
rounds of coordinate and B-factor refinement involv-
ing TLS® refinement, which was incorporated into
the later stages of the refinement process with each
chain as a separate TLS group, intersected with
manual model building in Coot. The electron density
map was greatly improved by the combination of
SAD phases and the calculated phases from the mo-
lecular replacement solution with PHASER. The
final model was refined with the native data set to
2.7 A, with R-factor and R-free values of 23.5% and
28.7%, respectively. The asymmetric unit contains
one complex of two IL-5s and one IL-5RA. The pro-
gram PROCHECK®® was used to assess the geome-
try of the final model. The CCP4 suite programs,
Contact and Areamol, were used to determine the
interface contacts and the buried surface area,
respectively. All structural figures were generated
with the program PyMOL (DeLano Scientific, Palo
Alto, CA). The atomic coordinates and the structure
factors have been deposited in the Protein Data
Bank, with the accession code 3VA2.

Protein photo-cross-linking in mammalian cells

The IL-5RA gene, C-terminally tagged with a FLAG-
tagged epitope, was cloned in the pOriP vector,®! as
previously described.®> The IL-5RA gene variants
with amber codons at positions 75, 77, 79, 80, 81,
and 166 were created using a QuikChange site-
directed mutagenesis kit (Stratagene). The gene
encoding a pBpa-specific variant of E. coli TyrRS or
Eco-pBpaRS was cloned in the pSuPT vector®! to
create pSuPT-pBpaRS, which allows coexpression of
the enzyme and the suppressor tRNA. The HEK 293
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c-18 cells (ATCC) were transfected with the IL-5RA
expression plasmids together with pSuPT-pBpaRS,
using the Lipofectamine 2000 reagent (Invitrogen)
in Opti-MEMI growth medium (Invitrogen). Four
hours after transfection, the growth medium was
replaced by serum-free D-MEM medium (Invitrogen)
containing 0.5 mM pBpa, and the cells were further
incubated at 37°C for 16 h. The cells were detached
from the cell culture dish by gentle pipetting, sus-
pended in Hanks’ balanced salt solution (pH 7.4),
and then incubated with 1 pM of the purified IL-5 at
4°C for 30 min. The cell suspension was transferred
to a 24-well cell culture plate and exposed to 365-nm
light for 15 min on ice, for photo-cross-linking. Cell
extracts were prepared with lysis buffer [30 mM
Tris-HCI (pH 7.4), 10% glycerol, 150 mM NaCl, 5
mM EDTA, 1.5% n-dodecyl-maltoside (DDM), and
protease inhibitor cocktail at a 1:100 dilution (Naca-
lai Tesque, Kyoto, Japan)], and the cross-linked
products were purified by a one-hour incubation at
4°C with anti-FLAG M2 affinity gel (Sigma). The gel
was washed once with lysis buffer, and twice with
wash buffer [30 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 5 mM EDTA, and 0.05% DDM], and the prod-
ucts were then eluted by FLAG peptides (Sigma).
The eluates were fractionated on 4-12% Nu-PAGE
gradient gels (Invitrogen), transferred to PVDF
membranes (Millipore), and detected by western
blotting with an anti-FLAG antibody (Sigma).
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