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ABSTRACT: Hu007, a humanized IgG1 monoclonal antibody, binds and neutralizes human, cynomolgus,
and rabbit IL-}3 but only weakly binds to mouse and rat l|5-1Biacore experiments demonstrated that
Hu007 and the type-I IL-1 receptor competed for binding to f.4hcreasing salt concentrations decrease

the association rate with only moderate effects

on the dissociation rate, suggesting that long-range

electrostatics are critical for formation of the initial complex. To understand the ligand-binding specificity
of HUOO7, we have mapped the critical residues involved in the recognition of IlSélected residues

in cynomolgus IL-B were mutated to the corresponding residues in mouses|latd the effects of the
changes on binding were evaluated by surface plasmon resonance measurements using Biacore. Specifically,
substitution of F150S decreased binding affinity by 100-fold, suggesting the importance of hydrophobic
interactions in stabilizing the antibody/antigen complex. Substitution of three amino acids near the N-
and C-terminal regions of clLAlwith those found in mouse ILAL(V3I/S5Q/F150S) decreased the binding
affinity of HuOO7 to IL-13 by about 1000-fold. Conversely, mutating the corresponding residues in mouse
IL-15 to the human sequence resulted in an increase in binding affinity of about 1000-fold. Hyelrogen
deuterium exchange/mass spectrometry analysis confirmed that these regionspoivérel protected

from exchange because of antibody binding. The results from this study demonstrate that Hu007 binds to
a region located in the open end of thebarrel structure of IL-8 and blocks binding of IL-# to its

receptor.

Interleukin-33 (IL-15)* is a prototypical proinflammatory
cytokine, which belongs to a family of structurally related

cytokines could lead to disease. In fact, excessive levels of
IL-15 have been associated with a range of acute and chronic

cytokines important in health and disease. It shares a commondiseases such as sepsis and rheumatoid arthritis. In clinical
set of receptors with two structurally related molecules, the trials, blockade of IL-1 activity with IL-1ra (Anakinra) has

proinflammatory cytokine IL-& and the anti-inflammatory
cytokine, IL-1 receptor antagonist (IL-1ra). Iledand IL-
1/ bind to the type-I receptor (IL-1RI) and induce signaling
in concert with the IL-1 receptor accessory protein (IL-
1RACP) (—5). The type-Il receptor (IL-1RIl) is a decoy
receptor 6, 7), which lacks a cytoplasmic signaling domain.
Both IL-1RI and IL-1RII are shed from the cell surface and
bind IL-1 in circulation, thus inhibiting IL-1 signalinggj.
IL-1ra binds to both receptors without inducing signaling
and therefore functions as a natural antagonist fordi51
activity (9). The multiple levels of regulation of IL-1 activity
suggest that misregulation of this important family of
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shown efficacy in rheumatoid arthritis patientsO( 11).
Antagonist antibodies against IL3Xould offer advantages
such as increased half-life and improved efficacy in the
treatment of these diseases.

Hu007 is a humanized immunoglobulin type 1 (YG
monoclonal antibody that binds to and neutralizes the activity
of IL-15. Hu0O7 displays high-affinity binding to human,
cynomolgus, and rabbit ILAL It binds very weakly to mouse
and rat IL-J5 and exhibits no detectable binding to human
IL-1a or IL-1ra, which share a commag#barrel structure
with IL-143 (12—17). Moreover, Hu0O07 does not recognize
a linear epitope, because denaturation of fLrésults in a
loss of binding. Receptor-binding studies indicate that
binding of HuOO07 to IL-B blocks binding of IL-P to its
receptor. To help understand this antibody-binding specific-
ity, we have mapped the critical residues involved in
recognition of IL-18 by HuO07 using a combination of site-
directed mutagenesis and hydrog@leuterium exchange
mass spectrometry (H/DXMS) approaches.

Sequence alignment of ILALspecies variants identified
11 residues that were candidates for determining Hu007
specificity. The crystal structure of human 113112, 13)
and a homology model for cynomolgus Ill31(clL-15)
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showed that all 11 residues were surface-exposed. SelectedPTG were resuspended in 200 mL of a buffer containing

residues in clL-B were mutated to the corresponding
residues in mouse ILA, and the effects on binding were

50 mM Tris/HCI at pH 8.5, 2 mg of lysozyme, and 8@ of
DNase and stirred for 30 min at room temperature. The

evaluated by Biacore analysis. To further map the binding mixture was sonicated for 8 min and centrifuged atC}
surface, H/IDXMS analysis was used and identified three (1500@) for 15 min to remove the cell debris. The

regions on IL-J that were protected from exchange upon

supernatant was loaded onto a 30 mL Q-Sepharose (Phar-

antibody binding. Together these data support a model in macia) column at a flow rate of 3.0 mL/min, which was
which Hu007 binds to regions located on the open side of equilibrated with 50 mM Tris/HCI at pH 8.5 and 25 mM

the S barrel of IL-13 and recognizes a discontinuous epitope

NaCl. The flow through of this column (which contained

with determinants near both the N and C termini. Residues IL-13) was subjected to a 50% ammonium sulfate cut for

critical to binding were further verified by converting selected
residues in mouse ILALto the corresponding residues in
human and cIL-# and monitoring the impact on binding.

30 min at 4°C to remove other proteins. The supernatant
from this procedure was treated with 95% ammonium sulfate
for 30 min at 4°C and centrifuged at 40@Cfor 30 min to

Thus, by taking multiple orthogonal approaches, we were precipitate IL-3. The pellets were resuspended in 25 mL

able to unambiguously identify residues critical for Hu007
binding to IL-15.

MATERIALS AND METHODS

Materials. IL-1RI and rat IL-15 were purchased from
R&D. Hu007 is a recombinant product of Eli Lilly and

of 15 mM sodium phosphate at pH 5.7 and dialyzed against
the same buffer. Any insoluble protein was removed by
centrifugation at 4009 for 30 min.

The supernatant from the dialysate was loaded onto a 125
mL CM-Sepharose (Pharmacia) column equilibrated with 50
mM Tris/HCI at pH 8.5 and 25 mM NaCl at a flow rate of

Company. Protein A was purchased from Calbiochem (La 3 mL/min. The column was washed until the absorbance
Jolla, CA). Reagents for Biacore experiments were purchasedreturned to the baseline, and the bound polypeptides were

from Biacore AB (Uppsala, Sweden).

Construction, Mutagenesis, and Expression of f.-1
Mature forms of human, mouse, and cynomolgus flwkere
cloned into pET30af) (Novagen). Native proteins were
expressed with or without a C-terminalx6His tag to
evaluate the effect of the tag on Hu007 binding. Mutant
forms of protein were expressed with & &lis tag for ease
of purification. Expression was performed &scherichia
coli BL21 (DE3) (Novagen). Overnight cultures were
subcultured into 2 TY medium containing 50ug/mL
kanamycin. Cells were grown at 3€, induced with 1 mM
IPTG, and shaken for45 h at 37°C. Cell pellets were
stored at—20 °C until purification. Mutagenesis was

eluted with a linear gradient from 25 mM to 1.0 M NacCl
over 110 min. Fractions containing IL3were analyzed by
SDS-PAGE, pooled, concentrated using an Ultrafree cen-
trifugal filter unit (Millipore, 10-kDa molecular weight
cutoff), and dialyzed against PBS. The I|5-protein was
then filtered with a Millex-GV 0.22+m filter unit, and the
N-terminal sequence was confirmed.

Far- and Near-UV Circular Dichroism (CD) Spectra of
IL-13 AnaloguesCD data were collected on an AVIV model
62DS spectrometer. Near-UV CD spectra were collected in
a 1 cm path-length cell from 350 to 250 nmh @& 1 nm
bandwidth, 0.5 nm steps, @ s time constant. Far-UV CD
spectra were collected from 260 nm to the lowest wavelength

performed using standard PCR-based methods. Primers wittpossible according to solvent conditions kvie 1 nm
appropriate coding mutations were used to generate alterecdbandwidth, 0.5 nm step8 s time constant, and an appropri-
molecules, and PCR products were cloned into PCR-Blunt ate cell path length to yield a sufficient signal. Both near-

[I-TOPO (Invitrogen). Mutations 13V and Q5S in cynomol-
gus IL-15 were generated using a Quikchange multisite-

and far-UV CD data were blank-corrected and averaged over
three spectra. Raw data was normalized by conversion to

directed mutagenesis kit (Stratagene) directly in the pET30a-mean residue ellipticity (MRE, deg édmol) for structural

(+) vector. All clones were sequence-confirmed.
Purification of Histidine-Tagged IL{1 AnaloguesCon-
centrated media containing the l|35analogue (containing
a 6x His tag) were placed over IMAC (immobilized metal-

affinity resin, Pharmacia)-520 mL column at a flow rate
of 2 mL/min. The column was washed with PBS (1 mM

comparison of different IL-8 analogues.

Determination of Binding Affinity and Kinetics Using
Surface Plasmon Resonandinding affinity and kinetics
of the IL-15 analogues were measured using surface plasmon
resonance with a Biacore 2000 instrument containing a CM5
sensor chip. Protein A was immobilized onto flow cells 1

potassium phosphate, 3 mM sodium phosphate, and 0.15 Mand 2 using amine-coupling chemistry. Flow cells were

NaCl at pH 7.4) until the absorbance returned to baseline,

and the bound polypeptides were eluted with a 0-066
M linear imidazol gradient (in PBS) over 60 min. Fractions
containing IL-15 analogue were pooled and concentrated to
2 mL using an Ultrafree centrifugal filter unit (Millipore,
10-kDa molecular weight cutoff). This material was further
purified with a Superdex 75 (Pharmacia, 16/60) sizing
column equilibrated with PBS plus 0.5 M NacCl at a flow
rate of 1 mL/min. Fractions containing the Il3&nalogue
were analyzed by SDSPAGE. The N-terminal sequence
of the purified IL-16 analogue was confirmed (data not
shown).

Purification of Untagged Human, Cynomolgus, Rabbit,
and Mouse IL-8. E. colifrom 0.5 L of culture induced with

activated for 7 min with a 1:1 mixture of 0.1 MN-
hydroxysuccinimide and 0.1 M 3N(N-dimethylamino)-
propyl-N-ethylcarbodiimide at a flow rate of L/min.
Protein A (35ug/mL in 10 mM sodium acetate at pH 4.5)
was injected over both flow cells for-23 min at 5uL/min,
which resulted in a surface density of 70800 response
units (RU). Surfaces were blocked Wwia 7 min injection of

1 M ethanolamine-HCI at pH 8.5. To ensure complete
removal of any noncovalently bound protein A, 4b of

10 mM glycine at pH 1.5 was injected twice. Unless stated
otherwise in the text, the running buffer used for kinetic
experiments contained 10 mM HEPES at pH 7.4, 150 mM
NacCl, 0.005% P20, and 3 mM EDTA, (HBS-EP) purchased
from Biacore. All experiments were performed atZ5with
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Ficure 1: Sensorgram data and global analysis of humandlbihding to Hu007. IL-B (3.0, 1.5, 0.75, 0.375, 0.188, and 0.094 nM) was
injected over a control surface (no Hu007) and a surface containii RU of Hu007 with the dissociation monitored for 20 min. The
data were collected in duplicate for each IB-toncentration. The association and dissociation phases were globally fit to a 1:1 mass
transport limited model. The fit of the data is shown as a solid line.

a flow rate of 60uL/min. Each analysis cycle consisted of manual injector, to a Zorbax C18 column (2150 mm)

(i) the capture of 146180 RU antibody by injection of 15 and then to the mass spectrometer. The metal tubing, injector
20 uL of approximately 2ug/mL antibody over flow cell 2, loop, and column were continuously submerged in ice water.
(ii) a 2 min stabilization time, (iii) a 25Q.L injection of The column was equilibrated with 98% A (0.15% formic
IL-15 analogues (concentration range of 8094 nM in acid aqueous solution) and 2% B (0.12% formic acid in
2-fold dilution increments) over flow cells 1 and 2, using acetonitrile) at a flow rate of 0.2 mL/min. A gradient elution
flow cell 1 as the reference flow cell, (iv) a 20 min was performed from 2 to 20% B over 0.5 min, to 40% B
dissociation (buffer flow), and (v) the regeneration of protein over 9.5 min, to 90% B over 1 min with 1 min hold and
A surface wih a 1 min injection of 10 mM glycine at pH  then rapidly returned to the initial conditions. The mass
1.5. The signal was monitored as flow cell 2 minus flow spectrometry was performed on a Micromass Q-TOF micro
cell 1. Samples and a buffer blank were injected in duplicate. with the following settings: a capillary voltage of 3.0 kV, a
The data from buffer blank (0 nM concentration) was cone voltage of 30 V, a collision energy of 10 eV, a mass
subtracted from all of the sample runs. This method is range of 300 to 2000, a desolvation temperature of Z50
referred to as double referencing, which should correct for and a desolvation gas flow of 300 L/h. The mass spectrum
any dissociation of HuU007 from protein A during the run; of each peptic peptide of ILALwas obtained after D/H
however, it should be noted that during the time scale of the exchange with or without Hu007. The average mass of each
binding experiments no dissociation of HU007 from protein peptide was calculated according to the isotopic distribution
A was observed. The normalized data were then simulta- of the most intense ion peak.

neously fit to a 1:1 binding with mass transport model using

global data analysis in BIAevaluation 3.1 software to obtain RESULTS

» and ters. - -
kon andkot parame.ers Binding Affinity of Hu007 to Human ILA—Effect of Salt
H/DXMS AnalysisIL-1/ and the IL-13/HU007 complex  concentration.HU007 was captured on the surface of a

were prepared as follows: 2@ of IL-1/3 (40 4L) solution Biacore chip through immobilized protein A. Binding of
was transferred to a 10-kD cutoff Microcon. Then, either 0 1, ,man IL- to the antibody was monitored as a function
or 150 ug of Hu007 was added, yielding an approximate of |14 concentrations (3.0, 1.5, 0.75, 0.375, 0.188, and
molar ratio of 1:1. A total of 106L of PBS was added into g 094 nm). Data were globally fit with 1:1 mass transport
each.M|cro_con, which was then centnfuged. at 149p6ar ~limited model to obtainky, and k. Figure 1 shows an
10 min. This step was repeated one more time by addition oy erjay of the fitted curves and data for repeated injections
of 100 4L of PBS. The protein solution (2830 uL) was of six IL-153 concentrations. To investigate whether electro-
collected. A total of GuL of free IL-15 or the IL-13/HU007  gagic interactions play an important role in binding of HU007
complex was mixed with 14L of 100% DO, resulting in 5|18, we monitored the binding as a function of the salt
70% D,O in the final sample. The solution was incubated at oncentration. Under physiological salt conditions (150 mM
ambient temperature for 10 min. The exchange was quenchednacl), Hu007 binds to human ILALwith a K4 of ap-
and the sample was digested by addingu150f 0.67 mg/ proximately 18 pM, with on 0f 6 x 10/ M~ s and ako
mL pepsin and 0.33% formic acid solution and incubating o 11.6x 104s ! (Table 1). It should be noted that similar
at ambient temperature for 30 s. The digest was immediately resyits were obtained using a solution-based method, KinExA
injected onto a C18 reversed-phase column, manually.  (data not shown). This interaction is highly dependent on
A Waters 2695 HPLC and Micromass Q-TOF micro were the salt concentration, with an approximately 34-fold de-
used for all analyses. The HPLC stream from the HPLC crease in binding affinity observed when the salt concentra-
pump was connected to metal tubing (about 1 mL), to the tion is raised from 150 mMa 1 M NaCl, suggesting an
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Table 1: Effect of the Salt Concentration on Binding Kinetics and
Affinity of Hu007 to Human IL-1 Measured by Biacofe

Table 2: Binding Specificity of HuUO07 to ILA from Different
Specied

[salt] (M) Ka (pM) kon (10") (M~1s71) Kott (1074 (s7Y) sample Ka (pM) Kon (10") (M71s1) kot (1074 (s7h)
0.15 18+ 1 6+3 11.6+ 0.6 human IL-B 22+ 2 28+0.4 6.3+ 0.8
0.3 444+ 4 1.424+ 0.07 12.6+ 0.6 cyno IL-13 23 2.9 6.5
0.5 111+ 1 0.84+ 0.01 9.4+ 0.2 rabbit IL-13 17 2.0 3.3
1.0 600+ 200 0.5+ 0.2 26+ 4 mouse IL-B 1.2 x 10°P nd nd

rat IL-1/3 1.1x 1 0.59 6400

aBiacore experiments were performed at°Z5in 10 mM sodium
citrate, 10 mM sodium phosphate, 3 mM EDTA, and 0.005%

aBiacore experiments were performed af@5n HBS-EP buffer.

polysorbate-20 at pH 7.4 with NaCl concentrations specified above. For IL-13 from human, cynomolgus, and rabbit, the fitting parameters

Reported values are meanSEM for three independent experiments
that were each fit globally.
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Ficure 2: Inhibition of human IL-B binding to Hu007 by IL-
1RI. Human IL-3 (3 nM) in the presence of 0, 15.6, 31.3, and

were obtained from a global fit of duplicate runs using six different
concentrations of IL-& ranging from 3 to 0.094 nM in 2-fold serial
dilutions. Four independent experiments were performed for human
IL-1/ to calculate the mean and standard error for the fitting parameters.
For mouse and rat IL{4, binding was performed using six different
concentrations ranging from 5000 to 78 nM in 2-fold serial dilutions.

b nd = not determinedko was very rapidKq was determined by fitting
data to a steady-state affinity model.

very weakly to rat and mouse ILA1 The affinity of HuU0O07

is approximately 6 orders of magnitude lower for mouse than
that for human IL-B. Hu007 does not bind to human Ila:1

or human IL-1ra at ligand concentrations up to 300 nM (data
not shown).

To identify which residues contribute to species-specific
binding and what region of IL{1is bound by Hu007, we
utilized a combination of sequence comparison, site-directed
mutagenesis, and H/DXMS analysis.

Effect of Mutations in cIL-& on Binding of Hu007.

62.5 nM human IL-1RI was injected over the Hu007 surface. The Species cross-reactivity data suggest that the epitope recog-

decrease in binding signal{@40 s) with increasing concentrations
of IL-1RI demonstrates that binding of ILA1by IL-1RI inhibits
its binding to Hu007.

important role of electrostatic interactions in binding. The

decrease in binding affinity is primarily due to a 12-fold
decrease in thk,, when the salt concentration is raised from
150 mM tol M NacCl.

Competitve Binding of Hu007 and IL-1RI to hILAL

nized by Hu007 must map to a region of the IB-that is

not completely conserved between the mouse, rat, and human
sequences but is conserved among human, cynomolgus, and
rabbit IL-15. Figure 3 depicts an alignment of the mouse,
rat, rabbit, cynomolgus, and human I|5-protein sequences.
Positions that are conserved among human, cynomolgus, and
rabbit IL-15 but which differ in mouse and rat ILALare

V3, S5, G22, E51, D76, K77, 1106, L110, M130, G140, and
F150 (numbering scheme is based on the cynomolgus

Because signaling through IL-1RI requires both binding of sequence). Human ILgladopts g-barrel structure as shown

IL-15 as well as recruitment of IL-1RAcPL{5), Hu007
could inhibit activity either by directly blocking the interac-
tion of IL-1/ with its receptor or by impeding signaling

by crystallographic analysisl8, 12). Six of these residues
(V3, S5, E51, 1106, L110, and F150) are located on the open
end of the IL-P barrel. Residues G22, D76, K77, M130,

through perturbation of the ternary complex. We have used and G140 are located on the closed end ofAHgarrel on

Biacore to assess the effect of Hu007 on the A/HI-1RI

the opposite side. It is likely that only one of these two sides

interaction. HuO07 was captured on a Biacore chip im- of the IL-15 surface is involved in binding to Hu007.

mobilized with protein A. In the absence of IL-1RI, the
maximum binding of IL-B to Hu007 is achieved at 3 nM
IL-1. Binding of IL-15 to Hu007 is inhibited with increasing
concentrations of soluble IL-1RI (Figure 2). If IL3lwas

allowed to bind to HuO0O7 first, injection of 100 nM of IL-

Using cynomolgus IL-# as a backbone sequence, a series
of experiments were performed to assess the effect of
converting selected residues to those present in mouse IL-
15. To simplify purification of multiple forms of cIL-#, a
C-terminal 6< His tag form of IL-13 was used. As shown

1RI does not increase the binding signal, indicating that in Table 3, addition of the 6 His tag increased thi; from

binding of Hu007 to IL-P blocks IL-15 binding to its

23 pM (Table 2) to 40 pM, an approximately 2-fold decrease

receptor (data not shown). These data together indicate thain pinding affinity. This was judged to be an acceptable

Hu007 and IL-1RI compete for binding with ILAL sug-
gesting that Hu007 neutralizes I3y directly blocking
its interaction with the receptor.

Species Cross-Reagdty of Hu007.Binding specificity of
Hu007 to IL-15 from different species as well as to human
IL-1a and IL-1ra was monitored by surface plasmon
resonance (Table 2). In addition to high-affinity binding to
human IL-15, HuOO7 binds to cynomolgus, monkey, and
rabbit IL-13 with similar affinities. However, HUO07 binds

decrease in affinity; therefore, subsequent studies were
performed with 6 His-tagged proteins.

Kinetic parameters for binding to Hu007 were evaluated
for the following mutant forms of clL-3: G22D, E51P,
L110V, and F150S. The following combinations of mutant
forms were also tested: V3I/S5Q, D76G/K77T, and V3I/
S5Q/F150S. The G149 referring to the G140 deletion
mutant, was also made; however, it failed to expresg.in
coli and was not studied further.
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mIL-1f VPIRQLHYRL RDEQQKSLVL SDPYELKALH LNGONINQQV IFSMSFVQGE PSNDKIPVAL GLKGKNLYLS CVMKDGTPTL
rIL—lﬁ VPIRQLHCRL RDEQQUKCLVL SDPCELKALH LNGONISQQV VFSMSFVQGE TSNDKIPVAL GLKGLNLYLS CVMKDGTPTL
hIL-1 APVRSLNCTL RDSQQKSLVM SGPYELKALH LQGQDMEQQV VFSMSFVQGE ESNDKIPVAL GLKEKNLYLS CVLKDDKPTL
CIL—lﬁ APVRSLHCTL RDAQLKSLVM SGPYELKALH LOGQODLEQQV VFSMSFVQGE ESNDKIPVAL GLKAKNLYLS CVLKDDKPTL
rbIL-1B AVRSLHCRL QDAQQOKSLVL SGTYELKALH LNAENLNQQV VFSMSFVQGE ESNDKIPVAL GLRGKNLYLS CVMKDDKPTL

mIL-1f QLESVDPKQY PKKKMEKRFV FNKIEVKSKV EFESAEFPNW YISTSQAEHK PVFLGNNSG. QDIIDFTMES VSS

rIL—lﬁ QLESVDPKQY PKKKMEKRFV FNKIEVKTKV EFESAQFPNW YISTSQAEHR PVFLGNSNG. RDIVDFTMEP VSS

hIL-1 QLESVDPKNY PKKKMEKRFV FNKIEINNKL EFESAQFPNW YISTSQAENM PVFLGGTKGG QDITDFTMQF VSS

cIL-1f QLESVDPKNY PKKKMEKRFV FNKIEINNKL EFESAQFPNW YISTSQAENM PVFLGGTRGG QDITDFTMQOF VSLEHHHHHH
rbIL-1f QLESVDPNRY PKKKMEKRFV FNKIEIKDKL EFESAQFPNW YISTSQTEYM PVFLGNNSGG QDLIDFSMEF VSS

Ficure 3: Sequence alignment of human, cynomolgus, rabbit, rat, and mougg Befjuences of the mature forms of I3-are shown.
Residues that are identical in human (h), cynomolgus (c), and rabbjt (b} and differ in mouse (m) and rat IL51(r) are shaded. Mutant
forms of cynomolgus and mouse Il vere expressed with a C-terminal poly-histidine tag for ease of purification. The C-terminal tag is
shown in bold, underlined type.

Table 3: Binding Affinity and Kinetics of clL- Wild Type and structur_e of IL-B, Consequ_emly_ affecting binding. To
Analogues Determined by Biacdre determine whether the mutations impact the structure of IL-
fold K Koy 13, far- and near-UV CD spectroscopy was used to compare
Ky increase (107 (1079 the secondary and tertiary structure of IB-analogues to
analogue (pM) inKg (M7lsh (s} the native structure. The CD spectra of all I3-dnalogues
cIL-18 (6x His tagged) were similar (data not shown), indicating that the mutations
wild type 40+ 3 1 3+1 1.3+0.7 do not disrupt the secondary and tertiary structure of fL-1
E51P 32.6 0.8 2.8 0.9 These data suggest that V3, S5, and F150 are likely to be in
(L31212(R/ ;1;_59 ;g 573 214% direct contact with Hu007.
V31/S5Q 151 38 17 25 Identification of Binding Regions of IL5lby Hu007 Using
F150S 4720 118 0.6 25.8 H/DXMS Analysis In addition to nonconserved residues,
V3I/S5Q/F150S 47300 1183 conserved residues could also participate in binding. To map
mouse IL-B out the complete binding interface, we employed H/DXMS
(6x His tagged) . . .
wild type 1.2% 1665 1 nd nd to identify regions of human IL{1 that are protected from
I3V/Q5S/S150F 3000 0.0025 1.4 42.4 exchange with deuterated water() because of the binding

aBiacore experiments were performed af@5n HBS-EP buffer. to Hu_007' The exchan_ge rate of amide hydrogen in prOte.in/
b nd= not determinedk was very rapide was determined by fitting pI’OteIn Complexes IS h|gh|y dependent on whether the amide
data to a steady-state affinity model. groups participate in binding. Free 113 Dr the IL-15/HU007
complex in water was mixed with JO to allow exchange

The single mutations E51P and G22D had no effect on ©f amide protons by deuterium. Those backbone amide
binding (Table 3). The D76G/K77T combination mutation 9rOUPS that participate in protein binding are p_rotected from
did not alter binding (data not shown). In contrast, residues €xchange and remain protonated. These regions were then
on the open end of thg barrel are involved in binding to identified by_ peptic proteolysis, coupled with LC and
Hu007. The mutation V3I/S5Q led to an approximately electros_pray |oq|zat!on mass spe_ctrometry. . :
4-fold decrease in affinity. Mutation L110V decreased the The first step_ In th|s_proc_edur¢_|s to assign peptic peptides
affinity by about 3-fold. The F150S mutation substantially for lL'l.ﬁ - Peptic peptides |dent|_f|ed for _free I_L_ﬂlcqvered
increased thek for the complex and led to a 100-fold the entire sequence. One peptide-85) identified in free

P L . P IL-153 was not found or was difficult to assign in the Hu007/
decrease in binding affinity, suggesting a significant role of : : ! .
hydrophobic interactions in stabilizing the antibody/antigen IL-1/5 complex. This was attributable, in part, to the existence

complex. As can be seen from Table 3, the triple mutation of large mass signals from the digested antibody that coeluted

V3I/S5Q/F150S decreased affinity by about 3 orders of with the 9-35 peptide.

; Y L When Hu007 forms a complex with ILAL the binding
magnitude and led to a very rapid dissociation rate. Theseregion (epitope) of IL-R is protected from the solvent. This

Meads to slower amide hydrogen exchange rates when

critical co_mponents of the HgO_O?-binding epitppe and that compared to those of ILAlLalone. The peptides protected
these residues have a synergistic effect on binding. To furtherfrom exchange because of complex formation should differ

con_firm the importance (_)f these residues in antibody binding, ;\“tha extent of exchange compared to the corresponding
res!dues 3, 5, and 150 in mouse |B-tvere mutated to_the peptides in IL-B alone. An example of mass spectra for
residues common to human, cynomolgus, and rabbit (I3V/ y, o peptides is shown in Figure 4. Table 4 lists mass

Q5S/S150F). This triple-mutant binds Hu007 witiKgof differences obtained by H/DXMS for the peptic peptides
3.7 nM, an improvement of approximately 3 orders of peyeen the free and complexed If-1Upon binding of
magnitude when compared td<@ of 1.2 uM for wild-type HuU007, the IL-B peptides +10, 2-8, 46/47-71, and 146-
mouse IL-. 149 show significant mass differences after the deuterium
The mutations on IL-# could impact HuOO7 binding by  exchange. The peptide 1553 has a small but statistically
directly altering interactions with Hu007 or by changing the significant mass difference. The mass difference for most
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Ficure 4: Mass spectra of the peptic peptides of |8-1(A) 2—8;
(B) 146—149. The top and middle levels of each panel are the mass
spectra of IL-B peptides with or without HuO07 after H/D
exchange, respectively. The bottom level is the mass spectrum of
the same peptide without H/D exchange.

Ficure 5: Ribbon representation of the Il31structure 12).
Peptides that are protected from exchange upon HuO07 binding (2
Table 4: Difference in Mass of ILA Peptides Obtained by LC/MS 8,47-71, and 146-153) are shown in yellow. CPK representation
Analysis for IL-15 and IL-15/Hu007 after H/D Exchange of the side chains of three residues important for binding to Hu007
is shown in cyan. Side chains of other residues that do not have

peptide Amass (D#) (averaget SD) significant impact on binding upon mutation are represented as ball-
1-10 -1.1+03 and-stick models.
2-8 -0.7+0.3
22:‘7% :8:}11 8:2 with the structure of the epitope, e.g., N-terminal exchange
47-71 —06+02 of F150, this inconsistent data can be explained in a manner
72-82 0.0+0.2 that does not detract from the assignment of the Hu007
1?%:5(2) _%zoi 8-3 epitope. Figure 5 highlights these peptides in the 3D
121-133 —02401 structural model of IL-B (12, 13). The data indicate that
134-145 -0.1+0.1 the IL-13 epitope for HuOO7 is conformational and could
146-149 —05+0.2 consist of at least one or two amino acid residues from each
150-153 —0.2+001 peptide 2-8, 47-71, and 146-153.

a AMass was calculated by (average mass of fHLOO7 complex)
— (average mass of ILAlonly) for the same peptic peptide. SD denotes |SCUSSION
the standard deviation of measurements calculated from three or more

independent experiments. In this study, we have employed surface plasmon reso-

nance technology to measure the binding kinetics, affinity,
of the peptides is less than 1 Da. During the peptic digest and specificity of humanized antibody Hu007 with 1|31
and LC/MS analysis, back exchange could occur at up to The interaction is shown to be highly specific and strongly
50% for very small peptides (on the basis of control dependent on the salt concentration. Similar salt-dependent
experiments, data not shown). Thus, if the back exchangebinding properties have been observed for a number of
could be completely prevented, the mass difference detectedprotein/protein interactions and are attributed to an important
would be 2 Da for these peptides. Except for Pro and role of electrostatic interactions in facilitating complex
N-terminal residues, each amino acid residue has a singleformation via electrostatic steerind§—23). Electrostatic
amide hydrogen; therefore, after deuterium exchange, thesurface potentials of Hu007 and Il ere calculated using
peptide or protein mass increases 1 Da per amide hydrogenGRASP. The electrostatic modeling of 1l31vas based on
Hence a 1 or 2 Dadifference means that one or two amino a structure from the PDB (1ITB), and the electrostic
acid residues in those peptides were protected from exchangenodeling of Hu007 was based on a homology model of the
by the antibody; i.e., they were involved in binding (belong variable domain Z4). As shown in Figure 6, the CDR-
to the epitope) or that they were in contact with non-CDR binding regions of Hu007 are largely negatively charged.
regions of the antibody. In the case of peptide %63, On the other hand, positively charged patches were observed
the amide hydrogen of F150 is an N-terminal amide, which, on the binding surface of ILA The favorable charge
as noted above, has a much higher exchange rate than othezomplementarity between Hu007 and Ij3-&ould facilitate
amide hydrogens. Although all of the data are not consistenttheir association. Although the three key residues (V3, S5,
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Hu007

FiGURE 6: Electrostatic surface potential of Hu007 and human IL- ) )

1/j calculated using GRASQ@ at a salt concentration of 0.15 M Ficure 7: Ribbon representation of the Stl’U(_:tUl'e_ for the hu_man
NaCl. The Hu007 variable region structure was derived from IL-15 and IL-1RI complex28). Receptor domain Ill interacts with
homology modeling. The ILA (1ITB) structure was RCSBPDB. the open end of the II__{ibarr_eI where the N and C termini o_f_the
The binding region (circled CDRs) of Hu007 is negatively charged Protein reside. The side chains of V3, S5, and F150 identified as

(red). A patch of positive-charged surface (blue) was observed for critical for binding to Hu007 are shown in yellow, red, and cyan,
human IL-3. respectively, located at the interface between flahd its receptor.

and F150), identified to be critical for species specificity, determine protein structure, stability, dynamics, ligand-
are not charged, other residues that are conserved amonginding affinity, and map protein/protein-binding interfaces
human, cynomolgus, rabbit, and mouse |8 +hay also form (30—37). The three residues that are critical for binding and
part of the HuOO07 epitope. For example, the conserved Arg4 species specificity (V3, S5, and F150) are located in two of
could also play an important role in the interaction between the peptides identified by H/DXMS. Although another fairly
IL-1 and Hu0O07. It should be noted that the CDRs of Hu007 large peptide (4771) was also identified by H/DXMS, the
contain several aspartic acid residues; thus, electrostaticresidues in this region of ILA from different species are
interaction between R4 and Asp residues in Hu007 could highly conserved, differing only in position 51 (Glu in
contribute to the observed favorable electrostatic interactionshuman, cynomolgus, and rabbit IL31Pro in mouse IL-B;

in binding as well. and Thr in rat IL-33). To address the involvement of E51,
Extensive site-directed mutagenesis studies have beerfhis site was mutated to a proline in cli3Bnd showed no
carried out previously to identify residues on I3-that are  impact on binding affinity to Hu007, suggesting that this

critical for binding to its receptor25— 27). These studies ~ residue is not directly involved in binding. Nonetheless, we
suggested two main sites on the surface of fl,~kith one could not rule out the possibility that conserved residues in
site (site A) located on the closed-end side of the barrel andthis region may also be involved in binding and/or that this
the other site (site B) located at the open-end side of theregion is perturbed structurally because of the binding of
barrel. The N and C termini are located at the open end of HU007.
the barrel and are involved in interacting with receptor  Two other sites, L110 and M130, were also considered
domain Il (Figure 7,28). For example, studies using site- as possibly participating in the binding domain. In regard to
directed mutagenesis and chemical modification have shownresidue M130, this site was not mutated because it is on the
that Arg4 is critical for IL-]3 binding to its receptor29, closed-end side of the barrel and could not contact the
25). The three residues in ILALcritical for high-affinity antibody. In regard to residue L110, although this residue is
binding by HuOO07 are located in this region. Consequently, near the IL-B—Hu007 interface and did affect binding, we
binding of HUOO7 to this region of IL{i.can directly block  feel it is unlikely to be a critical contact residue, because
IL-15 interaction with its receptor. H/DXMS analysis did not show any protection by the
To further define the binding regions on Il3lwe utilize antibody. It is likely that the effect on binding is due to steric
H/DXMS analysis. This technique has been widely used to effects of the mutation.
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This work illustrates the value of taking multiple ap-
proaches for epitope mapping. For a discontinuous confor-
mational epitope like that of Hu007, attempting to identify
a peptide that the antibody binds would be difficult or

impossible. Without the binding data and sequence com- 14,

parisons, the hydrogen/deuterium exchange could have led
to the conclusion that peptide 471 formed a critical part

of the epitope. Using only sequence comparisons and 15
mutagenesis to determine binding would have missed the
potential interactions of HUO0O7 and471. Thus, a strategy
utilizing orthogonal appoaches in this work can offer a more
complete picture of antibody/antigen interactions than a
single method. A detailed definition of ILAlepitopes will

aid in the understanding of ILALfunction and the mecha-
nism of molecules that block ILALfunction. The knowledge

gained could assist in designing more effective antibody 17

therapeutics to treat various inflammatory diseases in which
IL-15 is involved. 18
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