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ABSTRACT: Protein—protein interactions (PPI) are a ubiquitous mode of transmitting signals in cells and
tissues. We are testing a stepwise, generic, structure-driven approach for finding low molecular weight
inhibitors of protein-protein interactions. The approach requires development of a high-affinity, single
chain antibody directed specifically against the interaction surface of one of the proteins to obtain structural
information on the interface. To this end, we developed a single chain antibody (sc1E3) against hiL-1
that exhibited the equivalent affinity of the soluble IL-1 receptor type | (sIL-1R) for hLahd
competitively blocked the sIL-1R from binding to the cytokine. The antibody proved to be more specific
for hIL-1 than the sIL-1R in that it failed to bind to either murine Ij3-&r human/murine IL-& proteins.
Additionally, failure of sc1E3 to bind to several hilgInutant proteins, altered at receptor site B, indicated
that the antibody interacted preferentially with this site. This, coupled with other surface plasmon resonance
and isothermal titration calorimetry measurements, shows that sc1E3 can achieve comparable affinity of
binding hiL-15 as the receptor through interactions at a smaller interface. This stable single chain antibody
based heterodimer has simplified the complexity of the IL-1/IL-1R PPI system and will facilitate the
design of the low molecular weight inhibitors of this interaction.

Protein—protein interactions (PPI) regulate a large number with growth hormone that despite the large area involved in
of important biological functions. Both extracellular and the structural interface, only a few key functional residues
intracellular communication takes advantage of the high can contribute the bulk of the binding energy. Structural
degree of specificity afforded by these interactions. Chemo- information on the energetics of binding between protein
tactic factors (C5a, IL-8, etc., and their receptors), cytokines antigens and antibodies is also consistent with this vi@w (

(IL-1,* TNF, IL-4, IL-5, IL-6, etc., and their receptors), The failure to empirically find low molecular weight
growth factors (PDGF, TGF etc., and their receptors), compounds that inhibit PPI highlights the need for a rational
integrins, the clotting factors, and complement factor as- approach to the design of antagonists. Several ad hoc
sembly are examples of important PPl systems. Theseprocedures have shown some success. Sarabu 4} have
systems provide the organism and the individual cell with ysed knowledge of the spatial location of residues R4, K93,
specific signals to maintain a well-regulated existence. and F46 in IL- to design a small molecule receptor
Despite the importance and prevalence of these interactionsgntagonist with 1 values in the low micromolar range.
there remains a lack of generic structural approaches forgome success was obtained by Tien et B, ho were
design of specific pharmacologic inhibitors of PPI. able to design a small molecule mimic for GCSF. On the
Many PPI provide therapeutically worthwhile targets. other hand, Greene and co-workeds?) and othersg) have
However, empirical searches for low molecular weight used antibodies in their design process. In particular, Smythe
pharmacological inhibitord; < 400 ) have routinely failed.  and Itzstein §) designed a biologically active antibody mimic
These failures have often been attributed to the large surfaceusing the crystal structure of a sialidasantibody complex.
areas involved between the interacting proteins. At face This work suggests that antibodies might offer a generic
value, the interface between interacting proteins appears toostructural approach to the design of small molecule inhibitors.
large (1006-2000 A?) to be readily disrupted by small  Antibodies are also good blocking agents for PPI, and their
pharmacophores that block only a fraction of this interactive interactive surface in most cases comprises the equivalent
surface. However, Wells and co-workets @ have shown  surface or area of only-69 amino acids. This size can be
more readily modeled, and there are precedents for down-

* Correspondence should be addressed to this author at Pfizer CentralSizing antibodies to smaller molecules @).
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! Abbreviations: PBS, phosphate buffered saline; TBS, Tris buffered to design inhibitors of PPI that entails four phases: (1)

saline; HBS, HEPES buffered saline; mAb, monoclonal antibody; ScFv, mapping the PPI interface of one of the proteins, (2)
single chain antibody; ITC, isothermal titration calorimetry; Ag, antigen; developing a single chain antibody to the interactive surface,
Ab, antibody, sC1E3, single chain antibody 1E3; SPR, surface plasmon 3) qefining the proteirrantibody interactive surface, and
resonance; IL-1, interleukin 1; SEC, size-exclusion chromatography; R . S ’

IEF, isoelectric focusing; s-IL-1R, soluble extracellular domain of (4) designing a low molecular weight inhibitor from structural

interleukin 1 receptor type . knowledge of the proteinantibody interaction. The underly-
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Ficure 1: Structure of hIL-B illustrating the location of receptor
binding site A (residues 30, 32) and site B (residues 4, 6, 46, 56,
93, 103, 105). The position of K138C mutation is also indicated.
Coordinates were taken from Protein Data Bank entry 2138.(

ing assumption in this system is that a strong inhibitor
interaction involving a few key amino acids can antagonize
a high-affinity PPI derived from the cumulative effect of a
number of low-affinity interactions.

To test this approach, we have chosen to use theslL-1
ILR system. The detailed information available on |g-dnd
the IL-1 type | receptor (IL1R) suggests that they provide a
good model system for studying design of inhibitors of PPI
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MATERIALS AND METHODS

Preparation of Protein ReagentRecombinant wild-type
human IL-38 (hIL-15), hIL-13 muteins, and recombinant
wild-type murine IL-J and -3 (mIL-1a and mIL-13) were
prepared as described3¥-15). The soluble recombinant
human IL-1 receptor (slL-1R) and wild-type human l-1
(hIL-10) protein preparations were purchased from Genzyme
(Cambridge, MA) and Collaborative, Research (Bedford,
MA), respectively. The hiL-& mutein, where lysine 138 was
substituted with cysteine (K138C), was used as the parental
strain for the other mutants containing alanine substitutions.
The K138C mutation had no effect on receptor bindibg, (
16, 17. The rest of the hIL-2 muteins were expected to be
deficient in binding to the receptor as they harbored, in
addition to the K138C replacement, mutations in one of the
receptor binding region®{-11). Alanine mutagenesis was
used to produce the mutein hll3 proteins. Muteins 1 (R4A,
L6A), 3 (I56A), 5 (K103A, E105A), and 8 (K93A, K103A,
E105A) were purified to near-homogeneity and used to
compare receptor binding affinity.

Purification of sc1E3The sc1E3 Flag-tagged construct
was expressed iB. coli (Ajith Kamath et al., manuscript in
preparation) and purified as follows. The sc1E3 protein was
prepared by resuspending cell paste in PBS buffer (1 g wet
wt/mL) containing RNase A (0.005 mg/mL), DNase | (0.01
mg/mL), lysozyme (0.24 mg/mL), and Mg£(0.0147 M
final concentration). After incubation for 30 min at°€,
the suspension was subjected to sonic disruption. The
enzymes were obtained from Sigma Chemical (St. Louis,
MO). The cell suspension was clarified by centrifugation and
bound to anti-Flag M2 affinity gel (Eastman Kodak Co., New

(4). Site-specific mutagenesis studies have mapped twoHaven, CT) in TBS overnight at 2C. The gel suspension
separate clusters of amino acids that are absolutely criticalwas packed into a column (26 110 mm) and washed with

to the binding of the IL-1 type | recepta®{11). One cluster,
designated as site A, is located on the side of theAL-1

TBS buffer, and the sc1E3 was eluted with 0.1 M glycine
buffer (pH 3.5) directly indb 1 M Tris buffer, pH 9.0, to

B-barrel and comprises residues R11, Q15, H30, and Q32achieve a final buffer concentration of 20 mM Tris, pH 7.4.

(Figure 1). This site is common to ILed IL-13, and the
IL-1 receptor antagonist (IL-1ra). The second cluster, site
B, is located at the top of the-barrel and includes residues
R4, L6, F46, 156, K93, K103, and E105. Site B binding is
a property of IL-Tr and -13, but not of IL-1ra. The recent
crystal structure of the IL-1/IL-1R complex has confirmed

The eluted protein was precipitated by slowly adding solid
(NH,),SO, to 90% saturation. The protein precipitate was
recovered by centrifugation, dissolved in PBS, and loaded
onto a HiLoad Superdex 75 16/60 column (Amersham
Pharmacia Biotech, Piscataway, NJ) in PBS. The fractions
containing the monomeric sc1E3 (MW28K) were pooled.

the importance of these sites derived from mutagenesisThe final yield was~70 ug of sSc1E3 per gram wet weight
studies 12). Based on these data, we selected a monoclonalof cells.

antibody (mAb1E3) that blocked binding between |E-dnd
IL-1R (13) as the basis for a model system.

We have now downsized the monoclonal antibody to a
single chain antibody (sc1E3). The sc1E3 not only blocked
the human IL-B/sIL-R interaction by competing with the
receptor for IL-} binding, but also exhibited a greater
specificity for the cytokine than the receptor. More impor-
tantly, by using far fewer interactive residues than the
receptor, sc1E3 achieved equivalent high-affinity binding,
allowing isolation of a stable IL{i/sc1E3 complex. Such a

Protein Characterization The purified proteins were
profiled by a series of biochemical tests. SEFSAGE was
performed using 10% Novex NUPAGE gels (Novex, San
Diego, CA) in MES running buffer. Gels were stained with
Coomassie Brilliant Blue R250. Isoelectric focusing (IEF)
was carried out on -39 IEF gels with IEF standards
(Amersham Pharmacia Biotech). For N-terminal sequencing,
samples were run on SD®AGE and transferred to Pro-
Blott (Applied Biosystems, Foster City, CA) membranes and
subjected to sequence analysis. Matrix-assisted laser desorp-

stable, targeted, single chain antibody based heterodimer hasion ionization mass spectrometry (MALDI-MS) was per-

simplified the complexity of the IL-1/IL-1R PPI system and
will facilitate the design of the low molecular weight
inhibitors of this interaction. The biophysical characterization
of 1E3 and its complex formation with ILgldescribed here

formed on a Voyager MALDI (Perseptive Biosystems,
Framingham, MA) calibrated with MALDI protein standards
(12—67 kDa) (Hewlett-Packard, Wilmington, DE). Electro-
spray liquid chromatography mass spectroscopy (ES-LC/MS)

provide proof of concept for the second phase of the rational analysis was performed on a TSQ700 (Finnigan Corp., San

approach in the development of inhibitors of PPI.

Jose, CA) using a £(0.3 x 300 mm) column (Vydac,
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Hesperia, CA) running a gradient from 0 to 100% acetoni- a sigmoidal equation in Origin (Microcal, North Hampton,
trile/0.1% TFA. MA).

Surface Plasmon Resonance (SPRie K138C mutation The stoichiometry of the sc1E3/hILglcomplex by SPR
introduced in hIL-PB and the alanine muteins derived from was determined by binding sc1E3 to different immobilized
it facilitated the preparation of site-specific biotinylated concentrations of IL-1 and comparing the RU bound to the
reagents as described previousii3)( The biotinylated molecular weight ratios: (RihedMWsc1e9/(RUniL-1s/MW -
K138C hiL-13 species were immobilized onto streptavidin- 15). For competition experiments with the soluble receptor,
derivatized biosensor chips SA5 (BlAcore Inc., Piscataway, sc1E3 was chemically coupled to NHS/EDC-activated CM5
NJ) by direct injection. Kinetic analysis of the binding for chips, and the binding of a constant concentration (8.8 nM)
sIL-1R and sc1E3 to the immobilized forms of K138C and of wild-type hIL-13 was determined in the presence of
hIL-15 muteins was carried out at low density [i.e., below different concentrations of soluble IL-1 receptor@E3 nM).

100 resonance units (RU)]. Each binding cycle, with SC1E3  sjze-Exclusion Chromatograph§ize-exclusion chroma-

in the analyte solution, was performed at a constant flow of tography (SEC) was carried out in PBS on the SMART
5 uL/min in PBS containing 0.05% Tween 20. The sensor system using the Superdex 75 PC 3.2/30 column (Amersham
chip was regenerated to the baseline RU after each bindingpharmacia Biotech, Piscataway, NJ). For determination of

cycle with either 5 or 2.5 mM NaOH, depending on the

the apparent Stokes radiuBs(, a BioSelect SEC 125.5

amount of analyte bound (as gauged by RU). Since dissocia-column (300x 7.8 mm) (BioRad Laboratories, Hercules,

tion rate constantskfs) are not dependent on analyte

concentration, they were determined by flowing saturating
concentrations of analyte (e.g., hIL-1R or sc1E3) over the
sensor chips to minimize the effect of rebinding. Also, to
confirm that rebinding events were not compromiskag,

CA) was used on a Millenium HPLC system (Waters,
Milford, MA). The approximateRs of the scFv was deter-
mined from a standard curve of globular proteins.
Isothermal Titration Calorimetry (ITC)To evaluate bind-
ing constants for the sclE3/hIl31lcomplex, sc1E3 was

the rates of dissociation were examined in the presence andirated with hIL-18 in PBS (AHion = 1.1 kcal mot?), HBS
absence of excess free ligand. In either case, the rates OEAHion = 5.0 kcal mot?), and TBS AHin = 11_;'3 keal

dissociation were essentially the same. Association rate
constantsk,) were determined at different analyte concen-
trations and averaged. The ratio kfs/k,n was used to
determine the affinity constankg) of the sIL-1R and sc1E3
for immobilized K138C and hll-2 muteins. An SPR capture

mol~1), pH 7.0. On average, a total of 2520 uL injections
were made. Additionally, hiL{2 was titrated with sc1E3 in
PBS. The binding isotherms of ITC are governed by a
unitless parametec, which is the product of the concentra-
tion of binding sites and the affinity constani8{ 19.

assay was used to measure the interaction between wild-gjnging constants can usually be obtained accurately when

type hlL-15 and the single chain antibody. For the capture
binding assay, sc1E3 was first injected onto sensor chips
containing immobilized anti-flag antibody (BIA-applications
handbook, BlAcore Inc.) followed by an injection of wild-
type hlL-15 as the soluble analyte. Anti-flag antibody was
chemically coupled to the CM5 sensor chips (BIAcore Inc.)
activated by treatment with 1-ethyl-3-[3-(dimethylamino)-
propyl]carbodiimide hydrochloride (NHS/EDC). Immobiliza-
tion of the anti-flag antibody to the chip was done at high
density (~3000 RU) and at a constant flow rate/b/min).
Multiple injection cycles were performed using a constant
concentration of sc1E3 (4.2M) followed by different
concentrations of wild-type hiLA (81 nM to 1.6uM) as

the analyte. To return the baseline back to that of the
capturing antibody, both wild-type hiLAlanalyte and the
captured sc1E3 ligand were removed with 5 mM NaOH after
each cycle. At least 4 cycles of capture binding sets were

carried out for the kinetic study. Sensorgrams were analyzed

with the BlAevalulation software v2 or v3 by global fitting
of the data (BIAcore Inc.). Affinity constants were also
measured under equilibrium condition&§) by injection of
varying concentrations of sc1E3-(450 nM) representing
20—80% ligand (K138C IL-B) saturation. Once binding
equilibrium was achieved, the background RU was sub-
tracted, and the sensorgrams were used to calcKiatey
either linear Scatchard analysis or nonlinear methéas.
was obtained from the slope of the Scatchard plot to the linear
function: RU{C = —1/KeRUeq + 1/KeqRUnax Where the
RUq and C represents the RU observed at equilibrium and
the concentration of sc1E3 injected, respectivelyy i@lues
from competition studies were determined by plotting log
(concentration) vs RU and fitting the experimental points to

thec value is between 5 and 50Q8). In our studies, the
value ranged from 37 to 359. Titrations were performed at
20, 25, and 37C and in different buffers to determine the
change in heat capacity and ionization contributions to the
binding, respectively. All titrations were carried out in either
a Microcal OMEGA or a VP-ITC calorimeter. Data were
analyzed using Microcal ORIGIN for ITC (Microcal, North-
hampton, MA).

Analytical Ultracentrifugation. Sedimentation velocity
studies were performed on hlg1sc1E3, and the antigen
antibody complex at 35, 21, and 2.8/, respectively, in
PIPES and TBS buffers. Velocity profiles were obtained
using UV and interference optics in a Beckman XLI
analytical ultracentrifuge (Beckman, Fullerton, CA) using
charcoal/Epon cells spinning at 50 000 rpm at°20 The
data were fit using the time-derivative method of Stafford
(20), ands,owWas calculated for each species. Sedimentation
equilibrium was done in 20 mM PIPES, 150 mM NacCl, pH
7.5, using isolated complex at concentrations of 4.55, 10.88,
and 18.84uM and speeds of 13 000, 18 000, and 23 000
rpm.

RESULTS

Structural Characteristics of sc1E¥he sc1E3 construct
expressed irE. coli (Ajith Kamath et al., manuscript in
preparation) consisted of the C-terminal end of the light chain
variable region of the mAb1E3 joined to the N-terminal end
of the heavy chain variable region by a 25 amino acid residue
linker (21). The sc1E3 protein preparation exhibited a single
protein band by SDSPAGE and by IEF at the predicted
M, of ~28K and p of 5.5 (Figure 2). LC-ES/MS analysis
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A

Methods, the rate of dissociation was not compromised by
rebinding, as they were the same in the presence or absence
of free ligand. The affinity of sc1E3 for K138C hiLSlwas

the same as that exhibited by the full-length divalent mAb1E3
parental species for the same ligand (Table 1).

Specificity of sc1E3 Binding to IL-IThe single chain
antibody exhibited a similar affinity to sIL-1R for hILAL
and competed with sIL-1R for IL-1 binding (Figure 5). Also,
the recognition profile of sc1E3 paralleled that of the slIL-
1R for the site B IL-B muteins (Table 1). Neither sc1E3
nor slL-1R recognized mutein 8 while both recognized
mutein 3 with affinities comparable to the wild-type hl|3-1
(Table 1). Under the conditions tested, sclE3 failed to
recognize mutein 5 and mutein 1 while the affinities of sIL-
1 2 3 4 1 2 3 4 1R for these muteins were diminished 4- and 9-fold,

Ficure 2: IEF and SDSPAGE'of purified sc1E3 preparatipn. reSpeCtIYel)_/' ) .

IEF (A) pH 3-9 gels, loaded with 0.kg of sc1E3 preparation The binding profile of sc1E3 differed from that of IL-1R
(lanes 2 and 3) and with IEF protein standards (lanes 1 and 4),for other IL-1's. In an SPR competition assay, hig-1

\Ilc\;g:jeege\\//v(iatlr?pzleda% Sé'ﬁéS;?lgg\fég%gﬁga(ljﬁg@)gaer|]sd (?v)i‘th blocked the binding of both sIL-1R and sclE3 to im-
molecular weight protéin standards (lanes 3 and 4), were developedmobIIlzed K138C h”‘.';B' In addition, bOth human and

by Coomassie Blue staining. murine IL-1o. and murine IL-B competed with sIL-1R for

binding to the immobilized K138C IL{1 ligand (Table 2).

yielded a MW of 28594 (calculated: 28596), and N- However, human IL-& murine IL-lo, and murine IL-B
terminal sequence analysis revealed the expected N-terminudailed to block binding of sc1E3 to the ligand even when a
of the mAb1E3 light chain. large excess of the competitive analyte was used. Thus, under
A Stokes radius of 28.4 A was calculated for sc1E3 the same competition assay conditions, sc1E3 exclusively
utilizing the retention times on SEC of a subset of standard "€cognized hiL-f (Table 2).
proteins. The time-derivative sedimentation velocity distribu- ~ Biochemical Properties of the sc1E3/hl3-LComplex.
tion plots [g(s)* plots] for sc1E3 indicated that the individual Using the ratio method described under Materials and
protein was homogeneous. Sc1E3 exhibited a sedimentatiorMethods, the SPR data yielded an average stoichiometry of
coefficient &:o,) Of 2.46 S. A radius of 28.6 A was calculated 0.96 mol/mol over four determinations using different
for sc1E3 from the sedimentation data, in good agreementconcentrations of ligand and analyte (Table 3). ITC titration
with the hydrodynamic radius estimated from SEC. of sc1E3 with hIL-}8 (and hIL-15 with sc1E3) fit well to a
Binding Properties of sc1E3 for hiLkL The affinity of single-site_ model with unitary stoichiometry over nine
sc1E3 for hiL-18 was about 16 nM whether hiLglwas used ~ determinations. A representative ITC binding isotherm is
as either the soluble or the immobilized ligand or whether Shown in Figure 6. Binding isotherms of hils Ivith sc1E3
hIL-15 was in solution as ITC titrant or SPR analyte (Table Were essentially identical.
1). A typical SPR sensorgram used to deternievalues A stable complex was formed when hllgland sc1E3
at equilibrium is presented in Figure 3. Figure 4 depicts a were mixed in approximately 1:1 molar ratios. The complex
typical SPR sensorgram f&&p determination derived from  could be readily isolated by SEC (Figure 7) and could be
real time on and off rates. As described under Materials andresolved from both of the reactants. The relative molecular

Table 1: Binding Interactions of sIL-1R and sc1E3 with hig-4nd hiL-13 Muteing

ligancP titrant/analyte Kon(x10P M~1s71) Koit (x 1073 s7%) Kp (nM)¢
K138C hlIL-13 sIL-1R 8.7 (2.2) 3.7(0.2) 4.3(04)
K138C hlIL-15 SC1E3 7.7 (0.5) 11.0 14.0 (3.8)
SCc1E3 hiL-pB 10.0 (1.0) 5.9 (2.8) 6.0 (1.9)
K138C hiIL-15 mMAb1E3 NA NA 28.0 (13.0)
K138C hIL-15 sclE3 NA NA 30.0 (9.0)
SC1E3 hiL-PB NA NA 8.7 (0.9y
hiL-13 SCc1E3 NA NA 6.1(3.®
M1 (R4A,L6A) sIL-1R 2.4(0.9) 8.7 (0.5) 36.0 (14.0)
M1 (R4A,L6A) SC1E3 no binding
M5 (K103A,E105A) sIL-1R 3.5(0.7) 5.8(0.3) 16.0 (3.6)
M5 (K103A,E105A) Sc1E3 no binding
M3 (I156A) sIL-1R 7.1(<0.1) 4.5 (<0.1) 6.0 <0.1)
M3 (I156A) SC1E3 5.8(0.1) 7.7 (0.3) 13.0 (0.6)
M8 (K93A,K103A,E105A) sIL-1R no binding
M8 (K93A,K103A,E105A) sclE3 no binding

2 Numbers in parentheses indicate propagated error through the calculation based on 95% confidence limits on measie#blesl followed
by a number refers to alanine mutants derived from the K138C parental stigjrvalues were derived from SPR data from tg/kon ratios.
dKinetic values obtained from the literaturg3). € Kinetic value determined by SPR using anti-FLAG capturing assay as described under Materials
and Methods Kp values determined by SPR at equilibriutKp values determined by ITC at equilibrium (standard error in parentheses).
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Ficure 3: Equilibrium dissociation constant determination by SPR. Representative sensorgram of sc1E3 binding to immobiliged hiL-1
The concentrations of sc1E3 used are (shown top to bottom) 200, 40, 27, 8, and 2 nM. The inset depicts Scatchard plot analysis of the data
for Kp determination at equilibrium.
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FiIGURE 4: Kinetic analyses of sc1E3 binding to K138C hip-thy 0.4 0.6 0.8 1.0 1.2 14 16
SPR. Representative sensorgram of various concentrations of sc1E3 Log, Concentration
binding to immobilized IL-B was used for the determination of
kott andkon values ©, 162 nM; a, 85.6 nM;O, 42.8 nM; andl, Ficure 5: Competition between sIL-1R and sclE3 for hig-1
21.4 nM sc1E3). binding. The single chain antibody was chemically immobilized

onto a sensor chip (590 RU) by amine coupling, and a constant
weight of this complex estimated from SEC wag3K, and concentration of hiL-£ (8.8 nM) was injected as the analyte. Each
. . . . . __injection contained the concentrations of sIL-1R shown in the figure
its a_ppa}rent molecular weight estimated from sedimentation ranging from O to 33 M. The I calculated by a sigmoidal fit of
equilibrium was 43.6K (expected 46K). Figure 7 also shows the data for sIL-1R was 11 nM.
that the complex was not covalently associated through ,
disulfide cross-linking, as it dissociated into its two protein COmplex in the three buffer systems and temperatures used
components when subjected to nonreducing SBAGE. in this study. The data indicate that the reaction was
In addition, the complex was stable to electrophoresis in enthalplcally driven and_that the free energy of binding was
native gels (Judith A. Kelly, personal communication). The €SSentially constant owing to entropgnthalpy compensa-

titrated complex sedimented as a single species based ofion.

deconvolution of Gaussians with a sedimentation coefficient

of 3.25 S (Figure 8). vanHoldeéWeischet analysis2@) of DISCUSSION

this sedimentation data using UltraScan (UTHSCSA, B. The objective of this study was to develop a simplified
Demeler, 1998, 1999) did detect populations of the excesssystem to enable the rational design of inhibitors of PPI. We
hiL-15 and some of the sc1E3 used in the calorimetric chose the IL-B/IL-1R system because it was very well
experiment (data not shown). Table 4 lists the thermodynamic characterized. It might be thought that because theAl-1
parameters obtained from the titrations of the &b IL-1R crystal structure has been solvedl2), that this
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Time (min) Table 2: Comparison of sIL-1R and sc1E3 Binding Specificity for
0 10 20 30 40 50 60 IL-1 Specied
A T analyte competing analyte snM)e
10 4 SIL-1R hiL-18 39 (8)
sc1E3 hiL-B 4(0.3)
] sIL-1R hiL-1a. 65 (1)
o sclE3 hiL-Tx no competitioA
D 05 N sIL-1R° mL-13 352 (9)
= ’ sclE3 mL-B no competitioA
3 SIL-1R° miL-1o 191 (8)
= sc1E3 miL-Tu no competitiof
. aK138C IL-15 was used as the ligand and either sIL-1R or sc1E3

as the analyte. To determine thesgCdifferent IL-1 forms were used

as the competing analytelCs, values for these analytes represent
average of independent determinatiohumbers in parentheses

— indicate propagated error through the calculation based on 95%

I= confidence limits on measurablédNo competition was observed when
g 1 6, 1000, and 400 times molar excess of hi-MIL-143, or miL-1a,
O, was used, respectively, as the competing analyte.
c - -
S — —
Ko Table 3: Stoichiometry Determination of sc1E3/hIB-Complex
g B | Formation by SPR
= hiL-18 RUS sc1E3 RY
e 1 expt (MW" 17.3K) (MWP28.6K) stoichiometry
-30 ————— 1 317 53.2 1.02
00 05 10 15 20 25 30 2 28.8 40.4 0.85
: 3 115.4 180.7 0.95
Molar Ratio 4 181.6 3125 1.04
FiGURE 6: ITC binding of hIL15 to sc1E3. (A) Raw thermogram av: 0.96

generated by titrating sc1E3 with hil31The experiment consisted
of 15, 20uL injections of hIL-13 (46.2uM) into sc1E3 (2.86:M)

in PBS at 37°C. (B) Binding isotherm generated from integrated
data and fitting results using a single site model (Table 4).

aK138C hIL-13 was immobilized at different concentrations for each
experiment, and the amount bound of sc1E3 was determfridiv
refers to the molecular weights of each individual protéiResonance
units (RU) indicate the amount of immobilized ligand (hij3land

) ) ) ) ) ) soluble analyte (sc1E3) bountiStoichiometry represents the ratio of
information would provide a suitable foundation for design- RU/MW ratios: (RUciedMW se1ed/(RUniL15/MWii15).

ing antagonists. Unfortunately, PPI are distributed over a
large surface area comprising many smaller local interactions.tion. Thus, modeling a small molecule inhibitor requires a
A small molecule antagonist can only act at a single site different approach.

covering a small surface area. This means that blocking of Single chain antibodies can provide a high-affinity interac-
PPI must be based on a very localized high-affinity interac- tion with a protein based on binding to a limited number of

0.8 T T T T T T
06 2
1
04
< w—<— sc1E3
02 F
<« hL1B
0.0 =,
1?1 ' 1?2 ' 1?3 ' 1.4
Vol (mL) 1 2 3

A B

Ficure 7: Characterization of the sc1E3/hll3omplex by SEC and SDSPAGE. (A) sc1E3 (peak 2), hiLfl (peak 3), and a-1:1

molar ratio mixture of each protein (peak 1) were subjected to SEC. The relative molecular weights obs@6k32K, and~43K,
respectively) were similar to the expected values derived from the sequence (26.K, 17.4K, and 46K, respectively). (B) The s@E3/hIL-1
complex, isolated from SEC, when subjected to SIPAGE, resolved into its two protein components of expected molecular weights in
the presence (lane 2) or absence of reducing agents (lane 3). MW standards were loaded in lane 1.
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0.15 r T T 0.05

0.04

0.10
0.03

a(s) AB

0.05

0.01

0.00 b—12 L L 0.00

Ficure 8: Analysis of sclE3/hILA complex formation by
sedimentation velocity. Data shown are sedimentation coefficient
distributions calculated using the time-derivative method. Samples
were run at 60 000 rpm in PIPES buffer, pH 7.2. (A)24 hiL-

18, sow = 1.93 S; (B) 35uM SC1E3,80w = 2.46 S; (C) 2.6uM
SC1E3:/hIL-B complex,Sow = 3.25 S.

highly localized amino acids. Thus, we conclude that sc1E3/
IL-15 provides a better model than ILBAL-1R on which
to base design of inhibitors of PPI.

The high-affinity interaction of sc1E3 with hiLAlwas
comparable to that achieved with sIL-1R. Muteins of hlL-
15 in receptor binding site Bll) exhibited decreased affinity
for the receptor, yet nearly all failed to bind to sc1E3. Also,
while hiL-1a, murine IL-lo, and murine IL-B competed
with hIL-14 for binding to the sIL-1R, they were not able
to compete with hiL-# for binding to sc1E3. Taken together

Chrunyk et al.

sequence alignments, ILedand -5 show only~20—25%
sequence identity with little similarity in the residues involved
in site B. Thus, a site B specific single chain antibody might
be expected to bind weakly or not at all to lleeIite B.
Though there is high similarity between the murine and
human IL-}3 sequences=80%), the flanking residues in
strand 1 and in the loop between strands 7 and 8 differ
considerably. The inability of sc1E3 to recognize murine IL-
153 suggests that some of the binding determinants for sc1E3
may be located in these flanking residues. Interestingly, the
IS6A protein, which has been identified in the literature as
a critical residue for receptor binding,(11), exhibited wild-
type binding to both sc1E3 and receptor. The presence of
this IS6A mutation was confirmed by DNA sequencing of
the clone and by ES-LC/MS of the isolated protein.

A closer examination of the thermodynamics of the system
indicates that the binding free energy was relatively constant
with temperature, illustrating enthalpyntropy compensa-
tion in the interactionZ3—25). The temperature dependence
of the entropy and the fact that the entropy was negative
above (°C suggested that the interaction is probably driven
by hydrogen bond formation and/or van der Waals interac-
tions rather than by hydrophobic interaction®6( 27).
Selection of buffers with varying ionization enthalpies
provides a means to determine proton linkage in the system
(26, 27). Using the relationship described by Sturteva®) (
it was estimated that 0.15 0.07 proton was taken up upon
complex formation at 25C and~0.17 &+ 0.10 at 37°C.
These low values suggested that the ionization of side chains

with the competition data, our measurements are consistentVaS not significant to this interaction. The binding enthalpies

with the interpretation that sc1E3 binds the IB-fholecule

at site B and uses fewer, stronger, more local interactions4

than does sIL-1R.

The comparative SPR data show that sc1E3 utilized a
much smaller total binding surface when interacting with
human IL-}3 than sIL-1R. The bidentate binding of sIL-1R
to IL-1a and -18 probably explains why the IL<l proteins
and IL-13 muteins show reduced affinity rather than the total
loss of binding affinity as observed for sc1E3. Based on

for the calorimetry data were corrected for this small
contribution to the overall enthalpy and are listed in Table

The surface area buried in the interaction and the nature
of the surface involved can also be estimated utilizing
calorimetric data. The empirical relationships of Murphy and
Freire 3, 29 were used to calculate the changes in polar
(AASA,) and nonpolar AASA,p) surface area from the
enthalpy and heat capacity data. The heat capacity for the

Table 4: Thermodynamic Parameters Obtained for the Association of flith sc1E3

temp Ka AHp? AHP AGy° © ASP @
ligand buffer (°C) (x1le-7) (kcal mol?) (kcal mol?) (kcal mol™) (cal mol?)

IL-18 PBS 25 11.50 —15.0 —15.2 —-11.0 —14.2
(1.17y 0.1) (0.1) (0.1) (0.3)

IL-138 PBS 37 4.72 —22.1 —22.2 —-11.0 —36.6
(0.78) (0.9) (0.9) (0.1) (1.3)

1E3 PBS 25 16.30 —15.6 —15.8 —-11.2 —15.3
(9.90) (0.3) (0.3) (0.3) (1.6)

1E3 PBS 37 3.86 —-16.3 —-16.4 —10.8 —18.3
(0.24) (0.1) (0.1) (0.1) (0.2)

IL-13 HBS 25 6.07 —14.5 —-15.3 —10.6 —15.6
(0.19) (0.2) (0.2) (0.1) (0.8)

IL-13 HBS 37 4.09 —-17.6 —18.3 —10.8 —24.3
(0.38) (0.1) (0.1) (0.1) (0.4)

IL-13 TBS 20 8.39 —13.0 —14.6 —10.6 —13.7
(3.00) (0.2) (0.2) (0.2) (2.9)

IL-13 TBS 25 12.5 —13.8 —154 —11.0 —14.8
(1.14) (0.1) (0.1) (0.1) (0.3)

IL-138 TBS 37 5.25 —-17.3 —19.0 —10.9 —26.0
(1.20) (0.2) (0.2) (0.1) (0.8)

aQObserved binding enthalpy from calorimetric titratidrBinding enthalpy corrected for buffer effects as described in the t&xee energy

based on the relationshipAG® = —RT In K, ¢ Entropy calculated from

the relationshidG® = AH®° — TAS". ¢ Values in parentheses reflect

error in measuremenK() or propagated error in calculation of the parameter.
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system was derived from a linear fit of the binding enthalpies
for the 20, 25, and 37C data in the three buffers. TheC,
obtained from the slope of this line wa283+ 83 cal moi?*
K~1. From the data listed in Table 4, the polar accessible
surface change at 2& was calculated to be 10022 Avhile
the nonpolar surface was1200 A, yielding a total surface
involved in the interface 0~2200 A. This value was
consistent with most reported AgAb interactions (1606
1900 A) (24, 25, 30. By comparison, the change in
accessible surface area for ll5-lat site B alone, as
determined from the crystal structure, wasl000 A
distributed over 21 residue$2). This translates to an almost
identical surface occluded (200®Ain the IL-1R/IL-1 and
sc1E3/IL-1 interactions at this site B. To determine how well
the nature of the interactions is conserved, a 1.4 A radius
probe molecule was used to calculate the total surface area
of the residues involved in ILA site B. A total of 2800 A
was determined from this analysis, in which 54% of the
surface was found to be polar. Thus, only a fraction of this
total surface is occluded in complexation with either the
antibody or the receptor at this one site. Similarly, the
calculated polar/nonpolar contributions appear to be nearly
equally split. Overall, the data suggest that at site B, not
only is the total surface area buried comparable, but also
the nature of the interactions is reasonably well conserved.
However, to achieve high-affinity interaction, the receptor
must also bind to hiL-# at site A and the crystal structure
reveals an equivalent of 10872/f surface on hIL-B
occluded {2000 A total). Therefore, sc1E3 requires only
half the total surface area upon binding to IL-1 to achieve
the same high-affinity interaction as the receptor.
sclE3/IL-P5 forms a stable complex with the expected
1:1 stoichiometry. This has facilitated complex isolation, and
crystals of the complex have been obtained for structural
determination (Judith A. Kelly, personal communication).
Detailed inhibitor design work will follow the structural
specifications derived from the crystal. At this stage, the
physical size of sc1E3 makes a significant steric contribution
to its ability to inhibit the PPI of IL-B with its receptor.
Downsizing the scFv means in essence decreasing the steric
component while maintaining the binding interaction. De-
creasing the interaction of IL-1R with ILALwith a site B
specific antagonist will presumably raise the concentration
of IL-1/3 required to cause signal transduction and thereby
decrease its pathological effect. We note that we have taken
only the first step in antagonist desigastablishing a well-
characterized model system with which to work.
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