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ABSTRACT: Detailed equilibrium binding studies were conducted on a monoclonal antibody directed against
Pb(II) complexed with a protein conjugate of diethylenetriaminepentaacetic acid (DTPA). Binding curves
obtained with DTPA and a cyclohexyl derivative of DTPA in the presence and absence of metal ions
were consistent with the anticipated one-site homogeneous binding model. Binding curves obtained with
aminobenzyl-DTPA or its complexes with Ca(II), Sr(II), and Ba(II) were highly sigmoidal, characterized
by Hill coefficients of 2.3-6.5. Binding curves obtained with the Pb(II) and In(III) complexes of
aminobenzyl-DTPA were hyperbolic, but in each case the apparent affinity of the antibody for the
chelator-metal complex was higher in the presence of excess chelator than it was in the presence of
excess metal ion. In the presence of excess chelator, the equilibrium dissociation constant for the binding
of aminobenzyl-DTPA-Pb(II) to the antibody was 9.5× 10-10 M. Binding curves obtained with the
Hg(II) and Cd(II) complexes of aminobenzyl-DTPA were biphasic, indicative of negative cooperativity.
Further binding studies demonstrated that aminobenzyl-DTPA-Hg(II) opposed the binding of additional
chelator-metal complexes to the antibody more strongly than did aminobenzyl-DTPA-Cd(II). The Fab
fragment differed from the intact antibody only in that the apparent affinity of the Fab was generally
lower for a given chelator-metal complex. These data are interpreted in terms of a model in which (i)
aminobenzyl-DTPA and its complexes bind both to the antigen binding site and to multiple charged
sites on the surface of the compact immunoglobulin; and (ii) the bound, highly charged ligands interact
in a complicated fashion through the apolar core of the folded antibody.

It is generally accepted that the binding of small antigens
to bivalent antibodies proceeds as though the two antigen
binding sites were equal and functionally independent.
Indeed, a search conducted in the vast literature on this
subject over the last 40 years reveals only one clear exception
to this generalization (1). Polyclonal antisera produced by
rabbits immunized with protein conjugates of eitherL-
thyroxine or 3,5,3′-triiodo-L-thyronine were reported to bind
the corresponding soluble antigens with a high degree of
positive cooperativity. In contrast to the scarcity of literature

on allosteric effects due to antigen binding-dependent
conformation changes in the antibody, many laboratories
have reported that protein antigens can display positive
cooperativity in the binding of multiple antibodies to different
epitopes on the antigen (2-13). In each of these latter
examples, however, the positive cooperativity was thought
to arise either from conformation changes in the protein
antigen that occurred as a consequence of antibody binding
(2-6), or from cyclic structures that could form as a
consequence of the multivalency of both the antibody and
the protein antigen (7-13). In either case, binding-induced
conformation changes in the antibodies were neither postu-
lated nor required to rationalize the experimental observa-
tions.

As part of an ongoing effort in our laboratories to develop
immunoassays for heavy metals and other environmental
contaminants, we have produced and characterized a growing
number of monoclonal antibodies directed toward epitopes
of metal-chelator complexes (14-17). One such antibody,
designated as 2C12, was reported to bind the 1:1 complex
of cyclohexyldiethylenetriamine pentaacetic acid (CHX-
DTPA)1 and Pb(II) with positive cooperativity (Hill coef-
ficient of 2.1) when the metal-chelator complex was diluted
from a concentrated stock solution (15). Control experiments
showed that (i) only the CHX-DTPA-Pb(II) complex
bound with high affinity to 2C12 and (ii) dissociation of the
Pb(II) from the CHX-DTPA-Pb(II) complex occurred over
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the same concentration range as that employed in the anti-
body binding study. Thus, the apparent positive cooperativity
was attributed to the bimolecular association of equal
concentrations of the CHX-DTPA and the Pb(II) to form
the complex actually recognized by the antibody, not to some
binding-dependent conformation change in the antibody.

The present study describes the extraordinary binding
properties of a monoclonal antibody directed against an
epitope comprised of Pb(II) complexed with a protein
conjugate of thioureido-L-benzyl-DTPA. In contrast to
2C12, this new antibody exhibited a remarkable range of
allosteric binding reactions when the antibody was presented
with selected chelators, metal-chelator complexes, or various
combinations of the two. Under appropriate solution condi-
tions, this antibody exhibited normal homogeneous binding,
homotropic positive cooperativity, heterotropic positive co-
operativity, homotropic negative cooperativity, and hetero-
tropic negative cooperativity. The same range of allosteric
binding behavior was also observed with the corresponding
Fab fragment prepared by proteolytic cleavage of the
antibody. Care was taken in the present study to avoid
chelator and metal ion concentrations that would permit
significant dissociation of the metal-chelate complex in the
concentration range used in each binding experiment. This
practice ensured that the two principal small ligand species
in each binding mixture were the chelator-metal complex
and an excess of either the metal-free chelator or the chelator-
free metal ion. Where appropriate, control experiments
indicated that equivalent concentrations of the chelator or
the metal ion in excess exhibited little or no direct binding
to the antigen binding site on the antibody. Therefore, the
remarkable binding properties described herein are attributed
to the antibody itself and are hypothesized to arise from
interactions among charged ligands that bind to multiple sites
on the Fab portion of the immunoglobulin.

EXPERIMENTAL PROCEDURES

Materials. BALB/c inbred mice were purchased from
Charles River Laboratories (Wilmington, MA). SP2/0-Ag14
myeloma cells were from the American Type Tissue Col-
lection (Rockville, MD). Ultrapure bovine serum albumin
(BSA) and the IsoStrip mouse monoclonal antibody iso-
typing kit were from Boehringer-Mannheim Biochemicals
(Indianapolis, IN). Keyhole limpet hemocyanin was pur-
chased from Calbiochem (La Jolla, CA). 1B4M-DTPA and
CHX-DTPA were available from previous studies (15).
p-Aminobenzyl-DTPA was a product of Macrocylics, Inc.

(Dallas, TX). Atomic absorption grade metals were purchased
from Perkin-Elmer Corp. (Norwalk, CT). DTPA, HEPES
buffer, tissue culture medium, pristane, Tween-20, trinitro-
benzenesulfonic acid,L-glutamine, antibiotics, and goat anti-
mouse IgG conjugated to horseradish peroxidase were
obtained from Sigma Chemical Co. (St. Louis, MO). Fetal
bovine serum was a product of HyClone Laboratries (Logan,
UT). Reagents for monoclonal antibody production were
included in the ClonaCell-HY monoclonal antibody produc-
tion kit (StemCell Technologies, Vancouver, BC, Canada).
Microwell plates for ELISA (flat-bottom, high-binding) and
tissue culture plates were purchased from Corning Costar
(Cambridge, MA). 3,3′,5,5′-Tetramethylbenzidine peroxidase
substrate (TMB Microwell Substrate) was from Kirkegaard-
Perry Laboratories (Gaithersburg, MD). The Fab preparation
kit and BCA protein assay kit were purchased from Pierce
Chemical Co. (Rockford, IL) and used according to manu-
facturer’s protocols. Poly-(methyl methacrylate) beads (98
( 8 µm diameter) were provided by Sapidyne Instruments
(Boise, ID). The Cy5 conjugates of affinity-purified goat anti-
mouse Fc-specific and F(ab)′2-specific antibodies were
purchased from Jackson ImmunoResearch Laboratories
(West Grove, PA). All other materials were obtained as noted
in the text.

Preparation of Protein-Chelate Conjugates. Protein-
chelate conjugates were prepared by a modification of a
previously described method (15, 18) in a final volume of 1
mL containing 10 mg of protein (BSA or KLH), 1.7 mM
1B4M-DTPA, 2.0 mM Pb(NO3)2, and 47 mM triethylamine
in 100 mM HEPES buffer (pH 9.5). The reactions were
stirred for 24 h at 25°C. A metal-free BSA conjugate was
prepared by omitting the Pb(NO3)2 from the reaction mixture.
Unreacted low-molecular weight reactants were removed by
buffer exchange using a Centricon-30 concentrator device
(Amicon, Beverly, MA). The protein conjugates were
characterized using the trinitrobenzenesulfonic acid method
described in ref 19. The extent of substitution of free lysine
residues was 21.1% for the BSA conjugate and 46.2% for
the KLH conjugate.

Mouse Immunization, Hybridoma Production, and Mono-
clonal Antibody Purification. Three 6-7-week-old female
BALB/c mice were injected in both the neck and the base
of the tail with a total of 250µg of the KLH conjugate
emulsified in Ribi adjuvant (Ribi Immunochemicals, Hamil-
ton, MT) at days 0, 21, and then at 2-week intervals. The
antibody response of each mouse was determined by indirect
ELISA as described in ref 20 using both metal-free BSA-
benzyl-DTPA and the conjugate complexed with Pb(II). The
mouse with the highest antibody response was given a final
intravenous tail vein boost with 200µg of the KLH conjugate
in phosphate-buffered saline (PBS, 137 mM NaCl, 3 mM
KCl, 10 mM sodium phosphate buffer, pH 7.4) 72 h prior
to sacrifice. Mouse spleen cells were harvested, washed twice
in RPMI 1640 medium, and fused with SP2/0-Ag14 mye-
loma cells. Fused cells were grown in semisolid medium
selective for the growth of hybridoma clones according to
the protocol included in the ClonaCell-HY kit. Individual
clones were transferred to separate wells of 96-well tissue
culture plates and incubated at 37°C in a humidified
atmosphere supplemented with 5% CO2. Supernatants from
replicating hybridomas were collected and screened for
antibodies to DTPA-Pb(II) by competitive inhibition ELISA

1 Abbreviations: CHX-DTPA,trans-cyclohexyldiethylenetriamine-
N,N′,N′,N′′,N′′-pentaacetic acid; DTPA, diethylenetriamine-N,N′,N′,N′′,N′′-
pentaacetic acid; aminobenzyl-DTPA;p-aminobenzyldiethylenetriamine-
N,N′,N′,N′′,N′′-pentaacetic acid; BSA, bovine serum albumin; BSA-
benzyl-DTPA-Pb(II); bovine serum albumin-thioureido-L-benzyl-
diethylenetriamine-N,N′,N′,N′′,N′′-pentaacetic acid-Pb(II) covalent con-
jugate; KLH, keyhole limpet hemocyanin; ELISA, enzyme-linked
immunosorbent assay; Fab, fragment antigen binding (monovalent);
F(ab)′2, fragment antigen binding (bivalent); Fc, fragment crystallizable;
HEPES, (N-[2-hydroxyethyl]piperazine-N′-[2-ethanesulfonic acid]);
HBS, HEPES buffered saline; SDS-PAGE, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis; DEAE-cellulose, diethylaminoethyl
cellulose; VH, heavy chain variable region; VL, light chain variable
region; CH, heavy chain constant domain; CL, light chain constant
domain.
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as described in ref 20. Positive hybridoma clones were
subcultured and frozen.

Ascites fluid was produced in pristine-primed BALB/c
mice by intraperitoneal injection of 1.6× 106 hybridoma
cells (clone designation 5B2). Ascites fluid was collected
7-10 days after hybridoma injection, and the IgG fraction
of ascites was isolated by ammonium sulfate precipitation
followed by ion-exchange chromatography using DEAE-
cellulose (DE-52, Whatman, Inc., Clifton, NJ) (21). SDS-
PAGE of the purified protein showed bands for only heavy
and light chains (data not shown). The protein concentration
of the purified antibody was determined using the BCA
protein assay kit. The immunoglobulin subclass of the 5B2
monoclonal antibody was determined and quantified by
sandwich ELISA using antibodies specific for IgG1, IgG2a,
IgG2b, IgG3, IgM, and IgA and the light chain was isotyped
using the IsoStrip antibody isotyping kit according to the
manufacturer’s protocol.

CompetitiVe Inhibition ELISA. Competitive inhibition
ELISAs were performed essentially as described in ref 20.
Ag(I), Al(III), Ca(II), Cd(II), Co(II), Cu(II), Fe(III), Hg(II),
In(III), Mg(II), Mn(II), Mo(VI), Ni(II), Pb(II), Sr(II), and
Zn(II) were assayed for their ability to inhibit the purified
5B2 mAb from binding to the immobilized BSA-benzyl-
DTPA-Pb(II) conjugate in a background of 0.7 mM DTPA.

Preparation and Characterization of Fab from 5B2. A
monovalent Fab fragment of the 5B2 mAb was prepared
using the Immunopure Fab Preparation kit (Pierce Chemical
Co., Rockford, IL). The intact antibody was subjected to
proteolysis with immobilized papain and the progress of the
enzymatic digestion was monitored by SDS-PAGE followed
by both Coomassie staining and Western blotting using Fc-
and light chain-specific antibodies (data not shown). The Fc
and undigested IgG fragments were removed by passing the
digestion reaction over a column of immobilized protein A.
The final yield of Fab was 19.0% of the initial IgG.

Calculation of Metal and Chelator Speciation.The con-
centrations of free and complexed metal ions and amino-
benzyl-DTPA were estimated using the published values
for the corresponding DTPA-metal ion formation constants
(22) and assuming that aminobenzyl-DTPA behaved identi-
cally to DTPA with regard to its metal-binding properties.
In studies with Y(III), the addition of a substituent to the
backbone of the DTPA molecule increased the stability of
the metal-chelate complex (23), so our assumption of
identity is a conservative estimate. Published values for the
standard formation constants for DTPA and individual metal
ions were multiplied by 3.98× 10-4 to convert the standard
formation constants to conditional formation constants at pH
7.4 (24).

Determination of Equilibrium Binding Constants.Equi-
librium measurements of the interactions of metal-free
chelators and chelator-metal complexes with the intact 5B2
antibody and its Fab fragment were performed on a KinExA
3000 immunoassay instrument (Sapidyne Instruments, Inc.,
Boise, ID) (25, 26). The assay format was identical to that
described previously (15) with the following two excep-
tions: (i) the immobilized capture reagent adsorption-coated
onto the hydrophobic beads was BSA-benzyl-DTPA-
Pb(II) rather than the corresponding CHX-DTPA protein-
conjugate; and (ii) the anti-mouse secondary antibodies used
to quantify the extent of binding of 5B2 and its Fab to the

immobilized antigen were covalently labeled with the Cy5
fluorophore rather than Cy3. When the primary antibody was
the Fab fragment, the bead reservoir on the instrument was
amended with 1.0µM Pb(NO3)2 to ensure that all of the
chelator sites on the immobilized capture reagent were
complexed with lead ions. In addition, BSA at a final
concentration of 0.1% (w/v) was added to all equilibrium
reactions that contained the Fab to stabilize the fragment.

Equilibrium measurements where the soluble chelator was
DTPA or CHX-DTPA were conducted with 5B2 and Fab
fragment concentrations of 0.2 and 1.0µg/mL, respectively.
The concentration of metal ion, when present, was always
in excess to that of the chelator; the individual concentrations
are given in the appropriate table legend. Equilibrium
measurements with BSA-benzyl-DTPA-Pb(II) were con-
ducted with 5B2 and Fab fragment concentrations of 40 and
50 ng/mL, respectively.

Equilibrium measurements where the soluble chelator was
aminobenzyl-DTPA were also conducted with 5B2 and Fab
fragment concentrations of 40 and 50 ng/mL, respectively.
All measurements that involved aminobenzyl-DTPA-metal
ion complexes were conducted in the presence of an excess
concentration of either the chelator or the metal ion; the
identity and concentration of the reagent present in excess
are included in the legends to the appropriate tables. For all
binding studies, data acquisition was achieved via a PC
interfaced to the KinExA and software provided by Sapidyne
Instruments, Inc. Equilibrium dissociation constants were
determined from nonlinear regression analysis of the data
using the equations described below and software contained
in SlideWrite 5.0 (Advanced Graphics, Encinitas, CA).

N-Terminal Sequencing of Immunoglobulin Light and
HeaVy Chains. Prior to N-terminal sequencing, the DEAE-
purified 5B2 mAb was further purified by affinity chroma-
tography on immobilized BSA-benzyl-DTPA-Pb(II) con-
jugate. Because the yield of protein from this column was
low, approximately 10%, equilibrium dissociation constants
for several different metal-chelate ligands were determined
for the recovered material and were identical to the starting
material (data not shown). Immunoglobulin light and heavy
chains were separated by 10% SDS-PAGE under reducing
conditions and transferred to MiniProBlott membrane (Ap-
plied Biosystems, Inc., Foster City, CA). Samples were
sequenced by Edman degradation in an institutional facility
(Louisiana State University Health Sciences Center, New
Orleans, LA) using a Procise 494 Protein Sequencer (Applied
Biosystems, Inc.).

RESULTS

Design of Immunogen and Animal Response.The Pb(II)-
chelate hapten described in these studies was not of adequate
size to generate an immune response. Therefore, DTPA was
covalently coupled to a carrier protein (KLH), loaded with
Pb(II), and used as an immunogen. The KLH-benzyl-
DTPA-Pb(II) conjugate was injected into BALB/c mice and
the presence of antibodies that preferentially recognized the
Pb(II)-loaded DTPA compared to the Pb(II)-free DTPA was
assessed by indirect ELISA (data not shown). The mouse
producing antibodies with the greatest differential binding
activity was given a final tail vein injection of the KLH
conjugate and spleen cells were harvested 72 h later for the
preparation of hybridoma cells.
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Hybridoma Screening. Screening of 1440 hybridoma
culture supernatants by indirect ELISA for their ability to
bind immobilized BSA-benzyl-DTPA-Pb(II) identified 35
positive clones. These hybridomas were further analyzed by
competitive inhibition ELISA to determine antibody specific-
ity. The majority (33) of these 35 clones exhibited affinity
for either the metal-free chelator or the benzyl isocyanato
moiety that was part of the conjugated epitope. Only two
clones produced antibodies whose binding was competitively
inhibited by metal-laden DTPA but not metal-free DTPA.
Cells from the single clone that appeared to recognize Pb(II)-
loaded DTPA were subcloned by limiting dilution to give
rise to the hybridoma 5B2. As illustrated in Figure 1, the
antibody produced by this clone exhibited moderate inhibi-
tion by metal-free DTPA (10 mM) or DTPA-Zn(II) (37 and
42% inhibition, respectively). However, incubation of the
antibody with DTPA-Pb(II) (482 µM Pb(II) in 10 mM
DTPA) resulted in an 88% inhibition of binding activity.
Ascites from this clone was produced and purified to obtain
sufficient antibody for subsequent characterization. Isotyping
revealed that the monoclonal antibody synthesized by the
5B2 hybridoma was of subclass IgG1 with a λ light chain.
Competitive inhibition ELISA with the DTPA complexes
of 16 different metal ions indicated that only Pb(II) and
In(III) had any significant inhibitory activity (data not
shown).

Equilibrium Binding Studies.The affinity and specificity
of antibody 5B2 for various combinations of chelators and
metal ions were determined using a KinExA 3000 immuno-
assay instrument. Briefly, the KinExA is a flow fluorimeter
that separates and quantifies the fraction of antibody binding
sites that remain unoccupied in reaction mixtures of antibody,
antigen, and antibody-antigen complexes (14, 15, 25, 26).
Polymer beads coated with immobilized antigen were
deposited in the observation cell of the instrument and
exploited to capture and retain those antibody molecules with
unoccupied binding sites. The quantity of primary antibody
thus captured was then determined by exposing the beads
to a fluorescently labeled anti-mouse secondary antibody.
The principal feature of KinExA assays is that the interaction
to be quantified is that of the binding reactions in homoge-
neous solution; the immobilized antigen is simply a tool used
to capture and quantify those antibodies with unoccupied
binding sites in the solution mixture.

Equilibrium binding studies were conducted with 5B2 and
its Fab fragment using a variety of soluble chelators and
metal ions; the structures of the chelators exploited herein
are shown in Figure 2. The original immunogen was the
thioureido conjugate formed when isothiocyanatobenzyl-
DTPA was reacted with keyhole limpet hemocyanin. All of
the equilibrium binding data fell into one of five categories:
(i) homogeneous; (ii) homotropic positive; (iii) homotropic
negative; (iv) heterotropic positive; and (v) heterotropic
negative. Homogeneous binding curves were obtained when
the chelator-metal complex exhibited no evidence for
concentration-dependent changes in the apparent affinity of
the protein for the complex. Homotropic positive or negative
binding curves were obtained when increasing concentrations
of a chelator-metal complex appeared to increase or
decrease, respectively, the affinity of the remaining binding
sites on the protein for the same complex. Heterotropic
positive or negative binding curves were obtained when the
presence of a particular chelator-metal complex appeared
to increase or decrease, respectively, the affinity of the
protein for a different chelator-metal complex.

Homogeneous Binding. When the chelator was soluble,
unconjugated DTPA, equilibrium binding studies conducted
on the KinExA produced binding curves that were consistent
with the one-site, homogeneous binding model anticipated
for an antibody-antigen interaction where the two sites on
the bivalent antibody behave as though they are independent.
Representative binding curves obtained with intact 5B2 are
shown in Figure 3A. The low affinity curve in Figure 3A
was obtained with metal-free DTPA, while the high affinity
curve was obtained with the corresponding DTPA-Pb(II)
complex. The value of the equilibrium dissociation constant,
Kd, obtained from each curve in Figure 3A was determined
from a nonlinear regression fit of the data to the following
equation:

FIGURE 1: Screening of culture supernatants by competitive ELISA.
Tissue culture supernatant from the 5B2 hybridoma was diluted in
HBS and tested by competitive ELISA for its ability to be inhibited
by the addition of 10 mM DTPA (open bars), 760µM Zn(II) in 10
mM DTPA (gray bars), or 482µM Pb(II) in 10 mM DTPA (black
bars). Results are expressed as percent of control (HBS only).

FIGURE 2: Structure of metal chelators. Shown are the structures
of the metal-chelators used in this study. The original immunogen
representsp-benzyl isothiocyano DTPA that was covalently coupled
to keyhole limpet hemocyanin (KLH).p-Aminobenzyl-DTPA,
CHX-DTPA, and DTPA are low molecular weight analogues of
the immunogen.

fraction of occupied binding sites)
[L]

Kd + [L]
(1)
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where [L] is the concentration of soluble antigen. Values of
3.9 × 10-7 and 1.9× 10-6 M were determined for the
equilibrium dissociation constants for the binding of DTPA-
Pb(II) and metal-free DTPA, respectively, with intact 5B2.
Binding curves for the interaction of DTPA-Ca(II) and
DTPA-Sr(II) with intact 5B2 were essentially indistinguish-
able from that obtained with the metal-free chelator (primary
data not shown). The only other DTPA-metal ion complex
that 5B2 appeared to bind more tightly than the metal-free
chelator was the 1:1 complex formed between DTPA and
In(III). The dissociation constant for the DTPA-In(III)
complex was 5.6× 10-7 M; thus, 5B2 binds to the DTPA-
Pb(II) complex with an affinity only approximately 1.4
greater than that observed for the DTPA-In(III) complex.
These binding data are summarized in Table 1.

Similar results were obtained when CHX-DTPA was
substituted for DTPA (Table 1). Introduction of the more
rigid cyclohexyl ring into the structure of DTPA lowered
the affinity of intact 5B2 for the metal-free chelator by only
3-fold, but increased the affinity for the corresponding
complex with Pb(II) by 2-fold. Once again, the affinities of
intact 5B2 for the Ca(II) and Sr(II) complexes of CHX-DTPA
were very close to that for the metal-free chelator.

Covalent conjugation of aminobenzyl-DTPA to bovine
serum albumin by a thioureido linkage had a dramatic effect

on the affinity of 5B2 for the Pb(II) complex with the
chelator; the equilibrium dissociation constant for the binding
of BSA-benzyl-DTPA-Pb(II) to the intact antibody was
1.4 × 10-9 M, a value 2 orders of magnitude lower than
that obtained with the unconjugated DTPA-Pb(II) complex.

The Fab fragment derived from the proteolytic cleavage
of intact 5B2 exhibited a lower affinity for the soluble
DTPA-Pb(II) complex than did the intact antibody. The
binding curve shown in Figure 3B was obtained when the
Fab of 5B2 was incubated with limiting concentrations of
DTPA in the presence of 20µM Pb(II). A nonlinear
regression fit of the data in Figure 3B to eq 1 yielded an
equilibrium dissociation constant for the binding of DTPA-
Pb(II) to the Fab of 2.6× 10-6 M, an affinity over 6-fold
lower than that observed for the binding of the same complex
to the intact 5B2. Similarly, the Fab bound the CHX-
DTPA-Pb(II) complex with 10-fold lower affinity than did
the intact antibody (Table 1). Surprisingly, the equilibrium
dissociation constant for the binding of BSA-benzyl-
DTPA-Pb(II) to the Fab was not similarly influenced (Kd

) 5.9× 10-10 M). Regardless of the identity of the chelator
or the metal ion, all of the equilibrium dissociation constants
given in Table 1 were obtained from hyperbolic binding
curves that represented the single, one-site homogeneous
binding model.

Homotropic PositiVe CooperatiVity. When aminobenzyl-
DTPA was substituted for DTPA or CHX-DTPA in
equilibrium binding studies conducted on the KinExA,
certain combinations of chelators and metal ions produced
binding curves that indicated a high degree of homotropic
positive cooperativity in the interaction of the metal-chelator
complex with the antibody. The equilibrium binding data
shown in Figure 4A were obtained when intact 5B2 was
incubated with limiting concentrations of aminobenzyl-
DTPA in the presence of 100 mM Ca(II). The excess
concentration of Ca(II) ensured that the chelator would be
present as the corresponding complex with Ca(II); control
experiments demonstrated that 100 mM Ca(II) had no
apparent effect on the interaction of the soluble 5B2 with
the immobilized capture reagent used to quantify the extent

FIGURE 3: Homogeneous binding of chelator-metal ion complexes
to intact 5B2 (A) and its Fab fragment (B). Panel A, concentration
dependence of the binding of DTPA to intact 5B2 in the presence
(triangles) and absence (circles) of 20µM Pb(II). Panel B,
concentration dependence of the binding of DTPA to the Fab of
5B2 in the presence of 20µM Pb(II). Each determination was
performed in duplicate. The hyperbolic curves drawn through the
data points were generated using eq 1 in the text and the values
for the corresponding equilibrium dissociation constants shown in
Table 1.

Table 1: Homogeneous Binding of Chelators and Metal-Chelate
Complexes to Intact 5B2 and Its Fab Fragment

protein chelator metal ion

equilibrium
dissociation

constanta (M)

intact 5B2 DTPA metal-free 1.9( 0.3× 10-6

Pb(II)b 3.9( 0.7× 10-7

Ca(II)c 1.1( 0.1× 10-6

Sr(II)d 1.6( 0.3× 10-6

In(III) e 5.6( 1.1× 10-7

CHX-DTPA metal-free 6.1( 1.4× 10-6

Pb(II)b 2.3( 0.5× 10-7

Ca(II)c 3.9( 0.4× 10-6

Sr(II)f 4.1( 0.5× 10-6

BSA-benzyl-DTPA Pb(II) 1.4( 0.4× 10-9g

Fab of 5B2 DTPA Pb(II)b 2.6( 0.7× 10-6

CHX-DTPA Pb(II)b 2.0( 0.3× 10-6

BSA-benzyl-DTPA Pb(II) 5.9( 1.0× 10-10g

a Equilibrium dissociation constants are shown with their 95%
confidence intervals. The structures of the chelators are shown in Figure
2. b [Pb(II)] ) 20 µM. c [Ca(II)] ) 40 µM. d [Sr(II)] ) 40 µM.
e Equimolar concentrations of In(III) and DTPA up to 40µM each.
f [Sr(II)] ) 125 µM. g Expressed as concentration of BSA.
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of binding in solution. The parameters for the sigmoidal
curve drawn through the data points in Figure 4A were
obtained from a nonlinear regression fit of the data to the
following equation:

wheren (the Hill coefficient) is a number greater than 1.0
andK0.5 is the concentration of aminobenzyl-DTPA-Ca(II)
that resulted in occupancy of half of the available antibody
binding sites. Values of 2.8× 10-7 M and 4.6 forK0.5 and
n, respectively, produced the best fit of the regression line
to the data in Figure 4A.

Identical binding studies were conducted with the mono-
valent Fab fragment derived from proteolytic cleavage of
the intact 5B2. The equilibrium binding data shown in Figure
4B were obtained when the Fab fragment of 5B2 was
incubated with aminobenzyl-DTPA-Ca(II). As was the case
with the intact antibody, control experiments showed that
100 mM Ca(II) did not influence binding and capture of the
Fab fragment by the immobilized antigen. A nonlinear

regression fit of these data to eq 2 yielded values forK0.5

andn of 8.9 × 10-6 M and 4.5, respectively.
It was evident that the sigmoidal binding curves presented

in Figure 4 had to arise from some property exhibited by
the proteins, not from some complex interplay of equilibria
among free and complexed metal ions and chelators. The
large excess of calcium ions employed in both experiments,
100 mM, ensured that the two principal small molecule
species in solution were free calcium ions (which themselves
had no detectable ability to occupy the antigen binding sites
on either the intact or the fragmented antibody) and the
aminobenzyl-DTPA-Ca(II) complex. Calculations using
the relevant stability constant (22) revealed that the concen-
tration of metal-free aminobenzyl-DTPA never exceeded
1.0 and 50 pM in Figure 4A,B, respectively. The latter value
was still only 2.5% of that of the total concentration of Fab
fragment in the experiments represented in Figure 4B, so
metal-free chelator was never present in concentrations that
could appreciably influence the antibody or its fragment.
Further, if the sigmoidal features of the binding curves in
Figure 4 were due to equilibria among the small molecules
alone, one would not anticipate the 30-fold difference in the
values ofK0.5 observed with the intact 5B2 and its Fab
fragment.

Further evidence that the sigmoidal binding curves pre-
sented in Figure 4 had to arise from some property exhibited
by the proteins came from equilibrium binding studies using
just the metal-free aminobenzyl-DTPA. Sigmoidal binding
curves similar to those shown in Figure 4 were also obtained
when intact 5B2 and its Fab fragment were incubated with
metal-free aminobenzyl-DTPA in the absence of any
additional metal ions (primary data not shown). Analogous
fits of these data to eq 2 yielded the values forK0.5 and n
summarized in Table 2 for the two proteins and metal-free
aminobenzyl-DTPA.

Analogous sigmoidal binding curves were obtained when
either intact 5B2 or its Fab fragment was incubated with
either aminobenzyl-DTPA-Sr(II) or aminobenzyl-DTPA-
Ba(II) (primary data not shown). Values forK0.5 and n
obtained from the corresponding fits of these data to eq 2
are also summarized in Table 2.

The apparent Hill coefficients for the four sigmoidal
binding curves obtained with the intact antibody varied from
2.3 to 6.5, while the values ofK0.5 obtained with each of the

FIGURE 4: Homotropic positive cooperativity in the binding of
aminobenzyl-DTPA-Ca(II) to intact 5B2 (A) and its Fab fragment
(B). DTPA at the concentrations shown on thex-axis was varied
while holding Ca(II) at 100 mM in all experiments. Each deter-
mination was performed in duplicate; in many cases the error in
the data was less than the diameter of the plotted points. The data
were fit to the Hill equation (eq 2 in the text) and parameters for
the sigmoidal curves drawn through the data points were determined
by nonlinear regression analyses.K0.5 is the concentration of
aminobenzyl-DTPA-Ca(II) that resulted in occupancy of half of
the available antibody binding sites andn represents the Hill
coefficient determined for each curve.

fraction of occupied binding sites)
[L] n

[L] n + [K0.5]
n

(2)

Table 2: Homotropic Positive Cooperativity in the Binding of
Aminobenzyl-DTPA and Its Alkaline Earth Complexes to Intact
5B2 and Its Fab Fragment

protein
aminobenzyl-DTPA

complex K0.5, Ma
Hill

coefficienta

intact 5B2 metal-free 3.2( 0.1× 10-7 6.5( 0.6
Ca(II)b 2.8( 0.1× 10-7 4.6( 0.3
Sr(II)b 3.4( 0.2× 10-7 2.3( 0.2
Ba(II)b 3.8( 0.1× 10-7 6.1( 0.3

Fab of 5B2 metal-free 8.0( 0.2× 10-6 4.5( 0.4
Ca(II)b 8.9( 0.2× 10-6 2.7( 0.2
Sr(II)b 1.1( 0.1× 10-5 3.0( 0.1
Ba(II)b 1.1( 0.1× 10-5 2.6( 0.2

a Values forK0.5 and the Hill coefficient are shown with their 95%
confidence intervals. Each pair of values represents the results of
duplicate binding studies that utilized 12 different concentrations of
soluble ligand.b The concentration of each alkaline earth, when present,
was 100 mM in all experiments.
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three aminobenzyl-DTPA-alkaline earth complexes varied
by less than 20% from that obtained with the metal-free
chelator. Although the values of the apparent Hill coefficients
obtained with the Fab were generally less than the corre-
sponding values obtained using intact 5B2, they nonetheless
ranged from 2.6 to 4.5, values considerably greater than the
value of one anticipated for the monovalent Fab. Like the
intact 5B2, the values ofK0.5 obtained with the Fab and each
of the three aminobenzyl-DTPA-alkaline earth complexes
varied by less than 30% from that obtained with the metal-
free chelator, although the concentration of soluble ligand
required to achieve half-maximal saturation with the Fab was
approximately 30-fold higher than that required with the
intact 5B2.

While strong homotropic positive cooperativity was ob-
served with aminobenzyl-DTPA in the presence of each of
the three alkaline earth metals, it should be noted that the
concentrations that corresponded to half-maximal binding
observed with either intact 5B2 or its Fab did not vary
significantly among the metal-free chelator and its alkaline
earth complexes. Similarly, the equilibrium dissociation
constants obtained with 5B2 and selected alkaline earth
complexes of DTPA and CHX-DTPA were little different
from those obtained with the corresponding metal-free
chelators (Table 1). If the relatively weak associations of
DTPA and its derivatives with the individual alkaline earth
metals are assumed to be in rapid equilibrium relative to the
interactions with the protein, then there is no conclusive
evidence that chelator-alkaline earth complexes actually
bind to 5B2; all of the relevant observations reported herein
could be accommodated by a model where only the metal-
free chelator in rapid equilibrium with the corresponding
alkaline earth complex was capable of binding to the
antibody.

Heterotrophic PositiVe CooperatiVity. Equilibrium binding
studies conducted with 5B2, aminobenzyl-DTPA, and ionic
lead provided evidence for heterotropic positive cooperativity
when it was observed that the metal-free chelator promoted
the binding of the chelator-Pb(II) complex to the antibody.
The data shown in Figure 5A,B were obtained when intact
5B2 was incubated with limiting chelator in the presence of
excess Pb(II) and with limiting Pb(II) in the presence of
excess chelator, respectively. The concentration of excess
Pb(II) employed in the binding experiments represented in
Figure 5A, 100µM, was sufficient to ensure that the limiting
aminobenzyl-DTPA was present as the corresponding
complex with Pb(II); based on the relevant stability constant
(22) the concentration of metal-free aminobenzyl-DTPA in
these experiments could not have exceeded 1.0 fM. In the
absence of the chelator, 100µM Pb(II) had no effect on the
binding of soluble 5B2 to the immobilized capture reagent.
Similarly, the concentration of excess aminobenzyl-DTPA
employed in the binding experiments represented in Figure
5B, 200 nM, was sufficient to ensure that the limiting Pb(II)
was present as the corresponding complex with the chelator;
in these experiments, the concentration of chelator-free Pb(II)
could not have exceeded 0.5 pM, a value well below that of
the intact antibody present in the experiment (0.53 nM).
However, since the metal-free chelator was also an inhibitory
ligand for the antibody (see above), care was taken to choose
a constant concentration of excess aminobenzyl-DTPA for
these studies that only inhibited the binding of the intact 5B2

to the immobilized capture reagent by roughly 10% (corre-
sponding to the beginning of the steep portion of the
sigmoidal binding curve for the metal-free chelator to the
antibody, data not shown). In either case, parameters for the
hyperbolic curves drawn through the data points in Figure
5A,B were obtained from nonlinear regression fits of the
data to eq 1. It was evident that the presence of excess metal-
free aminobenzyl-DTPA increased the affinity of the intact
5B2 for aminobenzyl-DTPA-Pb(II) by about 6.6-fold.

Similar results were obtained when the experiments
described above were conducted on intact 5B2 with In(III)
as a substitute for Pb(II); the results are summarized in Table
3. When 5B2 was incubated with limiting concentrations of
aminobenzyl-DTPA in the presence of excess In(III), the
resulting hyperbolic binding curve yielded an apparent
equilibrium dissociation constant of 7.9× 10-8 M for the
binding of aminobenzyl-DTPA-In(III) to intact 5B2 (pri-
mary data not shown). The converse experiment, incubation
of intact 5B2 with limiting concentrations of In(III) in the
presence of 200 nM aminobenzyl-DTPA, produced a
hyperbolic binding curve with an apparent equilibrium
dissociation constant of 1.2× 10-8 M. Even though the
In(III) complex of aminobenzyl-DTPA bound with ap-
proximately 11-fold lower affinity to intact 5B2 than did the
corresponding Pb(II) complex, the metal-free chelator ap-
peared to promote the binding of either of the metal-chelator

FIGURE 5: Heterotropic positive cooperativity in the binding of
aminobenzyl-DTPA and its Pb(II) complex to intact 5B2. (A)
Concentration dependence of the binding of aminobenzyl-DTPA
to 5B2 in the presence of 100µM Pb(II). (B) Concentration
dependence of the binding of Pb(II) to 5B2 in the presence of 200
nM aminobenzyl-DTPA. Each determination was performed in
duplicate. The hyperbolic curves drawn through the data points were
generated using eq 1 in the text and values for the corresponding
equilibrium dissociation constants (Kd) as shown in figure and in
Table 3.
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complexes to the antibody to about the same extent, 6.6-
fold.

Further evidence for heterotropic positive cooperativity
was obtained when analogous binding studies were con-
ducted with the Fab fragment of 5B2; the results are also
summarized in Table 3. The binding of aminobenzyl-
DTPA-Pb(II) to the Fab in the presence of excess Pb(II) or
excess metal-free aminobenzyl-DTPA produced binding
curves characterized by equilibrium dissociation constants
of 1.8 × 10-7 and 3.3× 10-8 M, respectively. Similarly,
the binding of aminobenzyl-DTPA-In(III) to the Fab in
the presence of excess In(III) or excess metal-free amino-
benzyl-DTPA produced binding curves characterized by
equilibrium dissociation constants of 2.2× 10-7 and 5.5×
10-8 M, respectively. Even though the Fab exhibited lower
affinity and specificity for the complexes of aminobenzyl-
DTPA with Pb(II) and In(III) than did the intact 5B2, the
Fab nonetheless showed the same metal-free chelator-
dependent stimulation of the binding of each metal-chelator
complex to the protein.

Homotropic NegatiVe CooperatiVity. When equilibrium
binding studies were conducted with 5B2, aminobenzyl-
DTPA, and either Hg(II) or Cd(II), the resulting binding
curves indicated a high degree of homotropic negative
cooperativity in the interactions of the metal-chelator
complex with the antibody. The equilibrium binding data
shown in Figure 6A were obtained when intact 5B2 was
incubated with limiting concentrations of aminobenzyl-
DTPA in the presence of 50µM Hg(II). Control experiments
indicated that 50µM Hg(II) had no apparent effect on the
interaction of the soluble 5B2 with the immobilized capture
reagent used to quantify the extent of binding in solution. It
is clear from the data in Figure 6A that the affinity of intact
5B2 for aminobenzyl-DTPA-Hg(II) appeared to decrease
as the fractional occupancy of the antibody’s binding sites
increased. The parameters for the biphasic curve drawn
through the data points in Figure 6A were obtained from a
nonlinear regression fit of the data to the following equation
(27, 28):

whereK1 is the apparent equilibrium dissociation constant
for binding of the first antigen to the antibody with both
binding sites unoccupied, andâ, a measure of the degree of

homotrophic negative cooperativity, is equal toK2/K1, where
K2 is the apparent equilibrium dissociation constant for
binding of the second antigen to the antibody with one
occupied binding site. Values of 3.1× 10-7 M and 11 for
K1 andâ, respectively, produced the best fit of the regression
line to the data in Figure 6A. A similar biphasic binding
curve was obtained when 500µM Cd(II) was substituted
for Hg(II) (primary data not shown). The characteristics of
the biphasic curves obtained with both metal-chelator
complexes are summarized in Table 4. The values of the
high and low affinity dissociation constants obtained for the
binding of aminobenzyl-DTPA-Cd(II) to the intact 5B2

Table 3: Heterotropic Positive Cooperativity in the Binding of the Pb(II) and In(III) Complexes of Aminobenzyl-DTPA with Intact 5B2 and Its
Fab Fragment

protein varied, limiting liganda constant, excess liganda apparentKd
b,M

intact 5B2 aminobenzyl-DTPA Pb(II)c 6.3( 0.3× 10-9

Pb(II) aminobenzyl-DTPAd 9.5( 0.7× 10-10

aminobenzyl-DTPA In(III)e 7.9( 0.5× 10-8

In(III) aminobenzyl-DTPAd 1.2( 0.1× 10-8

Fab of 5B2 aminobenzyl-DTPA Pb(II)c 1.8( 0.1× 10-7

Pb(II) aminobenzyl-DTPAf 3.3( 0.2× 10-8

aminobenzyl-DTPA In(III)e 2.2( 0.1× 10-7

In(III) aminobenzyl-DTPAf 5.5( 0.3× 10-8

a Each binding experiment was conducted in the presence of an excess, constant concentration of the ligand indicated.b Each value represents
the results of duplicate binding studies that utilized 12 different concentrations of the varied ligand.c [Pb(II)] ) 100 µM. d [aminobenzyl-DTPA]
) 200 nM. e [In(III)] ) 2.5 µM. f [aminobenzyl-DTPA]) 2.0 µM.

fraction of occupied binding sites)
âK1[L] + [L] 2

âK1
2 ) 2âK1[L] + [L] 2

(3)

FIGURE 6: Homotropic negative cooperativity in the binding of
aminobenzyl-DTPA-Hg(II) to intact 5B2 (A) and its Fab fragment
(B). Aminobenzyl-DTPA at the concentrations shown on the
x-axes was varied while holding the concentration of Hg(II) at 50
and 200µM in experiments A and B, respectively. Each determi-
nation was performed in duplicate. The biphasic curves drawn
through the data points were generated using eq 3 in the text and
the values for the relevant constants shown in Table 4.
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were approximately 1.7-fold higher than the corresponding
values obtained in the presence of aminobenzyl-DTPA-
Hg(II); otherwise, the characteristics of the two binding
curves were the same.

Analogous results were obtained when the Fab of 5B2 was
incubated with limiting concentrations of aminobenzyl-
DTPA in the presence of 200µM Hg(II). The resulting
binding curve is presented in Figure 6B. The values of the
apparent dissociation constants for the high and low affinity
phases increased in the Fab by 2.6- and 10-fold, respectively,
compared to those in the intact 5B2; otherwise, the charac-
teristics of the two curves were the same. The biphasic
binding curve obtained when the same Fab fragment was
incubated with aminobenzyl-DTPA in the presence of
excess Cd(II) was very similar to the corresponding data
obtained with the intact 5B2 (Table 4). Aminobenzyl-
DTPA-Hg(II) produced stronger homotropic negative co-
operativity with the Fab than did aminobenzyl-DTPA-
Cd(II); the values of for the two phases obtained with the
aminobenzyl-DTPA complexes of Hg(II) and Cd(II) were
41 and 19, respectively.

Heterotropic NegatiVe CooperatiVity. Since it is very
difficult to distinguish between homotropic negative coop-
erativity and simple heterogeneous binding due to functional
or structural differences among the antibody proteins in
solution, further equilibrium binding studies were conducted
to determine whether heterotropic negative cooperativity was
exhibited by 5B2 or its Fab. The results of these experiments
performed with the Fab are shown in Figure 7. Figure 7A
shows the binding curves for additional aminobenzyl-
DTPA-Hg(II) after the available binding sites on the Fab
were half-saturated with either aminobenzyl-DTPA-Hg(II)
or aminobenzyl-DTPA-Cd(II). If the apparent homotropic
negative cooperativity described above were simply the result
of heterogeneity in the population of Fab fragments, then
one would expect the two low affinity binding curves in
Figure 7A to be identical, since the identity of the ligand
used to fill the high affinity sites would have no influence
on the behavior of the independent low affinity sites. Instead,
the identity of the ligand used to fill the high affinity sites
on the Fab had a clear influence on the apparent dissociation
constant of the low affinity interaction between the remaining
binding sites and the soluble aminobenzyl-DTPA-Hg(II)
complex. The affinity of the Fab for additional aminobenzyl-
DTPA-Hg(II) was higher when aminobenzyl-DTPA-

Cd(II) was used to half-saturate the Fab rather than the
corresponding complex with Hg(II).

The same conclusions were drawn when the low affinity
ligand was aminobenzyl-DTPA-Cd(II), as illustrated in
Figure 7B. Figure 7B shows the binding curves for additional
aminobenzyl-DTPA-Cd(II) after the available binding sites
on the Fab were half-saturated with either the Cd(II) or Hg(II)
complexes of aminobenzyl-DTPA. Once again, the identity
of the ligand used to fill the high affinity sites on the Fab
had a clear influence on the apparent dissociation constant
of the low affinity interaction between the remaining binding
sites and the soluble aminobenzyl-DTPA-Cd(II) complex.
The affinity of the Fab for additional aminobenzyl-DTPA-
Cd(II) was also higher when aminobenzyl-DTPA-Cd(II)
was used to half-saturate the Fab rather than the correspond-
ing complex with Hg(II). Both the homotropic and the

Table 4: Homotropic Negative Cooperativity in the Binding of the
Hg(II) and Cd(II) Complexes of Aminobenzyl-DTPA with Intact
5B2 and Its Fab Fragment

protein

metal ion
complexed with

aminobenzyl-DTPAa

apparent
K1 of first
phaseb, M

value
of âb

intact 5B2 Hg(II)c 3.1( 0.3× 10-7 11 ( 1
Cd(II)d 5.3( 0.6× 10-7 10 ( 1

Fab of 5B2 Hg(II)e 8.1( 0.9× 10-7 41 ( 3
Cd(II)d 4.1( 0.7× 10-7 19 ( 3

a Each binding experiment was conducted in the presence of an
excess concentration of the metal ion.b Values for K1 and â were
obtained from nonlinear regression analyses of the data in each set to
eq 3 in the text. Each set of two values represents the results of duplicate
binding studies that utilized from 12 to 17 different concentrations of
the limiting ligand, the aminobenzyl-DTPA.c [Hg(II)] ) 50 µM.
d [Cd(II)] ) 500 µM. e [Hg(II)] ) 200 µM.

FIGURE 7: Heterotropic negative cooperativity in the binding of
the aminobenzyl-DTPA complexes of Hg(II) (A) and Cd(II) (B)
to the Fab fragment of 5B2. (A) Binding of additional amino-
benzyl-DTPA-Hg(II) in the presence of 5.0µM aminobenzyl-
DTPA-Hg(II) (circles) or 2.0µM Cd(II) (triangles). (B) Binding
of additional aminobenzyl-DTPA-Cd(II) in the presence of 5.0
µM aminobenzyl-DTPA-Hg(II) (circles) or 2.0 µM Cd(II)
(triangles). Each determination was performed in duplicate. The
biphasic curves were generated as described in the legend to Figure
6. The experimental data points were omitted from the high affinity
portions of the curves in both panels for clarity of presentation.
The hyperbolic curves drawn through the low affinity binding data
determined with aminobenzyl-DTPA-Hg(II) in the presence of
aminobenzyl-DTPA-Cd(II) in A or with aminobenzyl-DTPA-
Cd(II) in the presence of aminobenzyl-DTPA-Hg(II) in B were
generated using values for the corresponding equilibrium dissocia-
tion constants of 17 and 32µM, respectively.
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heterotropic results were consistent, in that half-saturation
with the Hg(II) complex exerted a stronger negative influence
on the subsequent Fab binding reactions than did half-
saturation with the Cd(II) complex. This would not occur in
simple heterogeneous binding.

The intact 5B2 was subjected to N-terminal sequence
analysis to provide ancillary structural data on the degree of
homogeneity of the purified antibody preparation. The first
25 residues of the heavy chain, EVQLQQSGAELLKPGAS-
VKLSCTTS, yielded single peaks with very strong, un-
equivocal signals (with the exception of the conserved C,
residue number 22); a heterogeneous protein would not have
provided such data. A blocked amino terminal in the light
chain precluded sequencing of this subunit.

DISCUSSION

An immediate concern in the interpretation of the complex
binding behavior described above is the fact that the soluble
antigen, a chelator-metal complex, can undergo dissociation
to yield the corresponding free metal ion and free chelator,
either or both of which can also bind to the antigen site on
the antibody. This situation is analogous to many studies
conducted over the last 30-plus years on the mechanism of
action of enzymes that transform polyvalent anions (like ATP
or ADP) and require divalent cations (like Mg(II) or Mn(II))
for activity (29, 30). Further complications arise in these latter
studies when (i) more than one metal-complexed substrate
is involved in the reaction and each substrate has a different
affinity for the metal ion, and (ii) the equilibrium dissociation
constants for the substrate-metal complexes are of the same
order of magnitude as the concentrations of total substrate
and metal ion employed in the study. One can reach
definitive conclusions about the mechanism(s) of binding
under these difficult conditions only if (i) one carefully
recalculates the concentrations of each complexed and free
species whenever the concentration of a single reagent is
changed, and (ii) different solutions in a series of equilibrium
or kinetic experiments are carefully crafted to rigorously
maintain the constant concentration of one of the compo-
nents, such as free, uncomplexed metal ion (29, 30). This
was precisely the approach employed previously by our
laboratories (15), where the apparent positive cooperativity
observed with antibody 2C12 in the presence of CHX-
DTPA and Pb(II) was traced to the bimolecular association
of equal concentrations of the chelator and the Pb(II) to form
the complex actually recognized by the antibody, not to some
binding-dependent conformation change in the antibody.

In the present case, the extraordinary effects described
above must be attributed to the binding properties of the
antibody itself, not to some complex interplay of equilibria
among free and complexed metal ions and chelators. The
combination of the relatively high affinity of the chelator
for the metal ion coupled with the relatively low affinity of
the 5B2 antibody and its Fab fragment for the chelator or
chelator-metal ion complex served to greatly simplify the
experimental design. All of the equilibrium binding studies
presented herein were conducted under conditions in which
there were only two small ligand reagents present in
concentrations equal to or in excess of that of the antibody:
the chelator-metal ion complex of choice; and an excess of
either the metal-free chelator or the chelator-free metal.

Control experiments indicated that chelator-free metal ions
(when the total chelator concentration was limiting) or metal-
free chelators (when the total concentration of metal ions
was limiting) at excess high concentrations had undetectable
or insignificant effects, respectively, on the direct occupation
of the antigen binding site.

Any attempt to rationalize the complex binding behavior
observed for 5B2 and its Fab fragment must account for both
the complexity and the apparent multiplicity of binding of
aminobenzyl-DTPA and its various metal ion complexes.
Three general features of protein structure seem particularly
favorable for the appearance of complex interligand effects
such as those described herein. First, proteins are polyelec-
trolytes, and their properties are critically dependent upon
the ionic strength and specific ion composition of the solvent,
particularly the concentration of hydrogen ions. Proteins
cannot be found in solution free from counterions. Amino-
benzyl-DTPA and its metal ion complexes comprise highly
charged, hydrophilic species that, in addition to interacting
with the antigen binding site in this case, can also serve as
counterions at a variety of polar sites on the surface of the
globular antibody exposed to solvent. These considerations
could readily account for the binding of multiple highly
charged DTPA species to antibody 5B2 or its Fab fragment.

Second, the compact globular structure present in antibod-
ies provides a core region of relatively low polarizability
out of contact with the solvent. Binding of two or more
highly charged ions will result in much stronger electrostatic
interactions through the core of the protein than when the
same ions are free in solution in a highly polar solvent like
water. Similar remarks apply to the interactions between a
bound, charged ligand and charged or polarizable groups on
the protein involved in the binding of a second charged (or
even uncharged) ligand. It is evident that the binding of
multiple charged ligands to a globular protein could result
in a very complex pattern of interactions among the bound
ligands and their respective sites on the protein.

Third, proteins maintain secondary, tertiary, and quaternary
structure by virtue of a large number of independent, or
nearly independent, short-range small energy interactions.
As a result, the addition of a bound ligand must always
produce some changes in the energetic balance of its
immediate surroundings. Consequently, one could argue that
we never deal with the binding of a single charged ligand to
a protein, but that simultaneous, interacting equilibria are
the rule when proteins and charged ligands are considered.
Indeed, recent structural studies on Fab fragments directed
against a variety of charged antigens have revealed that
significant conformation changes can occur within the Fab
as a consequence of antigen binding (31-34). Similarly,
other studies using intact monoclonal antibodies directed
against fluorescein and lysozyme have revealed that second-
ary interactions external to the antibody active site can affect
ligand binding efficiency, protein dynamics, and variable
domain conformation (35-41).

Since many cases of polyvalent, multiple ligand binding
to proteins are known, conditions for the appearance of
effects such as those reported here must be present in many
compact globular proteins under the right circumstances. The
observations reported over a quarter century ago by Weber
and associates (27, 42) in their elegant studies on the binding
of multiple organic anions by BSA are a good example. The
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binding of 1-anilinonaphthalene-8-sulfonate (ANS) by mono-
meric BSA was studied by equilibrium dialysis and fluo-
rescence enhancement measurements in the presence and
absence 3,5-dihydroxybenzoate (DHB). Binding of the DHB
to the multiple (g 11) low affinity anion binding sites on
surface of the BSA induced positive cooperativity among
the molecules of ANS that bound to the four high affinity
sites, while concomitantly lowering the overall affinity of
BSA for ANS. The same effects were not observed when
inorganic anions were substituted for DHB, so even the low
affinity sites on the BSA exercised some degree of specific-
ity. We hypothesize that the complex anion binding proper-
ties exhibited by 5B2 arise from the same phenomenon, the
binding of aminobenzyl-DTPA and its derivatives to not
only the antigen binding site, but also to multiple charged
sites on the surface of the compact, folded immuno-
globulin. Further, we hypothesize that the bound ligands
interact in a complicated fashion through the apolar core of
the antibody.

The simple illustration presented in Figure 8 summarizes
the arguments developed above to rationalize the remarkable
binding properties of 5B2 and its Fab. The Fab fragment of
the antibody is depicted by two pairs of two linked ovals,
each oval representing a domain in the constant or variable
portion of the light or heavy chain, as shown. The traditional
antigen binding site is depicted by the short loops extending
from the variable portions of the light and heavy chains. As
indicated in the drawing, the antigen binding site should be
capable of binding all of the soluble ligands investigated
herein. A number of potential anion binding sites are depicted
on the external surface of the Fab that are spatially separated
from the antigen binding site. The location and number of
anion binding sites shown in the drawing are arbitrary; the
illustration is simply meant to convey that many organic
anion binding sites are possible on the Fab (recall that BSA
possessesg 11 such sites). Charged organic ligands bound
to the external sites are hypothesized to interact with each
other and the antigen binding site through the apolar core of
the proteins to create the complex binding characteristics
reported herein. Only the Fab fragment of 5B2 is depicted
in Figure 8 because the Fab exhibited the same rich variety
of allosteric binding behavior as did the intact antibody.

In summary, antibodies are proteins. Individual proteins
can exhibit a wide variety of allosteric binding phenomena
in the presence of appropriate binding partners and solution
conditions. Therefore, it is not particularly surprising that

antibody 5B2 displayed the complex allosteric binding
characteristics described above. What is perhaps more
surprising is that analogous allosteric binding behavior has
not been widely reported for other antibodies that bind highly
charged ligands.
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