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Human interleukin 5 receptor a (IL5Ra) comprises
three fibronectin type III domains (D1, D2, and D3) in
the extracellular region. Previous results have indi-
cated that residues in the D1D2 domains are crucial for
high affinity interaction with human interleukin 5
(IL5). Yet, it is the D2D3 domains that have sequence
homology with the classic cytokine recognition motif
that is generally assumed to be the minimum cytokine-
recognizing unit. In the present study, we used kinetic
interaction analysis of alanine-scanning mutational
variants of ILSRa to define the residues involved in
IL5 recognition. Soluble forms of IL5Ra variants were
expressed in S2 cells, selectively captured via their
C-terminal V5 tag by anti-V5 tag antibody immobilized
onto the sensor chip and examined for IL5 interaction
by using a sandwich surface plasmon resonance bio-
sensor method. Marked effects on the interaction ki-
netics were observed not only in D1 (Asp®®, Asp®®, and
Glu®®) and D2 (Lys'®® and Arg'®®) domains, but also in
the D3 (Arg?®?) domain. Modeling of the tertiary struc-
ture of IL5Ra indicated that these binding residues fell
into two clusters. The first cluster consists of D1 do-
main residues that form a negatively charged patch,
whereas the second cluster consists of residues that
form a positively charged patch at the interface of D2
and D3 domains. These results suggest that the
IL5 IL5Ra system adopts a unique binding topology, in
which the cytokine is recognized by a D2D3 tandem
domain combined with a D1 domain, to form an ex-
tended cytokine recognition interface.

Interleukin 5 (IL5)! is a T cell-derived cytokine that plays a
central role in maturation and proliferation of eosinophils (1).
IL5 exerts biological functions through recruitment of a cell
surface receptor composed of two polypeptide chains (2), « and
B. The a chain is IL5-specific and is called IL5 receptor «
(IL5Ra), whereas the B chain is shared with IL3 and GM-CSF
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(3, 4) and is called common B chain (Bc). The « chains for IL3,
GM-CSF, and IL5Ra also share a high degree of amino acid
sequence similarity and constitute a distinct subgroup within
the cytokine receptor family (5). Because IL5 has been impli-
cated in the pathology of eosinophil-related inflammatory dis-
eases, designing specific antagonists for IL5 R« may offer ther-
apeutic benefits in the treatment of such diseases (6, 7).

IL5 initially binds to IL5Ra with high affinity, and the re-
sulting complex recruits Bec to induce cytoplasmic signal trans-
duction. Human IL5Ra alone binds IL5 with an equilibrium
dissociation constant (K ;) of 0.3—0.6 nm when expressed in COS
cells (8). The binding affinity is increased only 2- to 5-fold when
human « and B chains are co-expressed (3). In other words,
IL5Ra provides most of the IL5 binding energy, whereas Bc is
essentially for signaling. IL5Ra consists of an extracellular
region, a single transmembrane region and a cytoplasmic re-
gion. A soluble form of IL5SRa (SIL5Ra) containing only the
extracellular region was cloned and expressed (9). This form
has provided a convenient tool for biochemical and biophysical
characterizations of the receptor, showing that stoichiometry of
interaction between IL5 and IL5Re is 1:1, and the K, value is
0.6 nM (10) or 2-5 nM (11, 12) depending on the assay method.

Extensive studies have been carried out on human IL5 to
identify epitopes important for receptor @ and Bc recruitment.
Crystallographic analysis has revealed that IL5 is a symmetric
homodimer in which each helical bundle domain is composed of
three helices (A—C) from one chain and one (D) from the other
(13). Site-directed mutagenesis analyses have shown the im-
portance of charged residues in helix B (His®®, Lys®°, and
His*'), CD turn (Glu®, Glu®, Arg®, and Arg®!), and helix D
(Glu'1®) for IL5Ra binding (14—-16). Moreover, phage-based CD
turn randomization (17) has led to identification of a function-
ally active IL5 mimetic containing the CD turn sequence 38SL-
RGG??, instead of the native sequence $3EERRR®2. In the CD
turn of this IL5 mutant, the only charged residue is the Arg®.
Regarding Bc binding epitope, Glu'? in helix A is thought to be
a key residue for Bc recruitment (16).

On the other hand, structure-function relationships for
IL5Ra are less delineated. IL5R« is a member of the class I
cytokine receptor superfamily (18), which is characterized by
the presence of the so-called cytokine recognition motif (CRM).
The CRM is composed of two fibronectin type III (FnIII) do-
mains, each consisting of ~100 residues with four conserved
Cys residues in the first FnIIl domain and a conserved WSXWS
(Trp-Ser-X-Trp-Ser, where X is any amino acid residue) se-
quence in the second FnlIIl domain. The FnlIl domain forms a
B-sandwich where seven B-strands (A—G) are arranged in the
Greek key topology. As found in immunoglobulin (Ig) folds, the
B-sheet of Fnlll is folded between strands D and E. In the first
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FnIIl domain of CRM, one disulfide bond links the neighboring
strands A and B and another disulfide bond links strands D
and E, cross-linking the two sheets of the sandwich. The
WSXWS sequence is located between strands F and G in the
second FnllIl domain and plays a structural role in correctly
positioning the second domain (19). There are two kinds of
domain architecture in the class I cytokine receptor superfam-
ily: one consists of a single CRM, like growth hormone, eryth-
ropoietin, and IL4 receptors; another contains extra FnlIIl
and/or Ig-like domains in addition to one or more sets of CRM,
like gp130, IL12 p70, and granulocyte colony-stimulating fac-
tor receptor. In either case, it is a general rule that a cytokine
is recognized by its receptor CRM. Structures of complexes of
these receptors have been solved using x-ray crystallography,
demonstrating that the two FnIIl domains of CRM form an L
shape, and a cytokine is bound to the elbow region, which is
constituted by several loops connecting the B-strands (reviewed
in Ref. 20). As Bazan has proposed (18), the conserved residues
in CRM appear to contribute to a skeletal framework, which
would be enriched by cytokine-specific residues in these loops.

The extracellular region of IL5R« is composed of three FnIIl
domains, D1, D2, and D3 (domain numbering from the N ter-
minus). Previously, chimeric and site-directed mutagenesis
analyses have demonstrated the importance of D1D2 domains,
in which Asp®®, Asp®, Tyr®”, Glu®®, and Arg!®® residues play a
crucial role in the specific interaction of IL5Ra with IL5 (21).
However, this previous mutagenesis was not targeted to eluci-
date the entire binding sites on IL5Ra molecule. Indeed, it is
the D2D3 domains that have sequence homology with the clas-
sic CRM that is assumed to be the minimum cytokine-recog-
nizing unit. From these standpoints, a wider-ranging binding
site analysis seemed potentially useful to more fully elucidate
the IL5 recognition mechanism of IL5Ra. A major starting
point of this work was the realization that electrostatic inter-
actions may be dominant in the IL5 IL5Ra system, because the
important binding residues on the human IL5 molecule are
mostly charged amino acids, and some residues already iden-
tified in IL5Ra as important for IL5 binding also are charged.
In the present study, therefore, we selected 43 charged amino
acid resides from D1, D2, and D3 domains of human IL5R« for
site-directed mutagenesis. We performed kinetic interaction
analysis of alanine-scanning mutational variants of sIL5Ra in
an attempt to expand the definition of the mechanism of mo-
lecular recognition of the IL5-IL5Ra interaction. Mutations
that diminished the high affinity binding were found to be
located in the D3 (Arg?®”) domain as well as in D1 (Asp®®,
Asp®®, and Glu®®) and D2 (Lys'®® and Arg!'®®) domains. Kinetic
analysis demonstrated that mutagenic changes of Asp®® and
Arg!®® appear to have the greatest impact on the fast associa-
tion rate of IL5-IL5R« interaction. The effects of mutation can
be rationally interpreted in terms of tertiary structure. The
homology-deduced IL5Ra structure indicated that the IL5
binding interface of receptor o comprises a cluster of negatively
charged residues from D1 domain and a cluster of positively
charged residues from D2D3 domains. Together, the results
suggest the possibility that the IL5-IL5Ra system adopts a
unique interaction topology, in which the cytokine is recognized
by a D1 domain and a D2D3 tandem domain.

EXPERIMENTAL PROCEDURES

Materials—Human IL5 protein was prepared as described previously
(22). The anti-human IL5Ra monoclonal antibody, «l16 (23), was a
generous gift from Dr. J. Tavernier (University of Ghent, Ghent,
Belgium). All the enzymes were purchased from New England Biolabs
Inc. (Beverly, MA). All the oligonucleotide DNA primers, anti-V5 tag
monoclonal antibody, Drosophila Schneider 2 (S2) cells, cell culture
media, and L-glutamine solution (200 mm) were purchased from Invitro-
gen Inc. (Carlsbad, CA). For surface plasmon resonance measurements,
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the sensor chip CM5, surfactant P20, N-ethyl-N-(3-dimethyl-
aminopropyl)carbodiimide, N-hydroxysuccinimide, 1 M ethanolamine
(pH 8.5), and 10 mm glycine-HC1 (pH 1.5) were purchased from Biacore
Inc. (Piscataway, NJ).

S2 Cell Expression of ILSRa and Mutagenesis—pMTAL-IL5Ra (12)
was used as a PCR template for generating a DNA fragment containing
the soluble form of human IL5Ra (sIL5Ra). The PCR product was
digested with Ncol and Apal and ligated into the Ncol and Apal sites of
the Drosophila expression vector, pMT/Bip/V5-His A plasmid (Invitro-
gen), yielding pMT-sIL5Ra-V5-His. In this construct, the gene for
sIL5Ra was placed behind the Drosophila metallothionein promoter
and the Bip secretion signal sequence. The C terminus of sIL5Ra was
linked to a V5 epitope sequence and a hexahistidine sequence (Fig. 1A).
The amino acid sequence of final product is RSPW-sIL5Ra; 55
GPFEGKPIPNPLLGLDSTRTGHHHHHH (V5 epitope sequence is un-
derlined). For the alanine substitution variants, mutations were intro-
duced into pMT-IL5Ra-V5-His using a QuikChange site-directed
mutagenesis kit (Stratagene). Presence of the desired mutations was
verified by DNA sequencing. Mutation sites are shown in Fig. 1B. Each
plasmid was amplified in DH5« cells and purified for the subsequent
transient transfection by using an S.N.A.P. midi prep kit (Invitrogen).

Drosophila S2 cells were transfected with the vector pMT-IL5Ra-V5-
His using Cellfectin reagent (Invitrogen) and grown in serum-free me-
dium supplemented with 20 mMm L-glutamine. Protein expression was
induced by addition of 600 uM copper sulfate 3 days after transfection.
Cell-free supernatant was collected after 2 days and stored at —20 °C
for the following binding analysis. The same procedure was used to
obtain mutant proteins. Levels of expression were measured for both
cell cultures and precipitants by Western blot using anti-human IL5R«a
polyclonal antibody (R&D Systems) and anti-histidine tag polyclonal
antibody (Santa Cruz Biotechnology). To obtain the precipitants, cells
were lysed using CytoBuster (Novagen) and centrifuged 5 min at
15,000 X g.

Surface Plasmon Resonance Interaction Analysis—The kinetic inter-
action assay was performed using a Biacore 3000 optical biosensor
(Biacore Inc., Uppsala, Sweden). All the experiments were conducted at
25 °C in phosphate-buffered saline buffer (1 mm KH,PO,, 10 mMm
Na,HPO,, 137 mm NaCl, 2.7 mm KCl, pH 7.4) with 0.005% P20.

Immobilization of antibodies on a CM5 sensor chip was carried out
according to the standard protocol of the amine coupling method (BI-
Aapplication handbook; Biacore). Briefly, ~1 mg/ml protein solution
was diluted 100 times in 10 mM acetate (pH 4.5) and injected onto a
biosensor surface that had been pre-activated with a 1:1 mixture of 200
mM N-ethyl-N-(3-dimethylaminopropyl)carbodiimide and 50 mm N-hy-
droxysuccinimide, followed by the injection of 1 M ethanolamine-HCl
(pH 8.5). Flow cell 1 was used to immobilize 17b (anti-human immuno-
deficiency virus gp120 monoclonal antibody (24)) as a negative control,
whereas the other three flow cells were used to immobilize, respec-
tively, anti-V5 tag monoclonal antibody (Invitrogen), «16 (non-neutral-
izing anti-human IL5Ra monoclonal antibody (23)), and 2B6R (non-
neutralizing anti-human IL5Ra monoclonal antibody (22)). Typically,
the amounts of immobilization were around 2000 resonance units
(RUs).

The expressed sIL5Ra was captured tightly by the antibodies immo-
bilized on flow cells 2—4. On the other hand, other cell culture compo-
nents passed through the sensor chip flow cells without binding (anal-
ogously as one would expect for affinity chromatography or other
affinity capture). Subsequently, the real-time interaction of IL5 with
the antibody-captured sIL5Ra was measured without detecting the
large bulk effect caused by the cell culture components. To regenerate
chip surfaces, both captured and bound proteins were removed from the
antibody surfaces with 10 mm glycine-HCI1, pH 1.5. For this sensor
assay, all procedures were automated to create repetitive cycles of
injection of cell-free culture (10 wl/min), 0—50 nM of IL5 (50 wl/min), and
the regeneration buffer (100 ul/min). Injection time for the variants was
varied to achieve a similar extent of capturing (300—600 RU, depending
on the experiment). For the low-affinity variants (D55A, D56A, and
R188A), the binding assay was repeated using up to 250 nm IL5.

Non-linear least-squares analysis was used to calculate the associa-
tion and dissociation rate constants (k,, and &, respectively). Prior to
the calculation, the binding data were corrected for nonspecific inter-
action by subtracting the negative control surface data (flow cell 1) from
the reaction surface data (flow cells 2—-4) and further corrected for
buffer effect by subtracting the signal from buffer injections from those
of protein sample injections (double referencing (25)). The interaction
curves thus obtained were globally fit using a model for Langmuir 1:1
binding with mass transfer (BIAevaluation software, Biacore). The
equilibrium dissociation constant K, was calculated as K, = k.q/k,,.
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Full length IL5Ra
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mIL5R 51 APQEDEYDTRKTE---SKCVIPLHEG--FAASVRTILKSSHTTLASSWVSAELKA--

rProR 150 PEEAEEHEIHFTGHQTQFKVFDLYPGQKYLEQTRCKP——DHG—WSRWSQESSVM
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hIL5R 101 PPGSPGTSIVNLTCTTNTTEDNYSRLRSYQVSLHCTWLVGTDAPEDTQYFLYY-RYG
mIL5SR 101 PPGSPGTSV‘I'NLTCTTH'I’WSSHTHLRPYQVSLRCTWLVGKDAPEDTQYFLTY—RFG

rProR 3 PPGKPEI----HKCRSPDKE----=-=—===== TFTCWWNPGTDGGLPTNYSLTYSKEG
A A’ B c
* kk ok * k k ck:k o: : s kK o: * K

hIL5R 157 SWTEECQIYSEDTLGRNIACWFPRTFILSKGRDWI.SVLWGSSKHSA RPFDQLFA
mIL5R 157 -VLTEKCQEYSRDALNRNTACWFPRTFINSKGFEQLAVHINGSSKRAAIKPFDQLFS
rProR 45 EKTTYECPDYK--TSGPN-SCFFSKQY--TSIWKIYIITVNATNOMGSSSS-DPLYV

c’ E F G
* . kk kok k. . * sk Kk - L LI
hILS5R 213 I.HA—IDQINPPLNVTAEIEGTR ————— LSIQWEKP-VSAFP--IHCFDYEVKIHNTR
mILSR 213 PLA-IDQVNPPRNVIVEIESNS----- LYIQWEKP-LSAFP--DHCFNYELKIYNTK
rProR 96 DVTYIVEPEPPRNLTLEVKQLKDKKTYLWVKWSPPTITDVKTGWFTMEYEIRLKPEE
A B Cc
* - . kk kk k- sk kk kkk *

hIL5R 261 - —NGYLQ_ERIMTNAFISI IDDLS KYDVQVRAAVSSMCREAGLWSEWSQPIYVGFSR
mILS5R 216 --NGHIQKEKLIANKFISKIDDVSTYSIQVRAAVSSPCRMPGRWGEWSQPIYVGKER

rProR 153 AEEWEIHFTGHQT QFKVFDLYPGQEYLVQTRCKP ————— DHGYWSRWSQESSVEMP-
c’ G

Fic. 1. Extracellular domain construct of IL5R« used in biosensor analy51s of mutational variants. A, comparison of soluble form of
IL5Ra (lower) used in antibody-capture binding assay with full-length IL5R« (upper) composed of an extracellular region (D1, D2, and D3), a
transmembrane (TM) region and a cytoplasmic (CP) region. The soluble form of IL5Ra (sSIL5R«) corresponds to the extracellular region. V5-His
tag was fused at the C-terminal region of D3 that normally adjoins the TM region. B, sequence alignment of extracellular regions of human and
mouse IL5Ra, and rat prolactin receptor. Identical amino acid residues are marked by asterisks, and similar amino acid residues are marked by
the “” symbol. Multiple sequence alignments were performed by using PSI-BLAST (27) and ClustalW 1.60 (43), both of which provided similar
results. Alignments were further adjusted manually (see “Experimental Procedures”). Groups of similar amino acid residues were categorized
according to ClustalW 1.60. Underlines in the prolactin receptor sequence show the B-strand regions determined by its crystal structure (26). An
alignment of the human growth hormone and human IL5Ra was initially used to design the position of mutagenesis, whereas crystal structure of
rat prolactin receptor was used for homology modeling. The B-strand regions estimated from human growth hormone and rat prolactin receptor
were essentially the same, except for the B-strand G in D2 domain. Shaded are the residues that were substituted by alanine in this study.

Individual %,,, k. and K, values were obtained from at least three  were modeled separately using the crystal structure of the D2 and
separate experiments. D1D2 domains of the rat prolactin receptor (26), which were identified
Homology Modeling—The D1 and D2D3 domains of human IL5Ra«  with a low E value by PSI (Position-specific Iterative) BLAST search
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Fic. 2. Basic features and Ramachandran plot of modeled
structure of sIL5Ra. A, homology model of the tertiary structure of
the extracellular region of IL5Ra. Loops are represented as coils and
B-strands as ribbons. In this structure, each fibronectin type III domain
of IL5Ra is termed D1, D2, and D3 from the N to the C termini, which
are labeled N-ter and C-ter, respectively. D2 and D3 domains have
sequence homology with the classic cytokine recognition motif (CRM).
Seven cysteine residues are shown as CPK (Corey Pauling Kultin)
models and labeled by residue type and number. One disulfide bond
(Cys''*-Cys'3®) links the neighboring strands A and B and another
disulfide bond (Cys'®2-Cys'”®) links strands D and E. In this modeled
structure, a disulfide bond between Cys?*° and Cys?°® in D3 domain was
introduced (see “Experimental Procedures”). The guanidinium group of
Arg®®° was intercalated between the two indole rings from the WSXWS
motif in D3 domain. The tryptophan residues are shown as CPK mod-
els, and the arginine residue is shown as a ball-and-stick model. All the
molecular graphic figures in this article were prepared with the pro-
gram MOLMOL (42). B, the Ramachandran plot analysis by PRO-
CHECK (30) showed that 85.5% of non-glycine and non-proline residues
fell into the most favored regions, 12.4% into the additional allowed
regions, 2.1% into the generously allowed regions, and no non-glycine
residues in disallowed regions.

(27). The Cartesian coordinate of chain B in Protein Data Bank ID
1F6F, which corresponds to the high affinity receptor of rat prolactin
receptor, was used as a template. The sequence alignments obtained
with PSI BLAST search were manually modified by considering the
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Fic. 3. Western blotting of sIL5R« variants. A, Western blotting
of secreted wild type sIL5Ra. Lane 1 shows the band stained by anti-
human IL5Ra polyclonal antibody; lane 2, the band stained by anti-
histidine tag polyclonal antibody. B, Western blotting of the superna-
tants (upper) and precipitates (lower) of non-secretion variants by anti-
histidine tag polyclonal antibody: lane 1, positive control (wild type
IL5Rw); lane 2, negative control (empty vector transfection); lane 3,
H71A; lane 4, K167A/D168A; lane 5, R172A; lane 6, D189A; lane 7,
R260A; and lane 8, D279A/D280A.

conserved residues and the alternating pattern of hydrophobic residues
in the class I cytokine superfamily (18). The final sequence alignments
showed 21% identity and 42% similarity for D1 domain and 25% iden-
tity and 43% similarity for D2D3 domains of IL5Ra (Fig. 1B). These
sequence alignments were used to build tertiary structures of D1 and
D2D3 domains by means of a comparative homology modeling method.
An ensemble of 50 structures was generated by the program MOD-
ELLER (28). In the initial modeling process, we noticed that sulthydryl
groups of Cys?*® and Cys*°® residues in D3 domain are close in three-
dimensional space, supporting the prediction of the disulfide bridge
between them (29). Therefore, the disulfide bond between Cys**° and
Cys??® was added as a restraint condition. Basic steric principles such
as close contacts or violation of stereochemistry were examined using
the PROCHECK program (30), and the three-dimensional profiles of
the models were examined using the program Prosall (31). Based on
these quality checks, the best modeled structures were chosen. To
interpret the result of mutational analysis, IL5 (crystal structure
(13)) and IL5SRa D2D3 domain (modeled structure) were superim-
posed on the crystal structure of the placental lactogen complex with
prolactin receptor (26). Finally, the structure of D1 domain of IL5R«
was manually aligned to the structure of D2D3 domain, because there
is no information on the relative orientation between D1 and D2
domains.

The final model (Fig. 24) exhibited good stereochemistry and showed
that no residues fell into disallowed regions of phi-psi space (a Ram-
achandran plot is shown in Fig. 2B). The accuracy of the modeled
structures was also assessed by using the Prosall program, which is
based on Eisenberg’s three-dimensional profile method (32). The com-
bined Z-scores (Prosall terminology) for D1 and D2D3 domains were
—4.12 and —4.88, respectively, which are low enough to consider the
predicted structures reliable. The Z-scores of template structures were
—4.96 and —6.98, respectively. The higher Z-score of D2D3 domains
than that of the template was attributed to the long loop insertion
between strands A and B in D2 domain, judging from the Prosall
energy plot (data not shown). Modeled structures of D1 and D2D3
domains appear reasonable in several important ways. First, the mod-
eled structures had the basic features, such as disulfide bonds in D2
domain and the spatial alignments of conserved tryptophan and argi-
nine residues in D3 domain, which are commonly seen in the structures
of class I cytokine receptors (Fig. 2A). It may be noted that three of four
N-glycosylation sites in human IL5Ra were conserved with rat prolac-
tin receptors. The modeled structures showed that the amide groups of
Asn'®, Asn''!, Asn'% and Asn??* in the estimated N-glycosylation sites
were exposed to solvent and seem to have enough space for post-
translational modification by bulky carbohydrate moieties.
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RESULTS

Expression and Antibody Capture of sILSRa Mutational
Variants—We systematically replaced the charged amino acid
residues (aspartic acid, glutamic acid, arginine, lysine, and
histidine) of human sIL5Ra singly or doubly to alanine. To
reduce the number of the mutants that had to be made, we
chose the residues in the predicted loop regions, which are
generally employed to bind a ligand in class I cytokine recep-
tors (Fig. 1B). Almost all of the mutational variants made in
this study were expressed in Drosophila S2 cells and secreted
into the cell culture in roughly equal amounts (30—40 nm), as
judged by Western blot analysis (Fig. 3A). Expression of se-
creted proteins was taken as an indicator that these molecules
were stably folded. Six variants failed to secrete into the cul-
ture media (Fig. 3B). Alanine substitutions in these variants
(H71A, K167A/D168A, R172A, D189A, R260A, and D279A/
D280A) might have caused unstable structure or reduction of
solubility. It cannot be ruled out from our current data that
these residues could be involved in ligand binding. All of the
non-secreted variants were found to be remote from the de-
duced epitope for IL5 binding (see “Discussion”). Five of these
variants are for residues in D2 (K167A/D168A, R172A, and
D189A) or in D3 (R260A and D279A/D280A). These residues
may well stabilize the structure through internal interactions.

We examined the ability of anti-V5 tag antibody, «16, and
2B6R to capture wild type sIL5Ra. Cell-free culture superna-
tant containing sIL5Ra was injected onto all the flow cells. The
three antibodies could capture sIL5Ra selectively, while few
nonspecific components were bound to the positive control sur-
face. The optimal regeneration condition, for removing sIL5R«
from anti-V5 tag antibody and «16, was 10 mM glycine-HCI, pH
1.5. This condition was effective in both removing all sIL5Ra
and preserving the capturing capacity of the antibodies (less
than 1% loss of capacity per cycle). However, the conditions we
tested for 2B6R caused a more than 5% loss of the capturing
capacity after each cycle of capture and regeneration, and
therefore we omitted use of 2B6R in further experiments.

Next, we compared the capture of the secreted sIL5Ra vari-
ants using anti-V5 tag antibody and «16. Anti-V5 tag antibody
captured all the variants as much as wild type sIL5Ra. As
expected, these alanine substitutions did not affect the inter-
action between C-terminal V5 tag and anti-V5 tag antibody. On
the other hand, «16 could not capture three variants, D142A,
E145A/D146A, and K200A/H201A. Fig. 4A shows real-time
sensorgrams during the capturing process when wild type
sIL5Ra and the variants were injected onto the «16 immobi-
lized surface. Alanine substitutions of Glu*® and Asp'*® com-
pletely impaired the interaction with «16, indicating that these
two residues are crucial for «16 binding. Interestingly, Glu!4®
and Asp'*® residues are located at the top of D2 domain and are
surrounded by Asp'*?, Lys2°°, and His?*! (Fig. 4B), whose
alanine substitution diminished «16 capturing.

IL5 Binding Activity of sILSRa Variants—The kinetics of
interaction between human IL5 and sIL5Ra was measured by
using a sandwich surface plasmon resonance biosensor method
(Fig. 5A (14)). Although IL5 is a homodimeric protein, it has
been shown that the stoichiometry of IL5-IL5R« interaction is
1:1 (10, 12), and a Langmuir 1:1 binding model has been used
for global fitting analysis of IL5-IL5R« interaction (33). In this
article, we first measured the association rates at flow rates of
a range of 10 to 80 wl/min to examine the mass transfer effect
(Fig. 5B). Because the flow rates of 40 and 80 ul/min did not
alter the measured association rates, the kinetic assays were
performed at a flow rate of 50 ul/min. Even at such a high flow
rate, however, we subsequently observed a slight dependence of
kinetic parameters on the amount of captured proteins, and we
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Fic. 4. Epitope analysis and mapping for a non-neutralizing
anti human IL5SR« antibody «16. A, Biacore-derived real-time sen-
sorgrams of the interactions of wild type IL5R« and receptor « variants,
which impaired the high affinity interaction with «16. Receptor sam-
ples were injected onto the immobilized «16 surface at zero time, and
arrows shows the time when the injections reverted to buffer alone. B,
mapping of the «16 epitope on the modeled structures of IL5Ra. Resi-
dues that impaired, through alanine substitution, the high affinity
interaction with «16 are shown as CPK models and labeled by residue
type and number. Residues that caused non-secretion through alanine
substitutions (Table II) are shown as ball-and-stick models.

concluded that the binding of IL5 can be compromised by mass
transfer effect. In fact, the fitting was improved by using a
model of 1:1 binding with mass transfer (Table I). Hence, we
used the latter binding model for further data analysis. The
ratio of the R, ., value versus the captured IL5Ra is ~3:7,
whereas the estimated molecular weight ratio of IL5 versus
sIL5Ra is ~3:5 (Table I). Mutational variants of IL5Ra had a
similar ratio. This confirms that 1:1 binding stoichiometry is
occurring in all cases. Fig. 5C shows the full sensorgrams for
wild type sIL5Ra. After repetitive injections of the culture
media, the same level of capturing was observed for each cycle.
Various concentrations of IL5 were then injected. The rate
constants (., and kg were calculated by fitting the associa-
tion phase (Fig. 5C, ¢ and d) and dissociation phase (d and e) to
a model of 1:1 Langmuir binding with mass transfer. Fig. 5D
shows the sensorgrams and fitting curves for association and
dissociation of IL5 analyte. The fitting parameters as well as
kinetic parameters obtained are summarized in Table I. The
rate constants for wild type sIL5Ra were similar to the values
measured previously for purified IL5 and sIL5Ra (11, 12, 33).

The above kinetic interaction assay was applied to alanine-
scanning mutational variants of sIL5R«a. For comparison, rel-
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TABLE I
Global fitting analysis of kinetic interaction between IL5 and sIL5Ra
Fitting model gy X 1076 Fooge X 10° K, % 10° R0 Chi2 @
u st st u RU
1:1 24 *+0.7 72*16 3.1x05 273 29
1:1 with mass transfer 42 +04 11 +1.7 28 +0.3 277 5.1

“R,... and Chi® values were calculated from an experiment, in which captured IL5Ra was 680 RU.

ative values for k., k., and K,; determined using anti-V5 tag
antibody capturing are listed in Table II. Six of the mutations
resulted in a marked (more than 3-fold) reduction in the bind-
ing affinity, that is, an increase in the K, value. This can be
seen visually in Fig. 6 (A and B). These activity-suppressing
mutations were found to occur in each domain of IL5Ra,
namely, in D1 (D55A, D56A, and E58A), D2 (K186A and
R188A), and D3 domains (R297A). A slight (1.5- to 3-fold)
increase in the K; value was also found for other D1 (E63A and
K53A/E54A) and D3 (E239A/K240A) residues. For all the mu-
tants, the kinetic parameters were also determined using «16
capturing, except for the a16 epitope mutants. The K, values
from the @16-capturing method were similar to those from the
anti-V5 tag antibody method (data not shown).

Among the affinity-decreasing mutations mentioned above,
only four mutations, D55A, D56A, E58A, and R188A, were
found to decrease the &, (Table II). These variants also showed
an increase in the kg, and with resulting drastic decrease in
binding affinity. Remarkably, the mutations D55A and R188A
caused slower association rates and faster dissociation rates
each by a factor of about 10, leading to overall decreases in the
binding affinities of 160- and 60-fold, respectively. Global fit-
ting analyses of D55A and R188A are shown in Fig. 6 (C and D)
as examples. In contrast, such mutations as K53A/E54A, E63A,
K186A, E239A/K240A, and R297A were found to increase the
ko without affecting the k. Of these variants, K186A and
R297A caused marked effects, 5- to 8-fold faster dissociation

rate. None of the mutants had effects only on the %,,. In the
previous experiments, similar dominance of the dissociation
rate constant was observed in kinetic analysis of IL5 mutants,
in which loss of the binding affinity was mainly caused by an
increase in the dissociation rate constant (14, 34). This phe-
nomenon might reflect mechanistic features of the IL5-IL5R«
interaction (see “Discussion”).

We also found that several mutations caused an increase in
the binding affinity. On the whole, this change was much
smaller (1.5- to 2-fold decrease in the K,;) than that of affinity-
decreasing mutations. As shown in Table II, these decreased K,
values were attributed to increases in the %,, (D85A/HS86A,
E145A/D146A, and K200A/H201A) or decreases in the kg
(H248A and E298A). It should be noted that some of the resi-
dues of affinity-increasing mutations, such as E145A/D146A
and K200A/H201A, are in the putative binding epitope for a16
antibody. One may speculate that reducing charge in this latter
region increases the IL5 binding affinity by conformational
changes within IL5R«, because the epitope for 16 (non-neu-
tralizing antibody) is remote from the IL5 binding sites in our
modeled structure (Fig. 4B).

Although charged amino acid residues are usually exposed to
solvent and hence unlikely to reside in the hydrophobic core of
the protein, we examined the possibility that they could have
an impact on structural integrity by calculating the solvent-
accessible surface area. As shown in Table II, all the residues
that were sensitive to alanine substitutions were found to be
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TaBLE II
Relative rate constants and dissociation constants of ILSRa mutants

Relative 1/k,, Relative kg Relative K, SA® 16 capture®
%
IL5Ra 1 1 1 100
D1 mutants
D35A/E37A 0.99 1.2 1.3 40 109
R39A 0.97 1.2 1.2 60 97
K53A/E54A 0.97 1.8 1.7 46 100
D55A 11 14 156 55 96
D56A 1.6 6.8 17 34 117
E58A 1.7 1.6 3.0 17 99
E63A 1.0 2.2 2.2 43 96
H71A Not secreted 49
K72A 0.85 1.5 1.3 35 44
D85A/H86A 0.57 1.1 0.60 34 88
D2 mutants
E120A/D121A 1.2 1.2 1.3 12 117
R125A/R127A 0.70 1.7 1.2 68 106
D142A 0.90 1.1 1.0 19 3.4
E145A/D146A 0.51 1.2 0.62 36 1.6
R154A 0.69 1.3 0.92 14 59
E160A/E161A 0.82 1.1 0.86 23 63
E164A 0.89 1.1 0.97 5.4 84
K167A/D168A Not secreted 25
R172A Not secreted 56
R180A 0.79 1.7 1.3 35 72
K186A 0.70 5.4 3.7 32 114
R188A 6.2 8.9 58 58 106
D189A Not secreted 12
K200A/H201 0.75 0.98 0.75 52 4.8
D3 mutants
E239A/K240A 0.67 2.5 1.6 27 101
H248A 0.99 0.67 0.64 3.3 77
R260A Not secreted 34
E267A/K268A 0.87 0.92 0.78 21 93
D279A/D280A Not secreted 30
R297A 1.0 8.0 7.6 40 80
E298A 1.2 0.56 0.52 36 85

“ Percent solvent-accessible surface area (%SA) was calculated with the CalcSurface routine in the program MOLMOL (42).
® Percent «16 capture was calculated by dividing amounts of a16-captured proteins by those V5-captured proteins, and then by dividing the

resulting values of mutants by that of wild type IL5Ra.

highly solvent-accessible (>15%), with one exception of H248A
(3.3%). Alanine substitution of histidine at position 248 might
decrease the kg by stabilizing the local structure of the com-
plex. Furthermore, it would be possible to estimate the struc-
tural integrity of the variants judging from the amount of «16
capturing, because «l6 is a conformation-sensitive antibody
(data not shown). These affinity-sensitive variants were cap-
tured by «16 as much as wild type IL5R« (Table II), indicative
of the integrity of structure. Thus, loss of ligand binding activ-
ity for the key mutations reported in the present study can be
interpreted as due largely to diminishing the inter-molecular
interaction required for ligand recognition and not to destabi-
lization of receptor conformation. This is consistent with the
secretability of these variants.

DISCUSSION

Sandwich Binding Assay—The purpose of this study was to
elucidate the molecular recognition mechanism of the
IL5-IL5Ra system using kinetic interaction analysis of alanine-
scanning mutational variants of human sIL5Ra. To analyze
kinetic interactions of a large number of proteins, we estab-
lished a sandwich surface plasmon resonance biosensor
method. In this method, receptor o protein is selectively cap-
tured by its antibody from heterogeneous cell culture media,
providing a homogeneous surface for the subsequent quantita-
tive ligand binding assay. Early success of this methodology
was achieved by using IL5 and its non-neutralizing monoclonal
antibody (14). In the present study, we introduced a new sand-
wich binding assay using C-terminal V5 tag and anti-V5 tag
antibody. This configuration appears more advantageous than

the previous sandwich assay, because the captured receptor
can be oriented analogously to receptors on a cell surface and
mutations in receptor sequences do not affect the affinity cap-
ture process. Our results demonstrated that anti-V5 tag anti-
body captured all the mutational variants. In contrast, «16
failed to capture some variants when alanine substitution oc-
curred in the epitope of the antibody (Fig. 4). Similar strategies
have been reported for transforming growth factor-g and its
receptor using a coiled-coil capture system where the receptor
fused with C-terminal “E coil” tag is captured by “K coil’ im-
mobilized onto the sensor chip (35). We investigated the kinetic
interaction of 25 mutational variants of SIL5Ra using a V5 tag
and anti-V5 tag antibody system and could demonstrate an
example of medium throughput kinetic assay of receptor mu-
tagenesis without necessity of receptor purifications. This me-
dium throughput sandwich binding assay for kinetic interac-
tion is applicable to other ligand-receptor systems.

Binding Topology of ILSRo—The IL5Ra alanine-scanning
mutagenesis was focused on charged amino acid residues. This
is because the receptor-binding residues in human IL5 appear
to be mostly charged amino acids such as arginine and glu-
tamic acid (reviewed in ref. 36), and these amino acids can be
surmised to interact with oppositely charged amino acid resi-
dues of the receptor through salt bridge or hydrogen bond
interactions. The important epitope residues identified in the
present study, Asp®®, Asp®®, Glu®®, Lys!86, Arg!'®® and Arg?®”
are the most likely candidates to be involved in direct interac-
tion with IL5 ligand. The residues of minor importance,
namely, Glu®3, either Lys®® or Glu®* and either Glu®*® or Lys24°
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may be involved more indirectly. Interestingly, these amino
acid residues are conserved in human and mouse, except for
Lys®® and Arg!®8, which are glutamine and phenylalanine res-
idues in mouse, respectively (Fig. 1B). IL5Ra genes have not
been cloned from the other species so far, but our data suggest
that these conserved residues might be key residues for IL5
recognition of other IL5 species.

The current mutagenesis data demonstrated a binding topol-
ogy in which all three extracellular domains of IL5Ra are
involved in the direct interaction with IL5. Previously, chimeric
analysis had demonstrated the importance of D1D2 domains of
human IL5Rq, based on site-directed mutagenesis showing
that Asp®®, Asp®®, Tyr®?, Glu®®, and Arg'®® are crucial for the
high affinity interaction with human IL5 (21). The current data
fit well with the fact that it is the D2D3 domains of IL5Ra that
have sequence homology with the minimum cytokine-recogniz-
ing unit (CRM). Up to now, the role of D3 domain in IL5R« has
been less understood. In the present article, we defined Arg?®7,
and either Glu?®® or Lys?%°, as involved in IL5 binding. This
finding demonstrates that the D3 domain is also important for
ligand binding. With regard to D1D2 mutants, a rough corre-
lation was observed between our data and those obtained pre-
viously (21), with the exception of K53A/E54A, E63A, and
K186A, which we have newly identified in the current study. In
contrast to other class I cytokine receptors, the CRM of IL5R«
(D2D3) is not sufficient for the full binding activity, and the
additional FnIIl domain (D1) is instead used to form an ex-
tended cytokine recognition interface.

The finding that the D3 domain is involved in the direct
interaction is consistent with many aspects of previous reports.
First, Czabotar et al. have recently reported that the D3 do-
main is involved in cell proliferation activity of IL5R«a, which
was measured by the extent of thymidine incorporation into
cells (37). Their mutational analysis further showed the impor-
tance of the F-G loop, in which Arg?®” is located. The purpose of

this study was to investigate the mutational effects on binding
interaction, but our data are consistent with the physiological
data. Second, Devos et al. (29) have reported that serine sub-
stitutions of CysZ*® and Cys2°® residues, which are close to
Arg®7 in the D3 domain, resulted in complete loss of IL5
binding activity. These cysteine residues appear to be linked
through a disulfide bridge, which likely stabilizes a structure
that presents Arg2?®” in the correct spatial configuration. Third,
Rajotte et al. (38) have demonstrated that Arg®®° of GM-CSF
receptor « chain, which corresponds to Arg?®” of IL5Raq, plays a
crucial role for ligand recognition. They have proposed that the
side chain of Arg?®® possibly interacts with the side chain of
Asp''? of the ligand, which corresponds to Glu''® of IL5. It is
noteworthy that there is an arginine residue at the position 259
in IL3 receptor « chain, which is assigned to Arg?®” of IL5R«a
and Arg?®® of GM-CSF receptor « chain in our sequence align-
ment (data not shown). Out of the residues that diminished the
binding affinity in our current experiment, Arg?®? is the only
conserved residue among these three receptors. Because « re-
ceptors for IL3, IL5, and GM-CSF share the signal-transducing
receptor B¢, these arginine residues could be important for Bc
recruitment as well as ligand binding.

Charge Distribution for IL5 Recognition—The important
IL5-binding residues were mapped on the deduced ternary
structure of human IL5Rq, revealing that the binding epitope
comprises two discontinuous regions (Fig. 7). One is a nega-
tively charged patch formed by Asp®®, Asp®%, and Glu®® in D1
domain, and the other is a positively charged patch formed by
Lys'® Arg'® and Arg®®” at the interface of D2 and D3 do-
mains. Although Arg?®” residue is distant from Lys'®¢ and
Arg!'®® in the primary sequence, these three residues are in
close spatial proximity in the modeled structure. Because the
D2D3 domains correspond to CRM, it is interesting to look at
the equivalent positions of Lys!'®®, Arg!'®8 and Arg?®” in the
CRM of prolactin receptor (the template of homology modeling;
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Fig. 1B), which are Ser’®, Trp”?, and His'®®, respectively. In-
terestingly, these residues are all in the binding surface of the
complex structure (26). In particular, side chains of Trp”? and
His'®® form hydrogen bonding interactions with the prolactin
ligand. This observation strongly indicates that D2D3 domains
of IL5SRa function as a unit, like other CRMs of the class I
cytokine receptor superfamily. Taken together, IL5 can be
viewed to recruit receptor a by a D1 domain and a D2D3
tandem domain, which are structurally distinguishable units of
the receptor.

The dominant importance of the opposing negative and pos-
itive charge distribution in IL5Ra correlates with previously
elucidated IL5 mutations showing that Arg®! (and the overall
positive charge balance of the CD turn region), and Glu''° are
two main IL5 charged sites for IL5Ra recognition (15-17).
Although the detailed structural description of the IL5-IL5Ra
interaction must await high resolution structure determination
of the IL5- IL5Ra complex by x-ray crystallography or NMR
spectroscopy, it is tempting to speculate that the side chains of

Fic. 7. Hypothetical structure of the IL5 complex with IL5Ra.
Both IL5 (R91 and E110) and IL5Ra (D55, D56, E58, K186, R188, and
R297) epitope residues are expressed in the CPK model.

A

Fic. 8. Maps of IL5 binding residues
on the modeled structure of sIL5Ra.
Residues that decreased, through alanine
substitution, the binding affinity by a fac-
tor of more than 1.5 are shown as CPK
models. A, residues responsible for first
association rate are colored according to
the decrease in the rate constant, k. B,
residues responsible for slow dissociation
rate are colored according to the increase
in the rate constant, & .
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Arg®! and Glu'l® of IL5 might come into contact with the
negatively charged patch in D1 and the positively charged
patch in D2D3, respectively (Fig. 7). It has been found that the
known functionally important CD turn sequence 88 EERRR®? in
IL5 can be replaced by 83SLRGG®2 and that the positive charge
in this turn is thought to be the key factor promoting IL5R«
recruitment (17). Among other things, we can speculate that
the positive charge balance in the CD turn region interacts
directly with the negatively charged patch of the D1 domain. Of
note, it should not be ignored that alanine substitution of
Glu2°8, which is adjacent to Arg?®”, increased the binding af-
finity due to a 2-fold decrease in the kg (Table II). This de-
creased dissociation rate may reflect the reduction of electro-
static repulsion near the interface of Glu?%8, possibly against
Glu!!® of IL5. From these observations, we hypothesize that a
pair of charge complementary regions may play an important
role in specific interaction between IL5 and IL5Ra.

Ligand Recognition Mechanism of IL5Ra—Kinetic analysis
of the IL5IL5Ra interaction demonstrated that Asp®® and
Arg'® had the biggest effect on the fast association of the
interaction, with more minor contributions from Asp®® and
Glu®®. These residues are located in D1 and D2 domains, as
shown in Fig. 8A. Association pathway of a protein-protein
interaction can be viewed as a stepwise process, in which the
proteins initially encounter in nonspecific fashion, followed by
rearrangements that evolve the final complex. The reduction in
the &, can correlate with the reduction in electrostatic steering
effect during the initial encounter step. In the case of
IL5 IL5Ra interaction, however, the k., is 8 X 108 M~ ! 571,
which is comparable to 2 X 108 M~ ! s !, the value predicted by
the Brownian dynamics simulation without any assumptions of
steering forces (39). So what causes the reduction in the %,,?
Previously, kinetic and structure studies of the anti-lysozyme
antibody D1.3 have indicated that local conformational adap-
tation is responsible for the association rate (40). Furthermore,
statistical thermodynamic analysis of the same antibody has
shown that the binding effects can propagate to a subset of
residues at distal sites when the binding sites include the
region with conformational fluctuations (41). The slower asso-
ciation rate upon mutation in D1D2 domains might be ex-
plained by the ineffective propagation of preferential conforma-
tion, which is required during the rearrangement step of
association. This explanation seems to be in good agreement
with the thermodynamics analysis data that considerable

B
relative kon relative koff
m <10 | =10
1/10 to 1/3 3to 10
1/3to 1/1.5

|
C-ter
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structural rearrangement is coupled to the IL5-IL5R« interac-
tion (12). Taking account of the impact of the D1D2 residues on
the fast association, this structural rearrangement possibly
takes place in D1D2 regions. The conformational change may
allow the D3 domain to be involved in the interaction and
induce the transition state of IL5Ra for B¢ recruitment. The
effects on the & were identified in the residues from the whole
domains of IL5SRa (Fig. 8B). This observation again confirms
the involvement of D1, D2, and D3 domains in the final com-
plex, because the dissociation rate of a protein-protein interac-
tion can be attributed simply to destabilizing the final
mature complex.

In summary, the present study reveals the essential role of
charged residues in interaction of IL5Ra with IL5. The main
determinants, Asp®®, Asp®®, Glu®®, Lys'® Arg!®8 and Arg?®”
are distributed over the D1, D2, and D3 domains of IL5R«. The
IL5 binding epitope residues assemble in structurally discon-
tinuous sub-regions, which are constituted by a negatively
charged patch in D1 domain and a positively charged patch at
the D2D3 interface. These results suggest that the IL5 IL5R«
system adopts a unique binding topology, in which the cytokine
is recognized by a D1 domain and a D2D3 tandem domain
(CRM) to form an extended cytokine recognition interface. Re-
vealing the key recognition elements of IL5R«, and its charge
complementarity of IL5 could help drive the design of new
compounds for therapeutic treatment against IL5-related al-
lergic inflammatory diseases.
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