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ABSTRACT. The cyclic peptide AF17121 (VDECWRIIASHTWFCAEE) is a library-derived antagonist for
human Interleukin-5 recepton (IL5Ra). We have previously demonstrated that AF17121 mimics
Interleukin-5 (IL5) by binding in a region of IL5& that overlaps the IL5 binding epitope. In the present
study, to explore the functional importance of the amino acid residues of AF17121 required for effective
binding to, and antagonism of, IL5R each charged residue was subjected to site-directed mutagenesis
and examined for IL5R interaction by using a surface plasmon resonance biosensor. One residyje, Arg
was found to be essential for receptor antagonism; its replacement with either alanine or lysine completely
abolished the interaction between AF17121 and It5Rther charged residues play modulatory roles.
One class consists of the N-terminal acidic cluster gAsul GI¥) for which alanine replacement decreased

the association rate. A second class consists ofttdisd the C-terminal acidic cluster (Gliand GIu®)

for which alanine replacement increased the dissociation rate. Binding model analysis of the mutants of
the latter class of residues indicated the existence of conformational rearrangement during the interaction.
On the basis of these results, we propose a model in whichakrg N-terminal acidic residues drive the
encounter complex, while AfgHis!, and C-terminal acidic residues are involved in stabilizing the final
complex. These data argue that the charged residues of AF17121 are utilized asymmetrically in the pathway
of inhibitor—receptor complex formation to deactivate the receptor function. The results also help focus
emerging models for the mechanism by which IL5 activates the tL-58 receptor system.

Interleukin 5 (IL5} is a T cell-derived cytokine that plays — experiments that IL5 binds to IL5Rwith 1:1 stoichiometry
a central role in proliferation and maturation of eosinophils (6), even though IL5 is a symmetric homodimer folded into
(1) and has been implicated in the pathogenesis of eosinophil-two four-helix bundles?) each of which could be expected
associated allergic inflammations such as asth&a3y. to support receptor recognition. The ability to form active
Eosinophil activation by IL5 is a dynamic process on the monomers by recombinant reconstructi@ ) confirmed
cell surface encompassing specific interaction of IL5 with that only one binding site in the IL5 molecule is required
IL5 receptora (IL5Ra), formation of oligomeric receptor  for receptor activation. Regions in human IL5 important for
complexes with common receptgr(5c), and initiation of this binding interaction with IL5R were found to be
cytoplasmic phosphorylation eventy.(These steps culmi-  dominated by charged residues in helix B ({8isLys®®,
nate in various cellular responses. Hence, the lineage-specifitHis*!), CD turn (GIf8, GIu?®, Arg®®, and Ard?), and helix
effects of IL5 on eosinophils have generated intense interestD (Glu''9 (10, 11, 12). The IL5 binding residues in IL5&
to characterize the IL-5receptor interaction and to discover also are charged. These are located in domain 15Asp
receptor antagonists for alternative asthma treatm®nt ( Asp®®, Glu*®), domain 2 (Ly&%¢, Arg'®¥), and domain 3

Extensive studies on the IEGL5Ra interaction have been  (Arg®®) of the three fibronectin-type Ill domains of the
carried out over the past decade and have unveiled severagXtracellular region of IL5R (13). The homology-deduced
important findings on epitope usage. It was shown by in vitro IL5Ra. structure suggests that the binding interface of
receptoro. comprises two charged clusters, one a cluster of
negatively charged residues from D1 domain and the second
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L Abbreviations:  IL, interleukin; IL5R, interleukin 5 recepton siderations suggest that it is the receptor which is likely to
chain; sIL5Rx, soluble form of interleukin 5 receptax chain; trx, undergo the predominant rearrangement upon interactions

thioredoxin.-fused; PBS, phosphat'e buffer saline; SPR, surface .plasmonof the two charge-complementary sites on IlGE). Such
resonance; RU, resonance urkt, association rate constarke,

dissociation rate constant; MD, molecular dynamics; rmsd, root-mean- Charge-complementary interactions and ensuing conforma-
square deviation; on-rate, association rate; off-rate, dissociation rate.tional isomerization are likely steps in receptor activation.
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Molecules which interfere with binding of IL5 at the two mM) were purchased from Invitrogen Inc. (Carlsbad, CA).
receptor sites could block this activation process and henceThe anti-HIV gp120 monoclonal antibody, 17b, was prepared
would be leads for antagonism of IL5 function. as described previoushL7) and used as a negative control
Important advances have been made to discover severaln this project. For surface plasmon resonance (SPR)
specific inhibitors for the IL5IL5Ra interaction from measurements, the sensor chip CM5, surfactantR2hyl-
random recombinant peptide libraries. A potent disulfide- N-(3-dimethylaminopropyl)carbodiimide (EDQY-hydrox-
cyclized 18-mer peptide, AF17121, inhibits the binding of ysuccinimide (NHS), ath 1 M ethanolamine (pH 8.5) were
IL5 to IL5Ra and blocks IL5-dependent eosinophil activation purchased from Biacore, Inc. (Piscataway, NJ).
with an IGsp of 50 nM (14). We have evaluated the antagonist  Insect Cell Expression and Purification of Soluble IR
activities of AF17121 and mutational analogues showing that The soluble form of human IL5® (sIL5Ra) was produced
alanine substitution of Afghad completely reduced competi- in a Drosophila cell culture system (Invitrogen). The
tion activity, while alanine substitution of individual acidic Drosophilaexpression vector pMT-IL5&-V5-His (13) and
residues retained substantial competition activity, with the blasticidin resistant vector pCoBlast (Invitrogen) were
multiple replacements in these residues leading to fractional cotransfected into S2 cells using Cellfectin reagent (Invit-
loss of potency 15). Using recombinant DNA techniques, rogen). Blasticidin-resistant cells were selected as a stable
we have recently developed a thioredoxin-fused AF17121, polyclonal population and grown in SchneideDsosophila
which facilitated direct interaction analysis with ILBR media with 10% FCS (Hyclone) and 2&)/mL blasticidin
mutational variants by using a surface plasmon resonanceS (Invitrogen). This cell line was adapted and expanded to
biosensor 16). We have found that the binding epitopes of Drosophilaserum-free medium supplemented with 20 mM
IL5Ro for AF17121 are residues AZpArg'88 and Arg?’, L-glutamine, and protein expression was induced by addition
which represents a significant subset of the I5fRsidues of 600 uM copper sulfate.
for IL5 binding. The fact that AF17121 mimics the binding Sterile-filtered, conditionedrosophilamedia were dia-
properties of IL5 but antagonizes the receptor prompts the lyzed against buffer A (50 mM Tris-HC1, pH 7.4, and 50
guestion of how complex formation of AF1712feceptor mM NaCl) and loaded onto a HiTrap Chelating HP column
leads to an alternative recruitment mode that prevents(Amersham Biosciences) preequilibrated with buffer A.
receptor activation. Nonspecific binding proteins were washed away with buffer
Real-time interaction analysis can elucidate kinetic pa- B (50 mM Tris-HC1, pH 7.4, 25 mM imidazole, and 300
rameters of association and dissociation rate constants whichmM NacCl), and the sIL5R protein was eluted with a linear
control the formation and breakdown of protein complexes. gradient from buffer B to buffer C (50 mM Tris-HC1, pH
The interaction pathway can be viewed as a stepwise process7.4, and 300 mM imidazole). The pooled fraction was loaded
in which the protein components initially encounter by onto Sephacryl-200 (26 mmx 600 mm) and eluted with
multiple interaction mode, followed by rearrangements that phosphate buffer saline (PBS) buffer (1 mM kD, 10
evolve the final stabilized complex, while the dissociation mM NaHPQ,, 137 mM NacCl, and 2.7 mM KCI, pH 7.4).
pathway can be viewed as the destabilization of the final The resulting protein solution was concentrated and stored
complex. Therefore, these kinetic constants are importantbelow —80 °C. The purity was confirmed by SDSPAGE
information for better understanding the dynamics of mo- (4—20% linear gradient gel, Bio-Rad Laboratories), and the
lecular recognition and subsequent antagonist design. Thebinding activity for IL5 was verified with an SPR biosensor
purpose of the present study is to elucidate the dynamicas described previousiyLg).
mechanism of AF17121 required for antagonism of Ik5R Production and Characterization of Thioredoxin-Fused
Here, we replaced each charged amino acid of the peptideAF17121 Mutantskor the thioredoxin-fused AF17121 (trx-
with alanine and used surface plasmon resonance technologyAF17121) mutational variants at positions 2, 3, 6, 11, 17,
to directly measure the binding kinetics of the mutational and 18 (numbering within the AF17121 sequence), each
variants with IL5Rx. We found that all of the charged amino  point-mutation was introduced into the bacterial expression
acid residues play a substantive role in binding of AF17121 vector pTRXafl7 16) with a QuikChange site-directed
to IL5Ra. Replacement of Agwith alanine or lysine mutagenesis kit (Stratagene). The names of the mutational
completely abolished the interaction between AF17121 and variants and their amino acid sequences are shown in Figure
IL5Ra, demonstrating that the guanidino group of Aiga 1A. The oligonucleotide forward primers used for this study
key player for receptor antagonism. We further demonstratedare as follows: D2A-E3A, 5CGACAAGGCCATGGT-
that other charged residues play different roles in the kinetic TGCCGCATGCTGGCGTATCATC-3 H11A, 5-GCTG-
pathway of the AF17122IL5Ra interaction. In this article, GCGTATCATCGCTTCCGCCACCTGGTTCTGCGCTG-
we have developed a model in which Aand the N-terminal ~ AAG-3'; R6A, 3-GCCATGGTTGACGAATGCTGGGCTA-
acidic residues are involved in stabilizing the encounter TCATCGCTTCCCACACCTGG-3 R6K, 5-GCCATGGT-
complex formation, while Ar§ His'!, and the C-terminal TGACGAATGCTGGAAAATCATCGCTTCCCACACCTG-
acidic residues are involved in stabilizing the final matured G-3; E17A-E18A, 3-CCTGGTTCTGCGCTGCAGCAT-
complex. The consequent mechanism proposed for receptoiGAAAGCTTGCGGCC-3 R6I-17R, 5-CCATGGTTGAC-
recognition by AF17121 provides an improved rationale for GAATGCTGGATTCGCATCGCTTCCCACACCTGG:3
the deactivation mechanism of ILsRand low molecular For production of trx-AF17121 mutational variants, the
weight antagonist design. plasmids were transformed into the host strain BL21-
CodonPlus (DE3)-RIL (Stratagene). The proteins were
MATERIALS AND METHODS produced and purified as described previoush).(Oxidative
Materials.All the oligo DNA primers,DrosophilaSchneider cyclization of AF17121 mutants was confirmed with Ell-
2 (S2) cells, cell culture media aneglutamine solution (200 man’s reagent, and purity of the fusion peptides was
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A concentration using the molar extinction coefficiess{ =

25230 Mt cm™) according to Pace et all§).
AF17121 vDEcwR1IasHTWrCAEE Kinetic Interaction AnalysisThe kinetic interaction assay

was carried out using an SPR biosensor, Biacore 3000

D2A-E3A vAAcwRIIASHTwrcaAEE (Biacore, Uppsala, Sweden). The SPR experiments were
conducted at 28C in PBS buffer (1 mM KHPO,, 10 mM

REA vDEcwhArzastimwrcaEE NaHPQ,, 137 mM NaCl, and 2.7 mM KCI, pH 7.4) with

R6K vDEcwKizasHrwrcaEE 0.005% P20, unless otherwise noted.

H11A vDEcwRIasAmTwrcaEE Immobilization and Binding Assaymmobilization of
sIL5Ra on a CM5 sensor chip was conducted by the amine

E17A-£18A VDEcwRrrasHrwrcaAA coupling method (BlAapplication handbook; Biacore). Briefly,

non-acid vVAAcwRrirasHTwrcalA 10 uM protein solution was diluted 20 times in 10 mM

acetate (pH 4.5) and injected onto a biosensor surface which
had been preactivated with a 20 injection of 1:1 mixture

of 200 mM EDC and 50 mM NHS, followed by the injection

of 1 M ethanolamine-HCI (pH 8.5). The amounts of
B immobilization were around 1500 resonance units (RU).

R6I-I7R vDEcwrRiasHrwrcaEE

Anti-HIV gp120 monoclonal antibody 17b was immobilized
3 and used as a reference surface. The real-time interaction
= was measured by injecting purified trx-AF17121 and its
& 20 mutational variants over these surfaces. All the procedures
b2 were automated to create repetitive cycles of injection of
g 10 0—10uM of the fusion peptides (flow rate 50./min). The
E sensor surfaces were regenerated by running PBS buffer for
0 e by 5 min (flow rate 100uL/min) after the dissociation phas_e._
We observed no dependency of the measured association
0 120 240 360 rates on the flow rates, confirming that there is no mass
Time (s) transfer effect in this system.
C pH Titration. To examine the effect of pH on the binding
120 of trx-AF17121 and the H11A variant, the instrument was
o equilibrated with buffers of different pH. The fusion peptides
= were diluted in the same buffer, and the kinetic binding assay
& 80 el was performed as described above. The buffers used were
2 pH 5.0, 20 mM sodium acetate; pH 6.0, 20 mM sodium
2 " --'-""_"" phosphate; pH 7.0, 20 mM sodium phosphate; pH 8.0, 20
= o=, mM Tris-HCI; pH 9.0, 20 mM Tris-HCI; and pH10.0, 20
— mM glycine-NaOH. In addition, every buffer contained 1
0 M NaCl and 0.005% P20.
Data Analysis The sensorgrams were analyzed using the
¢ 4 181':.1:;;:) 160 200 240 BlAevaluation software (Biacore) and CLAMP softwaflé)

which employ numerical integration and global fitting
FiGUrE 1. Amino acid sequence of AF17121 mutational variants g|gorithms 0). Prior to the calculation, the binding data

and comparison of kinetic characteristics. (A) All the charged amino P ; ;

acid residues were singly or doubly substituted by alanine. Arginine were corrected for nonspecific |nteractlpn by subtracting the
residue 6 was substituted by lysine, and also, the arginine was'eéférence surface data from the reaction surface data, and
swapped with Let Acidic and basic residues are shown as red further corrected for buffer effect by subtracting the signal
and blue, respectively. (B) The sIL&Rcoupled surface was  from buffer injections from those of protein sample injections

In this assay, rapid increase in the association phasdZ0 s) ) ; : . g ;
indicates fast association of the kinetic interaction, while rapid globally fit using a simple 1:1 binding (or Langmuir

decrease in the dissociation phase (2360 s) indicates fast  interaction) model:
dissociation. Sensorgrams of trx-AF17121, D2A-E3A (D2A and

E3A), R6A, R6K, H11A, E17A-E18A (E17A and E18A), and Kon
nonacid (D2A, E3A, E17A, and E18A) variants are shown as gray, A+B ﬁ’ AB 1)

orange, blue, cyan, red, green, and yellow lines, respectively. (C)

The swapped mutant R61-I7R was injected at concentrations of 4, . . . .
8, 16, 32, and 64 nM. Binding to the ILsRimmobilized surface In this model, A and B are free proteins and AB is a final

(black lines) as well as the control surface (red lines) was detected.complex. The equilibrium dissociation constaiy) was

The nonspecific effects were subtracted from the experimental calculated from the association and dissociation rate constants
binding data, leading to net sensorgrams reflecting a weak binding (Kon andkofr) asKg = Kot /Kon.

affinity of approximately 4 mM. . .
y PP y In some cases, the interaction curves were also analyzed

evaluated by analytical reverse-phase HPLC. The integrity using a two-step reaction (or conformational change) model:
of the fusion peptides was certified by MALDI MS (Wistar
Institute, Philadelphia, PA). Protein quantitation was achieved

kl k2
by measuring the absorbance at 280 nm and calculating the A+B = AB = AB )
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In this model, A binds to B to form an intermediate (or
encounter) complex (A:B) similar to simple 1:1 binding, but

Biochemistry, Vol. 45, No. 4, 20061109

of IL5Ra for trx-AF17121 binding. In the current work, we
performed a kinetic interaction analysis of the mutational

the complex can undergo a conformational change to form variants of trx-AF17121, to identify the functional impact

a final complex (AB). We use the symboks and k_; to

of each charged amino acid on the kinetic interaction with

denote the association rate and dissociation rate constant$L5Ra. The fusion method facilitates production and char-

for the transition from free proteins A and B to A:B, while

acterization of mutational variants because trx-AF17121 can

k., andk_, denote the forward and reverse rate constants for be overexpressed ischerichia coliand purified easily by

the transition from A:B to AB. The equilibrium dissociation
constant of the two-step model was calculatedkKas—=
k_ik—o/ki(k, + k-p). Details of the rate equations for both
models are described elsewher20)( Individual kinetic

affinity column chromatography. Site-directed mutagenesis
on the AF17121 sequence was focused on charged amino
acid residues such as aspartic acid, glutamic acid, arginine,
and histidine (Figure 1A). This is because the binding

parameters were obtained from at least three separataesidues of IL5R for AF17121 are charged ), and these

experiments.

Molecular Dynamics SimulatioWe performed molecular
dynamics (MD) simulations of AF17121 peptide (cyclic) at
300 K using the GROMOS96 software packa@®)(and
the GROMOS96 43Al force field parameter@2), The
starting cyclic structure was first built by energy-minimizing
an extended conformatiop & v = 18C°) of linear AF17121
peptide in a vacuum using the SYBYL 6.8 software (Tripos).
A disulfide bond constraint was introduced between‘Cys

amino acid residues can be surmised to interact with
oppositely charged residues of AF17121 through salt bridge
or hydrogen bond interactions. Our previous results have
demonstrated that Afgof AF17121 is crucial for the
inhibitory effect, and the two-residue successive acidic
sequences on the N- or C-terminal regions also contribute
to the inhibitory effect 15). For the purpose of this analysis,
we treated the pair of Agmand GIF of trx-AF17121 as a
functionally indivisible unit. Thus, we replaced these residues

and Cy#°when the distance of the sulfur atoms was reduced doubly with alanine (D2A-E3A). Likewise, Gldand GIu®

to 5 A. The peptide was modified by the addition of an acetyl

group at the N-terminus and an amide group at the C-

of trx-AF17121 were doubly replaced with alanine (E17A-
E18A). We also replaced all these acidic residues with

terminus. For MD simulation, the cyclic peptide was solvated alanine (nonacid). H# of trx-AF17121 was singly replaced

in a cubic box with the simple point charge water model

with alanine (H11A). To examine whether positive charge

(23). The clearance between the peptide molecule and theOn position 6 is important or arginine itself is important, Arg
edge of the box was at least 14 A. The resulting system wasOf trx-AF17121 was replaced with lysine (R6K) as well as
composed of 202 peptide atoms and 14 373 water atoms.@lanine (R6A), and finally Argwas swapped with a neighbor

All chemical bonds were constrained using SHAKE)(
allowing a time step of 2 fs for the integration of the equation

residue llé (R6I-I7R).
SPR Kinetic Interaction AnalysisTo investigate the

of motion. During the MD run, the temperature and pressure kinetics of receptorligand interactions, we have recently
were controlled to ensure isothermal and isobaric conditions.employed a sandwich SPR-based binding assay, in which

The equilibration protocol for all simulations consisted of

receptor is captured by its antibody providing an oriented

1000 steps of steepest-descent energy minimization appliecsurface for the subsequent quantitative ligand binding
to the solvent molecules with the solute atom positions measurement. This biosensor assay has enabled us to perform

restrained by a force constant of 250 kJ mtahm=2. This

medium-throughput kinetic assays of receptor mutagenesis

was followed by steepest-descent energy minimization of the using on-chip receptor purifications 13). Despite the tight
entire system, without positional restraints, to eliminate any interaction between antigen and antibody, the effect of
residual strain. The minimization was terminated when the captured receptor dissociating from the antibody surface

energy change converged to less than 0.1 kI m®he MD
simulation was then continued for 20 ns with initial velocities
assigned from a Maxwellian distribution at 300 K. Trajectory

cannot be neglected for accurate kinetic analysis in some
casesZ6). This decaying surface would be more problematic
when comparing the kinetic parameters determined from

coordinates and energies were recorded at every 0.5 ps (25@lifferent experimental conditions such as pH and ionic
steps) for subsequent analysis. We also performed moleculastrength, because these conditions may affect the dissociation

dynamic simulations of the linear AF17121 (cysteine-to-

of the captured receptor as well as recepl@and interac-

alanine mutant) in the same manner as the cyclic AF17121,tion and thus complicate data analysis of the binding

except for the initial energy-minimizing process.

responses. To eliminate the possibility of this complexity,
we used a covalent immobilization method in the present

The entire analysis of trajectories was performed using : ..
the GROMOS96 software package. An atom-positional rmsd study. The soluble form of IL5& (sIL5R_a) was immobilized _
(root-mean-square deviation) similarity criterion cutoff of 1.2 ©N & carboxymethylated dextran matrix by the standard amine
A was used to cluster the structures. The stereochemistry of€0UPling method, which was used before for characterization

the cluster structures was evaluated using the PROCHECKO the IL5—ILSRat interaction in our groupy). Even though
software P5). 1500 RU of sIL5Rx was immobilized, we found that it could

only bind 50 RU of trx-AF17121. This indicates that a large
portion of sIL5Rx on the surface was either inactivated or
inaccessible. Nonetheless, tli& value of trx-AF17121
Design and Production of Thioredoxin-Fused AF17121 binding to the sIL5R-coupled surface was determined to
Mutational VariantsWe previously constructed thioredoxin-  be 23 nM, with aky, value of 1.3x 10° M1 s and aky
fused AF17121 peptide (trx-AF17121) for better solubility value of 2.9x 103 s7! (Table 1) which were almost the
and sensitivity in the surface plasmon resonance (SPR)same as previously observed using the oriented receptor
biosensor assay, and successfully defined the epitope residuesurface 16). This suggests that the kinetic interaction is not

RESULTS
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had 2 times more impact on the dCvalue than the
C-terminal acidic cluster (Table 1). Depletion of all four
acidic side chains (nonacid) still allowed the peptide to

Table 1: Kinetic Parameters and Biological Effects of trx-AF17121
and Its Mutational Variants

Kon x 1074 kot x 10° Kgx 10° ) ) .

M1sd (s (M) Chiz  ICs? interact with IL5R, although it caused a 70-fold decrease
AFL7121 13t 1 29102 23102 011003 1 in the binding affinity. T_hese data c_onflrm 'ghat Arig the
D2A-E3A 1.8+ 04 5.6+05 31+3 0.10+-002 4 key player for the peptidereceptor interaction. We dem-
R6A NDP NDP onstrated that Hidis also involved in the interaction between
R6K NDP NDbe AF17121 and IL5R. Alanine replacement of Hisresulted
E%%ﬁ-ElSA ggi 8'% %ii %if 8'2& 8'22 ?'; in a 10-fold reduction of binding activity for IL5& and
nonacid Oj&t 0:04 12+ 1 160+ 12 0..89:|: 0:36 N.D"C the inhibition assay showed an 8.7-fold increase in thﬁ IC

value upon this mutation (Table 1).

Kinetic parameter analysis demonstrated that these muta-
tions of trx-AF17121 caused increases in #igvalue for
the interactions due to the combination of decreases in the
affected by a randomly immobilized receptor surface. The kon value and increases in ther value (Table 1). Interest-
covalent immobilization method provided a stable surface, ingly, which effect is more dominant, the association rate
which was readily regenerated by passing the running buffer (on-rate) or dissociation rate (off-rate), was different depend-
for 5 min at a high flow rate. This enabled us to perform in ing on the residues varied. Replacement of the N-terminal
excess of 100 repetitive binding assays while maintaining acidic cluster was found to more greatly affect the on-rate,
the same surface activity. The kinetic assays were performedshowing a 7.2-fold reduction in the, value and a 1.9-fold
at a flow rate of 5QuL/min, and no mass transfer effect was increase in thés value. In contrast, the H11A and E17A-
observed. It was previously shown that the stoichiometry of E18A variants were found to more greatly affect the off-
the AF1712%IL5Ra interaction is 1:1 14, 16). Therefore, rate, showing 1.7- and 2.2-fold reductions in tQgvalues
to determine the kinetic constants of association and dis-and 5.9- and 3.4-fold increases in tg values, respectively.
sociation in the current study, sensorgrams recorded atThe nonacid variant caused a decrease irkthealue and

aThe relative IG, values are the concentrations to inhibit half-
maximal proliferation of TF-1 cell. Data are taken from R. Piotr et al.
(2004).° ND, not detected: Unpublished data (M. Bhattacharya et al).

different concentrations of trx-AF17121 were fitted globally
to a simple 1:1 binding model.
Mutational Effect of Charged Amino Acid Residu€Eke

increase in thé value by factors of 17 and 4, respectively.
The mutational effect of all four acidic residues appears to
be additive versus the mutational effects of the N- and

above experimental condition was applied to measure theC-terminal acidic clusters separately.

kinetics of receptor binding for the mutational variants of
trx-AF17121, namely, D2A-E3A, R6A, R6K, H11A, E17A-

We realized that data fitting for such mutations as H11A,
E17A-E18A, and nonacid to a simple 1:1 binding model

E18A, and nonacid. Figure 1B shows representative sensor-yielded higher chi-square values than fitting for trx-AF17121

grams recorded when each variant ofill concentration
was injected over the same amount of immobilized Ib5R

and D2A-E3A (Table 1). The unsatisfied fitting for the
former cases can be seen visually as reflected by residuals

Both arginine mutants, R6A and R6K, showed impaired with nonrandom deviations about zero (Figure 2A). Non-

binding to IL5Rx even when the concentrations of the
mutants were increased up to M. This result was

random deviation from the simple 1:1 model can be
explained either by a more complex interaction model or by

unanticipated, as arginine and lysine are often interchange-a nonideal experimental condition. The latter reasons include
able without much change in binding activity, suggesting mass transfer limitations and immobilization problems such
that the specific structural elements of the guanidino group as crowding, steric hindrance, and heterogeneity of coupled
are the major factor rather than just the positive charge of species. Mass transfer limitations can be a major artifact in
Arg®. To confirm the positional importance of this arginine, an SPR biosensor ass&8|. As previously found, however,
the position-swapping mutant R6I-I7R was examined for the binding signal was not dependent on the level of
receptor binding. This mutant showed nonspecific binding immobilization or the flow rate in the AF17121L5Ra

to the control surface as well as to the IL&Roupled surface  interaction systeml), and we thus ruled out the possibility
at the concentration of 4M or higher (Figure 1C), though  of mass transfer limitation. Indeed, no improved fit was
such nonspecific binding was not observed for the R6A and observed when using a binding model for the 1:1 binding
R6K variants. Little specific binding of the position-swapped with explicit mass transfer limitation. Immobilization prob-
mutant was observed. This finding suggests that the positionlems can be ruled out as a cause of the latter because all the
of arginine is important for the specific, high-affinity —mutational variants were injected over the same siibR
interaction between AF17121 and IL&RThe finding that coupled surface and only H11A, E17A-E18A, and nonacid
Arg® of AF17121 was crucial for the direct interaction with  variants failed to fit the simple 1:1 model. Furthermore, we
IL5Ra is consistent with our previous data showing the observed nonrandom deviations in fitting to the simple 1:1
importance of this arginine for its inhibitory effect in a cell model for H11A, E17A-E18A, and nonacid variants using
proliferation assay1{5). All other mutations resulted in a  the antibody-captured IL5Rsurface which is more homo-
marked reduction in the binding affinity, that is, an increase geneous than the randomly immobilized surface of sit5R
in the equilibrium dissociation constant, tgvalue (Table (data not shown).

1). Double mutation of the N-terminal acidic cluster (D2A- Based on the above, we applied complex models such as
E3A) and the C-terminal acidic cluster (E17A-E18A) caused a two-step reaction model and a bivalent binding model to
15- and 7-fold decreases in binding affinity, respectively. fitthe data of H11A, E17A-E18A, and nonacid variants. The
Of note, the same tendency has been observed in thedata fit better to both the two-step reaction and bivalent
biological assay showing that the N-terminal acidic cluster binding models than the simple 1:1 model. Because AF17121
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Ficure 2: Global fitting analyses of the interactions of trx-AF17121 mutational variants with dL.5®Rarious concentrations of trx-

AF17121 and its alanine mutants, D2A-E3A, H11A, E17A-E18A, and nonacid, were injected over thexsthGpRled surface. For trx-
AF17121, sensorgrams of sequential injections of 10, 20, 40, and 80 nM (yellow to orange lines) are shown. For D2A-E3A, H11A, and
E17A-E18A variants, sequential injections of 80, 160, 320, and 640 nM (yellow to orange lines) are shown. For the nonacid variant,
sensorgrams of sequential injections of 640, 1280, 2560, and 5120 nM (yellow to orange lines) are shown. Nonlinear least-squares analyses
and numerical integration methods were used to fit the data to equations corresponding to a simple 1:1 binding model (A) and a two-step
reaction model (B). Black lines show calculated sensorgrams. Residuals from the fits are shown in the lower panels.

Table 2: Kinetic Parameters for H11A, E17A-E18A, and Nonacid Variants Using a Two-Step Reaction Model

ki x 1074 ko1 x 10° ko x 108 koo x 10° Kgx 108
(M~*s™) (s (s (s (M) Chi?
H11A 9.7+ 0.6 31+2 1.940.5 5.5+ 1.2 24+ 4 0.10+0.01
E17A-E18A 8.0+ 0.3 2241 2.44+0.1 3.1+ 0.4 16+1 0.18+0.02
nonacid 1.1+0.1 29+ 2 2.3+ 0.4 3.74£07 163+ 15 0.24+ 0.03
binds to IL5Rx with 1:1 stoichiometry 16) and does not 30
induce dimerization of receptof4), the bivalent binding 25 A:B+AB
model is inappropriate for the AF17121l 5Ra interaction =)
system. Thus, the interaction of these mutational variants x 20 A:B
with IL5Ra is most likely explained by the two-step reaction 2 15
model. The improved quality of fits using the two-step I~
reaction model was judged quantitatively as lower chi-square 210
values (Table 2) and visually as the residuals with random I~
deviation about zero (Figure 2B). For these mutational 5
variants, the association rate and dissociation rate constants 0 AB
of the first step ; and k-;) and the forward and reverse 0 120 240 360
rate constantsk§ andk-,) of the second step are shown in
Table 2. TheK, values calculated from the kinetic parameters Time (s)

of the two-step model (Table 2) were almost the same asFicure 3: Simulated sensorgrams generated by numerical integra-
those of the simple 1:1 binding model (Table 1). On the basis tion of the rate equation for a two-step model. The simulation was
of these kinetic parameters, the time dependences of comple>§a”'ed out by using CLAMP softwardg). The rate constants of

f . f the fi d d - he E17A-E18A variant were used as input values which are listed
ormation of the first and second step reactions Were j, tapje 2. The concentration of injected protein was set @il
simulated. Figure 3 shows the simulated sensorgrams of theand the maximum response at 30 RU. The output response (black

E17A-E18A mutational variant. line) is the sum of the response of the encounter complex (A:B,
Effects of lonic State and Temperatuviée demonstrated ~ "¢d 1in€) and the final complex (AB, blue line).
that Hig! of AF17121 is involved in the interaction with

proximately 6, which can be slightly varied depending on
IL5Ra (see above). TheKy value for imidazole is ap-

its environment in proteins. Therefore, the histidine side chain
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although the association rate was found to be one-order lower

Table 3: pH and Temperature Dependency of Kinetics Pararieters
at 5°C. In any case, that thKy value of the AF1712%

4

iz",\'}l ol g) k°fzs>f1§03 Kd('>\</|)103 IL5Ra interaction increased with increasing temperature
SH5.0 it 59104 >3 04 (Table 3) is consistent with the view that the interaction is
pH 6.0 134 1 19+ 0.2 15106 dominated by charged and other hydrophilic structural
pH 7.0 8.3+ 0.3 2.6+ 0.3 3.2+03 elements.
pH 8.0 22403 8.44 0.2 40+ 7
pH 9.0 2.0£0.3 1642 7947 DISCUSSION
pH 10.0 2.6£0.1 1+l 200=8 Asymmetric Usage of the Charged Residues in the Kinetic
:ﬁﬁ* F’E 2-8 gi 8-% %gi 2.1 Zgig Pathway of AF1712%IL5Ro Interaction. Analyzing the
H11A. EH 70 34L01 1741 514 2 kinetic pathway of a proteinprotein interaction is meaning-
H11A, pH 8.0 3.4:0.1 184+ 0.9 544 3 ful for understanding the molecular recognition mechanism
H11A, pH 9.0 2.9+0.1 25+1 89+ 7 in complex biological systems2§). A protein—protein
H11A, pH 10.0 26:04 47+2 190+ 33 interaction reaction can be viewed as a process with multiple
5°C 0.62+0.4 0.63+ 04 0.97+£0.2 steps. For instance, Gideon Schreiber has proposed a four-
;gg Sigi 8'57-’ éﬁ 8'% %'gi 8'2 state (three-step) model of the associatidissociation
35°0 12407 94+ 10 77415 pathway in which two free proteins form an encounter

complex by diffusion, followed by conformational rearrange-
ment and desolvation leading to an intermediate complex,
and then formation of the final stable comple30). In this
is either protonated or deprotonated at physiological pH. To model, the encounter complex redissociates faster than its
determine which ionic state of the imidazole side chain of transition into the intermediate complex, and therefore, the
His! is most used in the interaction with ILbRthe effect formation of intermediate complex is the rate-limiting step.
of pH on the binding of trx-AF17121 to IL5®was studied Depending on the stability of the encounter and intermediate
in the pH range 5.610.0. To avoid nonspecific interaction complexes, the association may appear to follow a three-
between the fusion peptides and carboxylate groups of thestate (two-step) or two-state (one-step) model for some
dextran surface at lower pH, we adddé M NaCl to the interactions.
running buffers. Note that such high salt concentration did In this study, we performed the kinetic analysis of
not affect the binding affinity or the kinetic parameters of mutational variants of AF17121 using an SPR biosensor and
the AF1712%IL5Ra interaction at physiological pH (Tables  a real-time binding assay. We found that the charged binding
1 and 3). The pH titration experiments showed thatkhe  residues of AF17121 fall into three groups. The first is the
value of the AF1712%IL5Ra interaction was unaffected critical epitope, Ar§, confirmed to be essential for the entire
in the acidic conditions (pH 57), but it increased about kinetic process, because its replacement completely abolished
10-fold when the pH was increased to 8.0 (Table 3). This the interaction between AF17121 and IL&RThe second
substantial change of thi€; value around the neutral pH  group, the “on-rate epitope”, consists of the N-terminal acidic
strongly suggests that protonated imidazole groups of his- cluster (Asp and GI#) which preferentially modulates the
tidine are involved in the AF17124IL5Ra interaction. This association rate. The “off-rate epitope”, the third group of
effect is more likely to be due to the histidine from AF17121 residues, consists of Hisand the C-terminal acidic cluster
rather than that from IL5R, because previous pH titration (GIu'” and GId® which preferentially modulates the dis-
experiments on the IL5IL5Ra interaction have shown that  sociation rate. Interestingly, binding model analysis showed
the Ky value remains constant for the range of pH-6906 that the binding sensorgrams of third group mutants fit better
(27). To confirm this, we examined the effect of pH on the to a two-step reaction model than a simple 1:1 binding model,
H11A—IL5Ra interaction (Table 3). Th&q value was little whereas AF17121 and the D2A-E3A mutational variant
affected up to pH 8.0 and was around 500 nM, which was showed a good fit to the 1:1 binding model (Figure 2). This
similar to theKy value of the AF1712%1L5Ra interaction finding indicates that either an encounter state or an
at pH 8.0. Thus, the mutational effect of H11A was intermediate state could be observed with such mutations as
comparable to the deprotonation effect of AF17121 at pH H11A and E17A-E18A. Analysis of the H11A and E17A-
8.0, supporting the idea that the cationic form of HMisf E18A variants using the two-step reaction model showed
AF17121 plays a stabilizing role in the interaction between that thek, values were smaller than the values (Table
AF17121 and IL5R. Both AF17121 and the H11A variant  2). Figure 3 showed that the formation and breakdown of
showed almost the same increasgdsalues both at pH 9.0  the A:B complex are faster than those of the AB complex,
and 10.0. The pH effect on th& value for AF17121 was  suggesting that the rate-limiting step of these mutational
attributed to both a decrease in thg and an increase in  variants might be the transition to the final bound state (AB
the ko, While the H11A variant showed an increase in the complex). Thus, according to tlaave Schreiber four-state
kot without affecting thek,, in the pH range 5.610.0. kinetic model, the A:B complex would be an encounter state,
The effect of temperature on the binding affinity and rate which was observed upon such mutations as H11A and
constants of the AF17124L5Ra interaction was also E17A-E18A, while an intermediate state could not be
examined at 5, 15, 25, and 3&. The results are shown in  observed in this system. It seems that replacement of these
Table 3. TheKq value increased with increasing temperature. residues would increase the transition state energy barrier
This correlates most strongly with a progressive increase in between the encounter complex and final complex, in effect
theky value. In contrast, the changek), value was found  stabilizing the encounter complex as an observable interme-
to be less continuous over the temperature range examinedgdiate state (Figure 4). Hence, we assume that'HGIu'?,

aNacCl (1 M) was included to avoid nonspecific interaction for pH
titration experiments.
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Ficure 5: Schematic diagram of the on-rate and off-rate epitope
» residues of AF17121. The positions of on-rate and off-rate epitope
Reaction Pathway residues for IL5R are shown on the primary structure of AF17121.
FicurRe 4: Free energy profile describing a plausible kinetic This diagram shows the association face comprised of Asg
pathway for the AF17122IL5Ra. interaction. The thick line shows ~ GIU?, and the dissociation face comprised of Hi&Iu’, and GIu®.
the pathway of AF17121, while the dotted line shows the pathway
of the H11A and E17A-E18A variants. The encounter state of the Lvs39 Glu89
peptide-receptor complex can be stabilized and observed upon such A Y Arg9l
mutations as H11A and E17A-E18A. U - X
™ 1

and GId® are involved in stabilizing the final complex, and
these residues are important to guide the encounter complex
to the final one. o K __
We showed that Aspand Gl are the on-rate epitope, @ | V. T o
suggesting that these residues are more likely to be involved od
in stabilizing the encounter complex (Figure 4). Although
the nature of an encounter state is controversial, it seems
that specific short-range interactions are not dominant in an
encounter complex formation3{). The association rate
constant can be enhanced by long-range attractive electro-
static forces. However, we could rule this out, because the
kinetic parameters for the AF17121L 5Ra interaction were
not influenced p 1 M NaCl (Tables 1 and 3), which usually
shields long-range electrostatic forces. Hence, these on-rate
epitope residues might stabilize the encounter complex by
relatively short-range interactions, but in a nonspecific Ficure 6: Comparison of receptor bindings epitope of IL5 and

fashion. Since Argwas found to be critical for receptor ~ AF17121. Crystal structure of homodimeric chains of human IL5
binding, we assume that Afgis involved in both the (7) and a depiction of AF17121 (a MD structure simulated in this

encounter and final complexes. In conclusion, we demon- study) are shown. The receptor-binding residues of IL5 {Arg

strated an intriguing result that charged amino acids play k%sf;lg”;:’r g?nl—?isﬁhg%l?g%dtg d%ﬁéiaetfaggietgp;n(;Zsiglrjeesssgé

different roles in the kinetics pathway of the intera_lction in CPK (Corey, Pauling, and Kultun) models. Oxygen, nitrogen,
between AF17121 and ILGR Based on the observations, and sulfur atoms are colored as red, blue, and yellow, respectively.
we depict a kinetic model that Atgind the N-terminal acidic ~ Loop regions are represented as cailsstrands as ribbons, and
cluster are involved in formation of the encounter complex, /-Strand as arrows. The molecular graphics figure was prepared
and Ard, His', and the C-terminal acidic cluster are used ith the program MOLMOL &2).

for stabilization of the final complex. Although the negatively the mutational effect of AF17121 in terms of three-
charged clusters of AF17121 are probably distributed in the gimensional structure, we performed MD simulation of the
same structural regions relative to the disulfide bond bridge peptide. The receptor binding epitopes of AF17121 were
between Cysand Cys®, their impacts on the kinetics of  mapped on a representative structure from the most populated
interaction were asymmetric; that is, N- and C-terminal c|yster during the MD simulation. Figure 6 shows a spatial
clusters are thought to be used asymmetrically in the kinetic alignment of the receptor binding epitope of IL5 (EYs
pathway (Figure 5). The finding that not all of the epitope gjg9, Arg®L, and GIU1% compared with the off-rate epitope
residues of AF17121 are used for stabilization of the final of AF17121 (Ard, His't, GluY’, and GIU9). Since IL5 is a
complex leads to the possibility that a relatively small subset homodimeric protein and the GRS is located close to the
of structural elements ultimately could be utilized to design tyo-fold symmetric axis, the two Gl residues are in close
low molecular weight molecular antagonists. proximity and constitute a cluster of negative charges,
Mechanism of Receptor Deamdition by AF17121We suggesting that the C-terminal negatively charged cluster of
have previously demonstrated that AF17121 can interact with AF17121 could correspond to the two Gitresidues of IL5.
Asp®, Arg'® and Arg® of IL5Ra, which represent a  We believe that Ar§of AF17121 could be an equivalent
significant subset of the key residues for IL5 bindirig)( residue of Ard'in the IL5 molecule, because these arginine
The fact that AF17121 mimics the receptor-binding capability residues are the main receptor binding residues for AF17121
of IL5 prompted us to examine whether the receptor epitope and IL5, respectively. By this view, Hisof AF17121 could
residues of AF17121 can be functionally correlated with correspond to Ly8 of IL5. Looking at the structures,
those of IL5 in the three-dimensional structure. To interpret however, we find that the distances among these correlated
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residues are not consistent between IL5 and AF17121. One
possible explanation for this inconsistency is that the structure
of AF17121 is flexible enough to allow conformational

adaptation upon binding to IL5R Indeed, our previous

circular dichroism data have indicated that cyclic AF17121

does not have significant-helix or 5-sheet structurel§).

The activation of IL5 receptor is believed to depend on a
sequence of interactions at the cell surface, starting with the
recruitment of IL5 receptom by IL5, then subsequent
formation of oligomeric receptor complexes with receptor

fc, disulfide bridge formation between receptoand fc,
and initiation of cytoplasmic phosphorylation everts The

lack of agonist activity of AF17121 most likely relates to

the inability of peptide complex with receptarto form an
activated complex with receptg@ic. One possibility is that
AF17121 lacks a critical binding epitope f6c, such as Gi#

in IL5, so as to be incapable of full receptor oligomerization
of o andc. Another possibility is that the conformational
state of IL5Rx binding AF17121 may be different from that
of IL5Ra binding IL5. This latter explanation is consistent
with previous data from thermodynamic and kinetics analyses
showing that considerable conformational rearrangement

likely takes place in IL5R upon IL5 binding 6, 13). By
this view, AF17121 could be antagonizing IL&RY leading
to an alternative conformational state of IL@Rperhaps due

to a non-IL5-like spacing of charged residues that stabilizes
receptora. complexation (see above) and prevents effective
fc recruitment and the resulting signal transduction. While
the current study brings these possibilities into focus,
deciding between them must await conformational and three-

dimensional structural elucidation of the EE.5Ro. and
AF17121-IL5Ra complexes.

In summary, the present study reveals the essential role
of charged residues in the kinetic pathway of the interaction

of AF17121 with IL5Rx. We found that the N-terminal
acidic residues compose an on-rate epitopel'Hiad the

C-terminal acidic residues compose an off-rate epitope, and
Arg® is essential for both on- and off-rate process. On the
basis of these findings, we propose a model in which®Arg
is essential for receptor binding, the N-terminal acidic
residues modulate encounter complex formation, and'His
and the C-terminal acidic residues modulate stabilization of
the final complex. These data argue that the nonfArg
charged residues of AF17121 are utilized asymmetrically in

the association and dissociation of the inhibitogceptor

complex. Revealing the key recognition elements of AF17121
and their kinetic roles can drive the future design of smaller
compounds which can stabilize the functionally inactive
IL5Ra state in a manner similar to AF17121 and therein
would be viable antagonist leads for IL5-driven allergic

inflammation.
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