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ABSTRACT. Detailed equilibrium binding studies were conducted on a monoclonal antibody (8A11) directed
against UG*" complexed with 2,9-dicarboxy-1,10-phenanthroline (BQRO,**). Covalent modification

of 8A11 with amine-reactive derivatives of Cy5 or Alexa 488 altered the binding curves obtained with
DCP-UO,?** from hyperbolic to sigmoidal, the latter characterized by Hill coefficients of-1.6. Binding

curves obtained with DCPUO»?* and the bivalent (Fabpr the monovalent Fab fragments derived from
limited proteolysis of the covalently modified 8A11 were characterized by Hill coefficients of 1.2 and
1.0, respectively. Incubation of 8A11 with saturating concentrations of the Fab fragments of goat antibodies
directed against the Fc portion of mouse IgG increased the affinity of the native 8A11 for DO£"™

by 3-fold. Conversely, incubation of the 8A1Ty5 covalent conjugate with saturating concentrations of
protein G (which likewise binds to the constant regions of mouse IgG) decreased the affinity of the primary
antibody for DCP-UO2%" by 4-fold. In addition, the binding curves obtained with 8 A1y5 and DCP-

U0 species changed from sigmoidal to hyperbolic at high concentrations of protein G. The presence
of the antigen had a reciprocal effect on the binding of protein G to the 8&Y5 conjugate; incubation

of the 8A11-Cy5 conjugate with saturating concentrations of DQFD,2+ decreased the affinity of the
conjugate for protein G by 20-fold. These complex binding data were interpreted in terms of a free energy
binding model in which (i) 2 mol of DCPUO,?" and 1 mol of protein G bind to each mole of the
8A11—-Cy5 conjugate, (ii) binding of the first equivalent of DEBPO?" to the antibody promotes the
binding of the second equivalent of antigen in the absence of protein G, and (iir DO+ and protein

G oppose each other’s binding to the antibody. This is the first detailed description of the energetic balance
of reciprocal binding events among the antigen binding sites and distant points on the constant portion of
an immunoglobulin.

An earlier report from our laboratories described the In contrast to the unexpected binding behavior exhibited
extraordinary allosteric binding properties of a monoclonal by 5B2, all of the monoclonal antibodies directed toward
antibody directed toward an epitope comprised of Pb(ll) chelated metal ions described previously appeared to bind
complexed with a protein conjugate of a common metal ion their antigens or analogs thereof with the usual hyperbolic
chelator ). In the presence of certain combinations of concentration dependence, where the two antigen binding
chelators and metal ions, this antibody, designated as 5B2 sites behave identically and independen®y {5). The most
exhibited homotropic allosteric binding behavior, where the recent of these reports described the isolation and functional
binding of the first equivalent of antigen to the divalent characterization of three monoclonal antibodies directed
antibody increased the affinity for the antigen at the toward chelated uranium(VI)16). Each of these three
remaining unoccupied antigen binding site. In the presenceantibodies, including one designated as 8A11, bound chelated
of other combinations of chelators and metal ions, 5B2 uranyl ions with a normal, hyperbolic concentration depen-
exhibited heterotropic allosteric binding behavior, where the dence and an affinity for the antigen in the low nanomolar
binding of a small molecule to an additional binding site on to midnanomolar range.
the antibody other than the antigen binding site served t0  Ag part of an ongoing effort to develop immunoassays
alter the affinity of the antibody for antigen. To our for chelated uranium on both a portable and an in-line flow
knowledge, this was the first detailed description of complex fjyqrimeter, antibody 8A11 was fluorescently labeled using
allosteric binding behavior in a purified monoclonal antibody. g gifferent strategies. When 8A11 was covalently coupled
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uranium appeared to increase. Proteolytic cleavage of thedicarboxymethylester-, 2,9-dihydroxymethyl-, and 2,9-
fluorescently labeled 8A11 to produce the bivalent (Fab) diphosphonatomethyl-substituted 1,10-phenanthrolines were
fragment yielded an active preparation that bound chelatedavailable from a previous stud{%). Uranyl diacetate (ACS-
uranium with a lower degree of positive cooperativity than grade) was a product of Mallinckrodt Chemical Works (St.
did the intact antibody. Proteolysis of the intact fluorescent Louis, MO). All other chemicals were reagent grade.
antibody to produce the monovalent Fab fragment yielded a The KinExA 3000 flow fluorimeter and polystyrene beads,
preparation that bound chelated uranium with no evidence 98 um average diameter, were purchased from Sapidyne
of positive cooperativity. Instruments, Inc. (Boise, ID).

When 8A11 was incubated with fluorescently labeled Fab  Fluorescent Labeling of 8A1Purified intact 8A11 was
fragments of goat antibodies directed toward the Fc portion covalently modified with either the succinimidyl ester of
of mouse antibodies, the resulting fluorescent protein com- Alexa 488 carboxylic acid or the monofunctiorddhydrox-
plex exhibited a higher affinity for chelated uranium than ysuccinimidyl ester of Cy5 according to the respective
did the native 8Al1l alone. The addition of protein G, a detailed instructions supplied by the manufacturers of each
bacterial protein that also binds to the Fc portion of mouse amine-reactive fluorescent dye. The extent of covalent
antibodies, to Cy5-modified 8A11l produced a protein labeling in each case was estimated by spectrophotometric
complex that exhibited a lower affinity for chelated uranium measurements conducted on pooled fractions of the final
than did the 8A1+Cy5 conjugate alone. This protein protein—dye conjugates after removal of excess unconjugated
G-dependent decrease in the affinity of the 8ATly5 fluorescent dye. The absorption coefficients of Alexa 488,
conjugate for chelated uranium was dose-dependent. Simi-Cy5, and intact mouse IgG were taken to be 71 000 (494
larly, chelated uranium served to decrease the affinity nm), 250 000 (650 nm), and 203 000 (280 nmy\m ™2,
between the 8A11Cy5 conjugate and protein G, also in a respectively. The contribution of each fluorescent dye to the
dose-dependent manner. These reciprocal binding effectsabsorbance at 280 nm in the conjugated product was
between protein G and chelated uranium provided strongsubtracted using absorption coefficients for Alexa 488 and
evidence that binding to the Fc portion of the intact 8A11 Cy5 of 7810 and 12 500 M cm™%, respectively, at 280 nm
could influence the strength of the interactions at the spatially (per the manufacturer’'s data sheets). The dye/protein ratios
distant antigen binding sites, and vice versa. The observationgdetermined in this manner were 3.97 and 0.98 for the 8A11
reported herein provide new insights into a fundamental conjugates with Alexa 488 and Cy5, respectively.
property of antibody functional behavior that appears to have Intact 8A11 or the 8A1%Cy5 conjugate was nonco-
been largely unnoticedLf). valently labeled by incubation for at least 24 h &Clwith

sufficient Zenon 647 reagent to achieve a 3/1 molar ratio of
EXPERIMENTAL PROCEDURES labeled goat Fab to intact mouse antibody.

Materials. Purified 8A11 anti-uranium monoclonal anti- Preparation of Antibody FragmentBroteolytic fragments
body and BSA covalently modified with an isothiocyanate of 8A11 covalently modified with Cy5 were prepared using
derivative of DCP (BSA-DCP) were available from a the ImmunoPure IgGFab and (Fab)Preparation Kit from
previous study 15). The succinimidyl ester of the Alexa Pierce. Briefly, separate samples of the intact antibody were
Fluor 488 carboxylic acid (hereafter termed Alexa 488) and subjected to limited proteolytic cleavage with immobilized
Zenon One Alexa Fluor 647 (hereafter termed Zenon 647) ficin. The activity of the immobilized ficin and the reduction
were purchased from Molecular Probes, Inc. (Eugene, OR).of disulfide bonds in the antibody were purposefully
The Cy5 Mono-Reactive Dye Pack was obtained from controlled by varying the concentration of cysteine activator
Amersham Biosciences Corp. (Piscataway, NJ). Recombinantas described in the manufacturer’s printed instructions. The
protein G that lacked detectable binding to BSA was a progress of each proteolytic digestion was assessed by-SDS
product of Sigma Chemical Co. (St. Louis, MO). The PAGE followed by Western blotting using light chain-
horseradish peroxidase and Cy5 conjugates of affinity- specific antibodies labeled with horseradish peroxidase. The
purified goat anti-mouse (Fabjpecific antibodies were  Fab preparation yielded a single band that migrated at
obtained from Jackson ImmunoResearch Laboratories, Inc.approximately 25000 Da, while the (Fabpreparation
(West Grove, PA). The ImmunoPure IgGab and (Fab) yielded two bands of approximately equal staining intensities
Preparation Kit was purchased from Pierce Biotechnology, around the same mass of 25000 Da (data not shown).
Inc. (Rockford, IL). 2,9-Dicarboxy-1,10-phenanthroline was Undigested IgGand Fc fragments were removed when the
obtained from Alfa-Aesar (Wood Hill, MA). The 2,9- reaction products were passed through a column of im-
mobilized protein G. The final total protein yields recovered

1 Abbreviations: Cy5, indodicarbocyanine dye; DCP, 2,9-dicarboxy- from the preparations of (Fabpnd Fab were 13.9 and
1,10-phenanthroline; DME, 2,9-dicarboxymethyl ester 1,10-phenan- 61.3%, respectively, of the initial protein present in the intact

throline; DHM, 2,9-dihydroxymethyl-1,10-phenanthroline; DPP, 2,9- s : _
diphosphonatomethyl-1,10-phenanthroliine: Hepe@-hydroxyethyl)- IgG;. Both types of purified fragments retained the fluores

piperazineN'-2-ethanesulfonic acid; HBS, Hepes-buffered saline [137 C€nce properties of Cy5. If one arbitrar"){ assume_slthat the
mM NaCl, 3 mM KCl, and 10 mM Hepes (pH 7.4)]; BSA, bovine (Fab) and Fab fragments have absorption coefficients of
serum albumin; SDSPAGE, sodium dodecy! sulfatgpolyacrylamide 135 000 and 68 000 M cm?, respectively [that is, that

gel electrophoresis; Fab, fragment antigen binding (monovalent);(Fab) - - . -
fragment antigen binding (bivalent);, Fragment crystallizable; 8ATL aromatic amino acids are distributed more or less equally

Alexa 488, antibody 8A11 covalently modified with Alexa Fluor 488; among the (Fab)and Fab portions of the immunoglobulin],
8A11-Cy5, antibody 8A11 covalently modified with Cy5; 8AZ1 then the dye/protein ratios for the (Faland Fab fragments

Zenon 647, antibody 8A11 noncovalently modified with Zenon One ; ;
Alexa Fluor 647; 8A1+-Cy5—Zenon 647, antibody 8A11 covalently WeEre qltl—:';e'rmlng.d ctio beS:':,.]c-is ggd ZLISS, respectively. t
modified with Cy5 and noncovalently modified with Zenon One Alexa quiliorium Binding Studies=quilidbrium measurements

Fluor 647. on the binding interactions of antibody 8Al1l and its
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proteolytic fragments were performed using a KinExA 3000 two fluorescent proteolytic fragments contained a total
flow fluorimeter. The KinExA 3000 device is an immunoas- protein concentration of 0.2 nM; in the absence of a soluble
say instrument that exploits an immobilized form of the antigen, this level of labeled protein produced a fluorescence
antigen to separate and quantify the fraction of unoccupied signal of approximately 2.0 V. Equilibrium reaction mixtures
binding sites that remain in reaction mixtures of antibody of 8A11—Zenon 647 or 8A11Cy5—Zenon 647 contained
and antigen. The increased sensitivity of this flow fluorimeter a total 8A11 concentration of 0.1 nM.
compared with those of other instrumental methods for  For experiments that focused on the protein G binding
studying proteir-ligand binding interactions, such as iso- properties of 8A1+Cy5, the immobilized capture reagent
thermal titration calorimetry, permits one to easily study was comprised of uniform polystyrene beads adsorption-
antibody-antigen interactions with equilibrium dissociation  coated with protein G. Polystyrene beads (200 mg) were
constants in the low nanomolar range. Further, the KinEXA incubated with 1.0 mL of 10@g/mL protein G fo 1 h at
assays yield data for binding interactions between soluble 37 °C. The beads were washed twice with 1.0 mL of HBS,
partners in a homogeneous solution, unlike other heteroge-and then any remaining adsorption sites on the beads were
neous methods that quantify binding reactions with an plocked by incubation fiol h at 37°C with BSA (10 mg/
immobilized reaction partne7—19). The general KInEXA  mL in HBS containing 0.03% Na)l The beads were diluted
assay procedures have been described in detail elsewhergto 30 mL of HBS immediately before being used. The
(5, 20, 21). excess BSA was washed away when individual aliquots of
For experiments that focused on the antigen binding the coated beads were packed into the capillary observation
properties of 8A11l and its derivatives, the immobilized cell,
capture reagent was comprised of uniform polystyrene beads Quantification of 8A1+Cy5 or 8Al1-Cy5—Zenon
adsorption-coated with BSA-DCP loaded with BQ Poly- 647 captured and retained by the immobilized protein G
styrene beads (200 mg) were incubated with 1.0 mL of 100 \y45 accomplished by monitoring the fluorescence of the
#g/mL BSA-DCP fa 1 h at 37°C. The beads were washed  |apeled antibody with the Red Filter Set. Equilibrium reac-
twice with 1.0 mL of HBS, and then any remaining {ion mixtures of 8A1+Cy5 or 8A11-Cy5—Zenon 647

adsorption sites on the beads were blocked by incubationgntained a total 8A11 concentration of 0.2 or 0.1 nM
for 1 h at 37°C with BSA (10 mg/mL in HBS containing respectively.

0.03% NaN). Beads were stored in this blocking solution
for up to 2 months at 4C. Immediately before being used, RESULTS
the beads were diluted into 30 mL of HBS amended with
30uM uranyl diacetate to saturate the immobilized DCP with ~ Homogeneousversus Synergistic BindingWhen the
UO.2*. The excess uranyl ions were washed away when monoclonal anti-uranium antibody designated as 8A11 was
individual aliquots of the coated beads were packed into the covalently modified by reaction with amine-reactive deriva-
capillary observation cell. tives of either Cy5 or Alexa 488, the resulting highly
All of the equilibrium measurements described below were fluorescent primary antibody appeared to bind chelated
conducted at 253C in Hepes-buffered saline (HBS), com- uranium in a manner consistent with homotropic positive
prised of 137 mM NacCl, 3.0 mM KCI, and 10 mM Hepes cooperativity. That is, the covalently modified antibody
(PH 7.4). When the soluble antigen consisted of ;2O behaved as though it bound the second molecule of chelated
complexed with DCP, DME, or DHM, all of the binding uranium with higher affinity than it bound the first molecule.
reaction mixtures contained a constant total concentrationThe assay used to discriminate between this type of
of 1.0 uM UO,2* and different limiting concentrations of ~ Synergistic binding and that anticipated for a simple homo-
the chelator. Previous studies have shown that DCP and itsgeneous binding model is illustrated with the data shown in
analogues bound with nanomolar affinity to O(15). The Figure 1.
solution conditions employed in these experiments thus Figure 1A shows representative examples of the time
dictated that more than 99.6% of the soluble chelator was courses for the fluorescence signals when different equilib-
present as the 1/1 complex with . Control experiments  rium reaction mixtures of 8A12Cy5 and DCP-UO" were
indicated that 1.@M UO2?" alone did not inhibit the binding  assayed on the KinExA. The concentration of the fluorescent
of 8Al11 or any of its derivatives to the immobilized antigen. antibody was held constant at 0.2 nM, while the concentration
When the soluble antigen consisted of micromolar concen- of DCP—UO,?" was varied over a wide range. The fluores-
trations of DPP and U@, the chelator and the uranyl ions cence signal from 0 to 50 s (only a small portion of which
were present at equimolar concentrations. is shown in the figure) corresponded to the background signal
Quantification of the 8A11 Alexa 488 conjugate captured generated while buffer alone passed through the packed
and retained on the immobilized antigen was accomplished column of microbeads. The beads coated with immobilized
by monitoring the fluorescence of the Alexa 488 dye with DCP—UO,?" were then exposed to solutions of Cy5-labeled
the Blue Filter Set (part no. 544125) supplied by Sapidyne. 8A11 antibody equilibrated with different concentrations of
Equilibrium reaction mixtures contained a total 8AdAlexa soluble DCP-UO,?" (from 60 to 120 s), followed by a buffer
488 concentration of 0.8 nM; in the absence of a soluble wash to remove any excess unbound antibody (from 120 to
antigen, this level of labeled antibody produced a fluores- 240 s). When the equilibrium mixture contained a saturating
cence signal o#1.5 V with millivolt noise. Quantification concentration of soluble DGRUO,?" (curve e), none of the
of 8A11 labeled with Cy5 or Zenon 647 was accomplished 8A11—Cy5 was available to bind to the immobilized antigen
by monitoring the fluorescence of the respective dyes with on the beads, and the instrument response corresponded to
the Red Filter Set (part no. 544413) supplied by Sapidyne. the fluorescence of BAXHCy5 during its transient passage
Equilibrium reaction mixtures of 8AX1Cy5 or each of the  past the beads in the observation cell. The signal failed to
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Ficure 1: Assay for distinguishing between homogeneous and synergistic binding of chelated uranium to monoclonal antibody 8A11
covalently modified with Cy5. (A) Selected time courses of individual fluorescence responses when beads bearing immobilized DCP
UO2+ were exposed to different equilibrium reaction mixtures of soluble fluorescent antibody andllP . Soluble reagent concentrations

were as follows: 0.2 nM 8A11Cy5 and 0, 0.8, 1.9, 3.4, and 100 nM DEBO,2" in curves a-e, respectively. Each assay was performed

in duplicate. (B) Secondary plot of the cumulative fluorescence in each assay, consisting of the integrals under the time courses over the
interval of 150-240 s, as a function of the concentration of DGFO,2" in the respective reaction mixtures. The hyperbolic curve drawn
through the data points was generated from the one-site, homogeneous binding modelksirid &8 nM. (C) Same binding data as in

panel B. The sigmoidal curve drawn through the data points was generated from a multiple-site, synergistic binding model using values for
Ko.s and the Hill coefficient of 1.7 nM and 1.5, respectively. The insets in panels B and C are residual plots showing the differences among
the experimental data and the theoretical data calculated using the homogeneous and synergistic binding models, respectively. All binding
assays were conducted in duplicate; in many cases, the error in the determinations was less than the diameter of the data points.

return to that of the background, indicating a very slight level tion of soluble DCP-UO,?". The following equation was
of nonspecific binding to the beads of 8A1Cy5 saturated  fit to the data in Figure 1B:

with antigen. When soluble DGRJO,*" was omitted from

the equilibrium mixture (curve a), all of the 8AXLy5 lexp = lo = (lo = L)IXI([X] + Ko (1)
antibody was available to bind to the beads, and the
instrument response from 60 to 120 s was the sum of two
contributions: the fluorescence of the unbound labeled

wherel represents the integral of each curve over the interval
of 160-240 s, the subscripts 0, exp, ard refer to

. ) . " . experimental traces corresponding to an antigen concentration
antibody in the interstitial regions among the beads and thatof zero, an intermediate antigen concentration, and an infinite

of 8A11-Cys that was captured by the immobilized antigen ,tigen concentration, respectively, [X] is the total antigen
on the beads. Binding of 8AXCyS to the immobilized  cqncentration, antos is the concentration of antigen that
antigen was an ongoing process that produced a positiveregyited in occupancy of half of the antibody’s binding sites
slope in this portion of the curve. When excess unbound \yjth antigen. The values df, lex, and [X] were available
8A11-Cy5 was removed from the beads, the signal that from the individual KinExA assays, while the valueslaf
remained was the sum of that from the nonspecifically bound and K, s were obtained from the nonlinear regression fit of
antibody plus that of 8A1+Cy5 specifically captured by  eq 1 to the data. Equation 1 represents a one-site, homoge-
the immobilized antigen on the beads. Equilibrium mixtures neous binding model in which the values of the experimental
that contained soluble DCRJO,?" at concentrations inter-  data decrease hyperbolically to some limiting value as the
mediate between those of zero and saturation thus providedantigen concentration increases. Homogeneous binding is
intermediate instrument responses (curvespfrom which anticipated for an antibodyantigen interaction where the
the concentration of unoccupied (and, by difference, the two antigen binding sites on the antibody behave as though

occupied) antigen binding sites on the anti-uranium antibody they are equal and independent. The curve drawn through
in each mixture could be determined. the data points in Figure 1B was generated using eq 1 and

) ) ) the values forl, and Kgs of 3.2 volt-s and 1.8 nM,
Figure 1B illustrates the approach taken to obtain the respectively.

fraction of unoccupied binding sites in 8ATCy5 as a The ability of eq 1 to accurately describe the equilibrium
function of the total concentration of DGRJIO*". Indi- binding data shown in Figure 1B was ascertained by the
vidual instrument responses were taken from each timeinspection of residual plots such as the one shown in the
course of fluorescence versus time by calculating the integralinset of Figure 1B. The semilogarithmic residual plot shows
under each curve from 160 to 240 s. The value of each the differences among the experimental data and the theoreti-
integral was then plotted as a function of the total concentra- cal curve calculated using eq 1 and valueslfoandKg s as
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Ficure 2: Effect of different amine-reactive fluorophores on the antigen binding behavior of antibody 8A11. (A) Comparison of the
equilibrium binding of DCP-UO,2" to native 8A11 4) and the covalent conjugate of 8A11 with tNehydroxysuccinimidyl ester of Cy5

(®@). The dashed curve was generated from the one-site, homogeneous binding modekysifi&.& nM. The solid curve was generated

from the two-site heterogeneous binding model using valueK @) and K(X/X) of 5.4 and 0.54 nM, respectively. (B) Comparison of the
equilibrium binding of DCP-UO,?* to native 8A11 (- - -) and the covalent conjugate of 8A11 with the succinimidyl ester of Alexa 488
(®). The data points were omitted from the native 8A11 binding curve for clarity of presentation. The solid curve was generated from the
two-site heterogeneous binding model using valueKief) and K(X/X) of 30 and 1.3 nM, respectively.

described above. The fraction of occupied binding sites amine-reactive derivatives of Cy5 or Alexa 488 bound the
observed below 2.0 nM and above 12 nM DAPO,*" was same DCP-UO»?" complexes in a manner consistent with
consistently greater than that predicted theoretically, while the multiple-site, synergistic binding model represented by
the same fraction observed between 2.0 and 12 nM waseq 2. In subsequent experiments, the fraction of occupied
consistently less than that predicted theoretically. The binding sites on the antibody was calculated as the régio (
systematic deviation of long stretches of the experimental — le)/(lc — l), which served to normalize the raw
data from the calculated curve indicated that there was afluorescence data and reduce the mathematical expressions
poor fit of the data to the homogeneous binding model. When for the homogeneous and synergistic binding models to eqgs
the data for underivatized 8A11 were fit to the same 3 and 4, respectively:

homogeneous binding model, this systematic deviation was

not observed 15). Thus, this model did not adequately fit fraction of occupied sites [X]/([X] + Ky  (3)
all of the data obtained with the 8A+LCy5 conjugate, in

spite of the fact that individual deviations were less than fraction of occupied sites [X]/([X]" + K,2) (4)
10%. '

Figure 1C shows the slightly sigmoidal curve obtained
when the following equation was fit to the binding data from
Figure 1B:

whereKj is the equilibrium dissociation constant aikgls is
the concentration of antigen that resulted in occupancy of
half of the antibody’s binding sites with antigen.

0 _ n n n The dashed curves in panels A and B of Figure 2 represent
lexp=lo = (lo = L)IXI/(IX] "+ Kos) 2) the one-site, homogeneous binding of DAFO,2* to native
8A11 with aKy of 5.5 nM (15). The circles and solid curves
in panels A and B of Figure 2 represent the synergistic
binding of DCP-UO?" to 8A11-Cy5 and 8Al1-Alexa
488, respectively. In addition to changing the concentration
dependence of antigen binding from hyperbolic to sigmoidal,
covalent modification of 8A11 with Cy5 also served to

wheren, the Hill coefficient, was a number greater than 1.0
and all other terms were the same as those defined for eq 1
Equation 2 represents a multiple-site, synergistic binding
model anticipated for a divalent antibody that binds its two
antigens with homotropic positive cooperativity. Values for
Kos andn of 1.7 nM and 1.5, respectively, were obtained e . . .
from an iterative nonlinear regression analysis of the binding '"¢"€ase the affinity O_f_ the_ antibody for_|ts antigen. Con-
data according to eq 2. The semilogarithmic plot in the inset verse[y, covalent mod|f|cat|pn of ,8A11 with Alexa} 488 had
of Figure 1C shows the differences among the experimental Ve"Y little effect on the antibody’s average affinity for its
data and the theoretical curve calculated using eq 2 and the?ntigen, although the chemically modified antibody still
values forKos and the Hill coefficient as described above. Pound its antigen in a synergistic manner.
The random dispersion of the experimental data around the While the Hill equation provided an acceptable means of
theoretical line was taken as evidence that eq 2 constitutedscreening the raw fluorescence binding data for evidence of
an acceptable model for the binding of DEBO2" to synergistic binding behavior, further interpretation of the
8A11—-Cy5. binding data was accomplished by adopting the formalism
Residual plots such as those described for the data inintroduced more than a quarter of a century ago by Weber
Figure 1 were constructed and analyzed for every antibody and associates to describe the energetics of multiple-ligand
antigen binding interaction presented herein. binding to proteins Z2—24). The free energy scheme
Binding to a Caealently Modified Antibody.Previous presented in Figure 3 summarizes the possible energetic
studies on the binding of 8A11 and selected congeners ofinteractions between the binding of 2 mol of antigen X to a
DCP in the presence of UZ demonstrated that the native bivalent antibody P. Each horizontal line in Figure 3
antibody bound its soluble antigen in a manner consistentrepresents the sum of the chemical potentials for the various
with the one-site, homogeneous binding model representedantibody and antigen species associated with each line. Each
by eq 1 @5). In contrast, 8A11 covalently modified with  vertical arrow represents the free energy change attendant
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n(P)+2p(X) fraction of sites occupied with X
|aeeo |aee X/ KX) + IXIKOOKXIX)
1+ 2[X)/K(X) + [X]ZKX)K(XIX)

n(L2x)+p(X)

lAG(X)
u(2x)

AG(X/X) where K(X) and K(X/X) equal [P][X]/[PX] and [PX][X]/
J/ AG, [PX;], respectively. Values foK(X) and K(X/X) of 5.4 x
....................... ' (2L 1079 and 5.4x 1071° M, respectively, were obtained from

A B a nonlinear regression fit of eq 5 to the data in Figure 2A.

Substitution of the values of these equilibrium dissociation
FIGURE 3: Schematic free energy diagram for the independent (A) constants into the relationshipG = —RT In(Key) yielded
or synergistic (B) binding of 2 mol of antigen (X) to a bivalent the corresponding values faiG(X) and AG(X/X) of —11.2

antibody (P). The different chemical species possible in the binding 5,4 —12.6 kcal/mol, respectively. The corresponding value

mixture are shown in italics. Each horizontal line represents the - _
overall chemical potential of a particular mixture of free antibody ©f AGxx was calculated as the differenckG(X/X)

(P), free antigen (X), and antibogiantigen complexes (PX and  AG(X), or —1.4 kcal/mol. Values foAG(X), AG(X/X), and
PXy); u(i) represents the chemical potential of ttlespecies. Each AGxx of —10.2,—12.1, and—1.9 kcal/mol, respectively,
vertical arrow represents the free energy change associated withwere determined in a fashion analogous to that for the data
the changes in the chemical potential due to the binding of the i, Figyre 2B. The solid curves drawn through the data points
antigen to the antibody. (A) Homogeneous binding where the in panels A and B of Figure 2 were generated using ed 5
unconditional free energy changesG(X), for the binding of the p g _ gener using €q
first and second equivalents of antigen to the antibody are identical. and the values for the respective equilibrium dissociation
(B) Synergistic binding where the conditional free energy change, constants determined from the nonlinear regression fits.
AG(X/X), for the binding of the second equivalent of antigen to The thermodynamic analyses summarized above were

the antibody is greater (more negative) than the unconditional free . L - . .
energy change for the binding of the first equivalent of antigen to applied to equilibrium binding studies conducted on the eight

the antibody with no bound antigeGx x, the coupling free energy ~ POSsible combinations of four congeners of chelated uranium
change, is the difference between the conditional and unconditionaland two types of covalently modified 8A11 antibodies. Each

free energy changes. combination exhibited equilibrium binding behavior consis-
tent with positive homotropic cooperativity; the binding data
with the conversion of one protein complex into another. optained with all eight antibodyantigen pairs are sum-
Column A in Figure 3 describes a situation in which the marized in Table 1. Equilibrium data obtained previously
bivalent protein binds 2 mol of X with equal affinity in  (15) for the nonsynergistic binding of chelated uranium to
energetically independent events. That is, the binding of a native, unmodified 8A11 are also included in Table 1. In
second equivalent of X is unaffected by the ligand occupancy general, covalent modification of 8A11 created an antibody
at the other binding site for X on the protein. The free energy that (i) bound the first equivalent of antigen with an affinity
change AG(X), that describes the independent binding of within ~2-fold of that of the native 8A11 but (ii) bound the
either equivalent of X to the protein is defined as an second equivalent of antigen with an affinity-20-fold
unconditional free energy of bindin@Z—24). Column B higher than that of the native protein.
in Figure 3 describes a situation in which the binding of the  Table 1S of the Supporting Information summarizes the
first equivalent of X serves to increase the protein’s affinity equilibrium dissociation constants that were obtained from
for the second equivalent of X, constituting a working binding studies conducted with chemically modified 8A11
definition of homotropic positive cooperativity. The quantity and each of three different metal-free chelators. In the
AG(X/X), defined as a conditional free energy of binding, absence of uranium, covalently modified 8A11 bound each
represents the free energy for the binding of X when 1 equiv ©f the metgl—free chelatorsin a sjmple manner consistent with
of X is already bound to the protein. In the case of the one-site, homogeneous binding model; there was no
homotropic positive cooperativity depicted in column B, the €vidence of synergistic antigen binding in any case. Covalent
absolute value oAG(X/X) is greater than that oAG(X). modification of 8A11 with Cy5 or Alexa 488 served to
The quantityAGy x, defined as the coupling free energy, is increase or decrease, respectively, the affinity of the antibody

the difference between the unconditional and the conditional for the metal—free. c_helator relative tc_) the affinity _fqr the same
free energies of binding of X to the proteiGyx will compounds exhibited by the native, unmodified protein

necessarily be a negative value if X binds to P with positive W|th-out. inducing homo-trophlc positive cooper.atlvny.
cooperativity. Blnd|.ng to Proteolytic Fragm.entslt was of interest to
. . determine what effects proteolytic cleavage of the covalently

It is evident that the values oAG(X), AG(X/X), and  modified 8A11 would have on the unexpected observation
AGxx are necessary and sufficient to completely describe that the modified antibody exhibited homotropic positive
the energetics of the binding of 2 mol of antigen to 1 mol of copperativity in its binding interactions with chelated uranium
antibody, regardless of the nature of the interaction be- complexes. Accordingly, the (Fabiind Fab fragments of
tween the two binding sites for X on the protein. Values for 8A11-Cy5 were prepared and subjected to the same
all three free energy changes were obtained from the equilibrium binding studies as those summarized above for
equilibrium binding data presented in panels A and B of the intact antibody.
Figure 2. Applying the principles of mass action and the  Figure 4A shows the equilibrium binding data obtained
conservation of free energy to the binding scheme depictedfor the interaction of DCP-UO.?" with the (Fab) fragment
in Figure 3, we find the saturation function for X to be as of 8A11-Cy5. The solid curve drawn through the data points
follows (24): was generated using eq 5 and valuesk@x) and K(X/X)
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Similar analyses of the binding interactions of the (Rab)
fragment with metal-free DCP, DME, and DHM revealed
that these interactions conformed to the one-site, homoge-

AGy x? neous binding model represented by eq 3 (primary data not
binding partner K(X) (M)® K(XIX) (M)2 (kcal/mol) shown). Values for the equilibrium dissociation constants
8A11-Cy5 obtained for each of these three binding interactions are
DCP-UO2"  (54£05)x 10° (5.4+04)x 1071  —14 summarized in Table 2S of the Supporting Information.
DME—UO2* (5.0£0.4)x 10° (5.3+0.5)x 10720  —-1.3 _ e o .
DHM—-UO2* (9.24+1.1)x 108 (1.8+0.2)x 108 -1.0 Figure 4B shows the equilibrium binding data obtained
8A?EP;|U022288 (37+04)x 10° (1.0+£01)x10°¢ 08 for the interaction of DCPUO,?" with the Fab fragment
—Alexa _ i i
DCP-UOR2*  (3.0409)x 108 (134 0.4)x 10 19 of 8A11—-Cy5. The _solld curve drawn through the data points
DME-UO2* (854 0.6)x 109 (1.9+ 0.1)x 10~ —0.9 was generated using eq 3 and a valueKgrof 1.78 nM.
DHM—-UO2* (5.74+1.1)x 108 (2.74+0.4)x 1078 -0.4 The inset in Figure 4B is a semilogarithmic residual plot
DPP-UQ"  (38+£02)x107° (1.7£01)x10°  —05 that shows the differences among the experimental data and
native BALT he theoretical lculated usi 3. The rand
DCP-UO2* (554 0.2)x 10-° the theoretical curve calculated using eq 3. The random
DME—-UO2* (1.2+0.1)x 1078 dispersion of the experimental data around the theoretical
DHM—-UO2* (8.6+0.3)x 1078 line indicated that the homogeneous binding model provided
DPP-UO2*  (8.7+0.6)x 1076

an acceptable mathematical description for the binding of

aK(X) and K(X/X) are the equilibrium dissociation constants for

the synergistic binding of the first and second equivalents of antigen, in Figure 4B are representative of those obtained with the
respectively, to the bivalent antibody. Each value in this table represents

binding data obtained from duplicate experiments conducted with 10 -ab fragment and other antigen analogues; the valukg of
12 different concentrations of antigen that spanned from 10 to 90% of €xtracted from these equilibrium binding studies conducted

the saturation curvé. AGxx is the coupling free energy change for  with either chelatoruranium complexes or metal-free ch-

the Synergistic blndlng of 2 eqUiV of antigen to the bivalent antibody. elators are Summarlzed |n Table 2 and Table 28 Of the

¢Values for the equilibrium dissociation constants for the homogeneous . - . .

binding of chelated uranium to native 8A11 were taken froml%&f Supporting Inform.atlon’ respectively. .Pmteo'ytlc cleavage
of 8A11-Cy5 to its Fab fragment did not have an ap-

) _ o _ preciable effect on the affinity of the protein for chelated
of 3.3 and 1.1 nM, respectively. The inset in Figure 4Ais & ranium or the metal-free chelators.

semilogarithmic residual plot that shows the differences
among the experimental data and the theoretical curve
calculated using eq 5. The random dispersion of the
experimental data around the theoretical line indicated that
eq 5 provided an acceptable mathematical description of the

binding Qf pCP_UOZZ.+ to the (Fa@ fra_gment of 8A11_ Zenon 647 comprises goat anti-Fc Fab fragments that are
Cys' A similar analysis of the data in Figure 4A_u3|_ng eq 3, covalently modified with Alexa 647, a fluorescent dye with

which represent.s the one-site, homogeneous bmdm_g m.OdeIabsorbance and fluorescence properties similar to those of
generated a residual plot that resembled that shown in Flgurecys' Since the fluorescent Zenon reagents are Fab fragments

1B (data not shown). Like intact 8ATICYS, the corre- 504 thys monovalent, they can be used to noncovalently
sponding bivalent (Fabfragment appeared to bind DEP ity primary mouse antibodies without the complications

UO,*" with homotropic positive cooperativity, although the ¢ hrotein cross-linking and subsequent precipitation that

coupling free energy for the (Falffagment was-0.7 kcall might he observed with the corresponding intact bivalent goat
mol, significantly lower than the value of1.4 kcal/mol anti-Fc antibodies.

obtained with the |r.1ta(.:t a.ntlbody.. When intact 8A11 was incubated with Zenon 647 directed
Analyses of the binding interactions of the (Falpgment against the Fc portion of mouse IgGhe resulting highly
with the uranyl complexes of DME, DHM, and DPP revealed fiyorescent noncovalent protein complex bound to chelated
that eq 5 also provided the best description for each of theseyranjum with a greater affinity than did the intact 8A11 alone.
binding interactions as well (primary data not shown). Figure 5A shows equilibrium binding data for the interaction
Equilibrium data for the binding of the uranyl complexes of  of DCP—~UO,2+ with 8A11 before (curve a) and after (curve
DCP and its congeners to the (Fafrsagment of the 8A1% b) incubation of the antibody with Zenon 647. Native 8A11
Cy5 conjugate are summarized in Table 2. In all cases, thepound DCP-UO,2* in a homogeneous fashion withka of
absolute value of the coupling free energy for the interaction 5.5 nM (15). The fluorescent 8A11Zenon 647 complex
of the (Fab) fragment with chelated uranium was less than pound to DCP-UO,2" in a homogeneous fashion with<a
the coupling free energy of intact 8AXLy5 with the same  of 1.5 nM, a 3.6-fold increase in affinity. Table 3 includes
compound, indicating that proteolytic cleavage of the chemi- the values ofK4 obtained when the 8A11Zenon 647
cally modified antibody served to lower the degree of complex was incubated with different concentrations of seven
homotropic positive cooperativity. Proteolytic cleavage of different antigen analogues. Each of the equilibrium binding
8A11-Cys5 to its (Fab) fragment did not, however, have curves obtained with these seven combinations of chelator
an appreciable effect on the affinity of the antibody for and uranium showed homogeneous binding with no positive
chelated uranium. Although the valueski({X) and K(X/X) cooperativity (primary data not shown). In each case, the
obtained with the (Fab)fragment and four DCPUQO2" 8A11—Zenon 647 complex bound with higher affinity to the
congeners differed slightly from those obtained with intact ligand than did the intact 8A11 in the absence of Zenon 647.
8A11-Cy5, no significant trends were evident. The observed increases in affinity upon noncovalent

DCP-UO?* to the Fab fragment of 8AHCy5. The data

Binding to a Nonceoalently Modified AntibodyIntact
8A11 was also converted into a highly fluorescent binding
reagent by noncovalent modification with Zenon 647. Zenon
reagents are the Fab fragments of goat polyclonal antibodies
that bind specifically to the Fc portion of mouse antibodies.



1580 Biochemistry, Vol. 46, No. 6, 2007 Blake et al.

w
@ S
= 10 @
]
: 3
= T oo &
g- E s ° s 5 008
g § - g :
S ER W B ° £ 2e%e®%."
S 05 g ouf S —0 a3 ‘s Y- b LI
e 2 80 o8 = = ®e.,% %
= 'E ° © i d .0
2 B 08 s E
< o o 1 2 10 20 30 g s % 1 2 s 10
8 oo [DCP-UO,*], nM E [DCP-UO], nM
= 0. : y ' '
10 20 30 5 10
[DCP-UO,*], nM [DCP-UO'], nM

Ficure 4: Equilibrium binding of chelated uranium to the (Falbnd Fab fragments obtained from the proteolysis of the 8AQy5

covalent conjugate. (A) Binding of DCRJO,2" to the (Fab) fragment. The curve drawn through the data points was generated using the
two-site heterogeneous binding model and value&K{of) andK(X/X) of 3.3 and 1.1 nM, respectively. The inset is a residual plot showing

the differences among the experimental data from panel A and the theoretical data calculated using the two-site model. (B) Binding of
DCP-UO2" to the Fab fragment. The curve drawn through the data points was generated using the one-site, homogeneous binding model
and a value foiKy of 1.8 nM. The inset is a residual plot showing the differences among the experimental data from panel B and the
theoretical data calculated using the homogeneous model.

Table 2: Equilibrium Binding of Chelated Uranium to the (Fabhd Fab Fragments Derived from the Proteolysis of the 8A0yl5 Covalent
Conjugate

(Fab} fragment Fab fragment

antigen K(X) (M)2 K(XIX) (M) 2 AGy x° (kcal/mol) Kg (M)°©
DCP-UO2* (3.3+£0.2) x 10°° (1.1£0.1) x 10°° -0.7 (1.8£0.1) x 10°°
DME—UO2" (2.7+£0.2)x 107° (1.2+0.1)x 107° -0.5 (1.5+0.1) x 10°°
DHM—UOz2* (1.0+0.1)x 1077 (4.1+0.2)x 1078 —-0.5 (3.4+0.2)x 1078
DPP-UOA" (2.0+0.1)x 10 (1.1+0.1)x 10 -0.4 (2.0+£0.1)x 1078

aK(X) andK(X/X) are the equilibrium dissociation constants for the synergistic binding of the first and second equivalents of antigen, respectively,
to the bivalent antibody. Each value in this table represents binding data obtained from duplicate experiments conductedl ithiffé€ent
concentrations of antigen that spanned from 10 to 90% of the saturation Wx@.x is the coupling free energy change for the synergistic
binding of 2 equiv of antigen to the bivalent antibod¥q is the equilibrium dissociation constant for the homogeneous binding of antigen to the
monovalent Fab fragment.
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Ficure 5: Equilibrium binding of chelated uranium and metal-free chelators to 8A11 noncovalently modified with Zenon 647. (A) Binding

of DCP-UO,%" to 8A11 before (a) and after (b) incubation of the antibody with Zenon 647. (B) Binding of metal-free DCP to 8A11 before

(a) and after (b) incubation of the antibody with Zenon 647. The curves drawn through the data points in both panels were generated using
the one-site, homogeneous binding model and values for the respkgsivgven in Table 3.

modification of 8A11 with Zenon 647 ranged from 3- to Table 3: Equilibrium Binding of Chelators and Chelated Uranium

13-fold (shown in parentheses in Table 3). to Native 8A11 and the 8AHCy5 Covalent Conjugate, Both
. e Noncovalently Modified with Zenon 647
Since both covalent and noncovalent modifications of
8All-Zenon 64Ky 8A11-Cy5—Zenon 647Ky

8A11 served to increase the affinity of the mouse antibody  ,igen M) ™)

for each of seven different antigen analogues, it was of SCP_UOZ (15201 x 10°GIF (L4£01)x 10°@1p
. . e 73 . 1) X . B 1) X .
interest to dete_rmlne whet_her these. gffgcts were addm\_/e Of DME—UO.2 (14401)x 109(8.6) (L1%0.1)x 10°(2.5)
mutually exclusive. Accordingly, equilibrium binding studies oy o2+t (254 01)x 108(34)  (2.4+0.1)x 10°8(2.3)

were conducted on the complex formed when 8ACY5 DPP-UO,2* (L4+0.4)x 10(6.5)  (1.3+0.1)x 10°6(L.8)
was incubated with Zenon 647. Figure 5B shows binding pcp, metal-free (4.4 0.2)x 107 (8.4)  (3.4+ 0.3)x 1077 (2.6)
data for the interaction of metal-free DCP with 8A1Cy5 DME, metal-free (3.3t 0.2)x 1077 (13)  (2.84 0.3) x 1078 (53)

before (curve a) and after (curve b) incubation of the DHM, metal-free (2.0£0.1)x 10°°(3.4) (1.4£0.1)x 105(1.2)
covalently modified antibody with Zenon 647. In the qbsence aThe number in parentheses in this column is the ratio ofidhe
of Zenon 647, metal-free DCP bound to 8A1Qy5 in a obtained with the native 8A11 divided by th& given in the table.
homogeneous fashion with an apparkpbf 3.7 x 106 M ®The number in parentheses in this column is the ratio ofkhe
(Table 1S of the Supporting Information). In the presence ©btained with the 8A11 covalently modified with Cy5 divided by the
of Zenon 647, the binding of DCP to the 8AtCy5—Zenon ~ Kagiven in the table.
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Ficure 6: Equilibrium binding of DCP-UO,?" to 8A11 noncovalently modified with protein G. (A) Equilibrium binding of DEBO*

to 8A11-Cy5 in the presence of 0 (a) and 92 nM protein G (b). The curves drawn through the data points were generated using the
multiple-site, synergistic binding model and the following respective value&fgrand the Hill coefficient: (a) 1.7 nM and 1.5 and (b)

5.7 nM and 1.0, respectively. (B) Dependence of the valueogf(a) and the Hill coefficient (b) for the binding of DCRJO2' to
8A11-Cy5 on the concentration of protein G. (C) Equilibrium binding of protein G to 8ATY5 in the presence of 0 (a), 4.6 (b), and 92

nM DCP-UO»?" (c). The curves drawn through the data points were generated using the one-site, homogeneous binding model and values
for Ky of 5.4, 30, and 99 nM for traces—a&, respectively. (D) Dependence of the valuegffor the binding of protein G to 8A11Cy5

on the concentration of DCRUO,?2*.

647 complex conformed to the simple homogeneous curveto the Fc portion of 8A11 and also affect the activity at the
described by eq 3 with a value fé¢; of 3.4 x 1077 M. distant antigen binding site was conducted.
Similar results were obtained from binding studies conducted  protein G is a bacterial cell wall protein isolated from

on each of six other antigens (primary data not shown). group G streptococci that binds to mammalian immunoglo-
Regardless of the identity of the antigen, it bound to the pylins primarily through their Fc region€%). When intact
8A11-Cy5—Zenon 647 complex in a simple homogeneous 8A11—Cy5 was incubated with a constant concentration of
manner; corresponding values Kf obtained from these  protein G, the affinity of the chemically modified antibody
seven equilibrium studies are also summarized in Table 3.for DCP-UO,2* appeared to decrease, as illustrated in Figure
In each case, the value if obtained with the 8A1+Cy5— B6A. Curve a in Figure 6A represents the equilibrium binding
Zenon 647 complex was smaller than that obtained with of DCP—-UO,2* to 8A11—Cy5 in the absence of protein G.
8A11-Cys5 in the absence of Zenon 647. It was evident that Curve a conforms to eq 4 with values fisps and the Hill

the form of 8Al1 that exhibited the greatest affinity for coefficient of 1.71 nM and 1.48, respectively. Curve b
chelated uranium was both covalently and noncovalently represents the binding of DGRJO,2" to 8A11—-Cy5 in the
modified with Cy5 and Zenon 647, respectively. Control presence of 92 nM protein G. Curve b conforms to eq 3
experiments showed that incubation of the (katr) Fab with no evidence of homotropic positive cooperativity in the
fragments of 8A11Cy5, each of which lacked the Fc binding of DCP-UO?* to 8A11-Cy5; the corresponding
portion of the intact antibody, with Zenon 647 had no value ofK4 (or Kos, Which is synonymous in this case with
detectable effects on the antigen binding activities of either Ky) increased from 1.71 to 5.7 nM.

proteolytic fragment (primary data not shown). The circles in Figure 6B show the dependence of the
Since Zenon 647 is specific for just the Fc portion of the values ofKgs for the binding of DCP-UO,?" to 8A11—
intact 8A11 or 8A11+Cy5 antibodies, then the Zenon Cy5 on the concentration of protein G. The valud<gt for
reagents must necessarily bind to the Fc portion and favorthe binding of DCP-UO,?" to 8A11-Cy5 increased to a
an average conformation of the primary antibody that alters maximum value of 6.2 nM in the presence of an extrapolated
the distant antigen binding site(s) in a way that increases infinite concentration of protein G. The triangles in Figure
the apparent affinity for antigens (a working definition of 6B show the dependence of the values of the Hill coefficient
heterotropic positive cooperativity). Because the binding of for the binding of DCP-UO;** to 8A11-Cy5 on the
Zenon 647 to the Fc portion appeared to increase the affinity concentration of protein G. As the concentration of protein
of the antibody for the antigen, it was of interest to determine G increased, the highly cooperative nature of the binding of
whether the binding of the antigen showed the reciprocal DCP-UO;*" to 8A11-Cy5 decreased until the binding
effect of increasing the affinity of the Fc portion for Zenon curve with the chelated uranium was indistinguishable from
647. Unfortunately, the heterogeneous nature of the Zenonthat anticipated for a simple, homogeneous binding to a
647 reagent (derived from a polyclonal anti-Fc population) Single class of binding sites.
discouraged direct binding experiments that characterized the The effect of DCP-UO,?* on the affinity of the antibody
interaction between 8AHCy5 and Zenon 647. Instead, a for protein G is illustrated by the binding curves presented
search to identify a homogeneous reagent that would bindin Figure 6C. Curve a in Figure 6C represents the equilibrium
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B2 *u(F) AG(X) + AG(Y/X) = AG(Y) + AG(XIY)  (6)

AG(X)
e almes) l l AG(Y) Equation 6 reflects the reciprocal nature of the negative
o PP 200D interaction between X and Y; that is, the prior binding of X

AG(X/X) AGHYTX) A has the same effect on the subsequent binding of Y as does
WP (P l RPN+ the prior binding of Y on the subsequent binding of X.

| aGoTS) l AG(X/XY) l WD Similarly, it may be seen that
acm T“ AG(XIX) + AG(YIX,) = AG(Y/X) + AG(X/XY)
pexy e e (7)
A B C D In this case where X and Y oppose each other’s binding,

FIGURE 7: Schematic free energy diagram for the binding of 2 equiv the coupling free energy changx.y, will have a positive

of antigen (X) and 1 equiv of a different ligand (Y) to spatially value given by
separate sites on an antibody (P). The different chemical species
possible in the binding mixture are shown in italics. The horizontal AG,y v = AG(Y) — AG(Y/X,) (8)
lines and vertical arrows are defined in the legend of Figure 3. (A) '
X and Y bind independently, but 2 equiv ¥fbinds with positive . . o
cooperativity. The other three columns represent three different where eq 8 is one_ of five combinations of free energy
orders of ligand binding where X and Y oppose each other's changes that could yield the same valué\Ghx v. Equations
binding. (B) Two equivalents of X binds with positive cooperativity 6—8 and the definition 0AGx x (introduced above and in
in the absence of bound Y; Y binds after both equivalents of X. Taple 2) lower the degrees of freedom in the thermodynamic
(C) X binds first, followed sequentially by Y and the second .y cjes represented by the binding reactions in column®B
equivalent of X. (D) Y binds first, followed by the equal and - . S

of Figure 7 such that only five of the nine individual free

independent binding of 2 equiv of X. / .
energy changes must be independently determined to com-

binding of protein G to 8A1%Cys5 in the absence of DGP pletgly describe the entire .s_et_of linked equilibria: _
UO.2*. Protein G bound to 8A2Cy5 in a homogeneous Figure 8A presents equilibrium data for t'he binding of
fashion, with a value foig of 5.4 nM. Curves b and ¢~ DCP-UOQ;*" to the 8A11-Cy5 covalent conjugate deter-
represent the binding of protein G to 8AZCy5 in the mined in the presence of five different concentrations of
presence of 4.6 and 92 nM DGRIO2*, respectively. As pro_tgin G. Since the a_bscissa uses a logarithmic sgale to
the concentration of DGCPUO,2* increased, the affinity of ~ facilitate the presentation of a wide range of protein G
8A11—Cy5 for protein G decreased. Figure 6D shows the concentrations, equilibrium .blndlng data obtalned_ with
dependence of the values K for the binding of protein G~ DCP-UO2*" and 8A11-Cy5 in the absence of protein G
to 8A11-Cy5 on the concentration of DGRIO2". The are not repres_ented. When the principles _of mass actl_on _and
affinity of 8A11—Cy5 for protein G decreased 20-fold the conservation of. free energy are applled to the binding
(extrapolatedKq of 1.1 x 107 M) in the presence of an  Schemes depicted in columns—B of Figure 7 @4), the
extrapolated infinite concentration of DERIO2*. saturation function for X is as follows:

The free energy scheme presented in Figure 7 gives an
overview of the energetic interactions that could occur among fraction of sites occupied with % {[X]/[ K(X)] + [X] %/
hgands X and ¥ with a protein P that s capable of binding - [K()K(X/X)] + (XIIYI/L KCKOSY)] + (X °[YI)

mol of X and 1 mol of Y at spatially different sites, so the 2
species PXY may be formed at finite concentrations within [KEIXY) KEXIY) KWL + @IXDIKE] + [X]T
experimental reach. Column A of Figure 7 describes the [KCYKXIX)] + [YVIKMY)] + @IX][Y])
situation in which Y binds independently to a protein that [K(Y)K(X/Y)] + ([X] 2[Y])/[ K(XIXY) K(XIY)K(Y)]} (9)
has already bound 2 mol of X with homotropic positive
cooperativity. Since the binding of X and the binding of Y whereK(X) and K(X/X) are as defined for eq 3(Y) =
are not energetically coupled in this scenario, Y may bind ([P][Y]/[PY], K(X/Y) = ([PY][X])/[PXY], and K(X/XY)
in any order without influencing the magnitude of the = ([PXY][X])/[PX 2Y]. Values for all five equilibrium
individual changes in free energy for the binding of either dissociation constants represented in eq 9 were obtained from
equivalent of X. Columns BD describe the three possible a nonlinear regression fit of eq 9 to the data in Figure 8A.
orders of ligand addition where the following three conditions The parameters for the network of curves drawn through the
apply: (i) X and Y oppose each other’s binding to spatially data points in Figure 8A were determined from the nonlinear
distinct sites on the antibody, (ii) the binding of 2 mol of X regression fit.
occurs with homotropic positive cooperativity in the absence  The ability of eq 9 to accurately describe the equilibrium
of bound Y, and (iii) the binding of 2 mol of X occurs ina binding data plotted in Figure 8A was ascertained by
homogeneous fashion when Y is bound to the protein. It inspection of the residual plot shown in Figure 8B. Figure
should be noted from columns C and D that the same 8B shows the differences among the actual experimental data
intermediate product, PXY, is formed as the result of two and the theoretical curve calculated using eq 9 and the values
successive binding equilibria where either X binds first for the equilibrium constants obtained from the fit. The
followed by Y or Y binds first followed by X. When the = majority (>80%) of the experimental data in Figure 8B was
principle of the conservation of free energy is applied to the within +£3% of the corresponding calculated value. The
stepwise formation of the biliganded species PXY as depictedrandom dispersion of the experimental data above and below
in columns C and D, it is evident that the theoretical plane was taken as evidence that eq 9
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FIGURE 8: Heterotropic negative cooperativity in the binding of DEPO2" and protein G to the 8ATACy5 covalent conjugate. (A)
Equilibrium binding of DCP-UO,?* to 8A11-Cys5 in the presence of 2.3, 4.6, 9.2, 18.4, and 92 nM protein G. The parameters for the
three-dimensional contour drawn through the data points were generated from a nonlinear regression global fit of the entire data set to eq
9. (B) Residual plot, showing the differences among the experimental data from panel A and the theoretical data using eq 9. The circles,
triangles, squares, inverted triangles, and diamonds represent protein G concentrations of 2.3, 4.6, 9.2, 18.4, and 92 nM, respectively. (C)
Equilibrium binding of protein G to 8A11Cy5 in the presence of 2.3, 4.6, 9.2, 18.4, and 92 nM BOR,?*. The parameters for the
three-dimensional contour drawn through the data points were generated from a nonlinear regression global fit of the entire data set to eq
10. (D) Residual plot, showing the differences among the experimental data from panel C and the theoretical data using eq 10. The circles,
triangles, squares, inverted triangles, and diamonds represent DO2" concentrations of 2.3, 4.6, 9.2, 18.4, and 92 nM, respectively.

Table 4: Individual Free Energy Changes for the Coupled Binding in the presence of five different concentrations of DEP

of 2 mol of DCP-UO,2" and 1 mol of Protein G to the 8AHICY5 UOy?". Equilibrium binding data obtained with protein G
Covalent Conjugate and 8A11-Cy5 in the absence of DGRJO,*" are not
observed value represented. Once again, when the principles of mass action
free energy change (kcal/mol) and the conservation of free energy are applied to the binding
unconditional schemes depicted in columns-B of Figure 7, the saturation
AG(DCP-UO#") -11.4 function for Y is as follows:
AG(protein G) —-11.3
conditional fraction of sites occupied with ¥ {[YJ[K(Y)] + (2[X]
AG(DCP-UO2"/DCP—UO2") ~12.9 pieay
AG(DCP-UO2*/protein G) -11.2 YD KY)KXIY)] + (X TYDI KO KXIX) KCYIX )1}
AG(DCP-UO2*/DCP-UO,2* protein G -11.2
A raenGRDeR o, Preen® o4 {1 @DXIKET + DIFKEOKEX] + IYVTKO] +
AG(protein G/DCP-UO;?") -11.1 CIXIYDI KOYKYIX) + (XY
coupling [KOOKXIX)K(YIX )} (10)
AGpcp-u0,2" beP-uo2* =15
Goprotein G,2DCP-UOZ" 1.9

whereK(Y/X) = ([PXI[YN/[PXY], K(Y/Xp) = ([PX[Y])/
constituted an acceptable model for the binding of BCP  [PX>Y], and the other three equilibrium dissociation constants
UO2?* to 8A11-Cys5 in the presence of protein G. are as defined in eq 9. Values for the five equilibrium
When converted to the corresponding free energy changesgissociation constants represented in eq 10 were obtained
the values for the five equilibrium constants obtained from from a nonlinear regression fit of eq 10 to the data in Figure
the fit of eq 9 to the data in Figure 8A yielded values for 8C. The parameters for the network of curves drawn through
AG(X), AG(X/X), AG(Y), AG(X/Y), and AG(X/XY). The the data points in Figure 8C were determined from the
values of AG(Y/X) and AG(Y/X,) were obtained by sub-  nonlinear regression fit.
stituting the five experimentally determined values into eqs  The ability of eq 10 to accurately describe the equilibrium
6 and 7, respectively. The remaining valueAXiB,x vy was binding data plotted in Figure 8C was ascertained by
then obtained using eq 8, while the value &6y x was inspection of the residual plot shown in Figure 8D. Figure
calculated as described above. The values of all nine free8D shows the differences among the actual experimental data
energy changes determined as described herein are sumand the theoretical curve calculated using eq 10 and the
marized in Table 4. These nine values are necessary andsalues for the equilibrium constants obtained from the fit.
sufficient for providing a complete thermodynamic descrip- The majority (80%) of the experimental data in Figure 8D
tion of the binding data presented in Figure 8A. was within+4% of the corresponding calculated value. The
Figure 8C presents equilibrium data for the binding of random dispersion of the experimental data above and below
protein G to the 8A11Cy5 covalent conjugate determined the theoretical plane was taken as evidence that eq 10
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constituted an acceptable model for the binding of protein in the antibody’s structure. Not surprisingly, detailed struc-
G to 8A11-Cy5 in the presence of DCRJOAT. tural studies on Fab fragments directed toward a variety of

When converted to the corresponding free energy Changesgntigens have confirmed that significant conformation changes
the values for the five equilibrium constants obtained from €an occur within the Fab as a consequence of antigen
the fit of eq 10 to the data in Figure 8C yielded values for binding.

AG(X), AG(X/X), AG(Y), AG(Y/X), and AG(Y/X5). The X-ray crystallographic studies conducted on Fab fragments
values ofAG(X/Y), AG(X/XY), and AG,xy were obtained have clearly shown that certain antibodies undergo significant
by substituting the five experimentally determined values into conformation changes throughout the structure of the Fab
eqs 6-8, respectively. The values of these eight free energy When the antigen bind28—33). Thus, the Fab fragments
changes calculated from the data in Figure 8C were identical, derived from antibodies designated as 50.1 (directed against
within experimental error, to those reported in Table 4. Itis an HIV-1 peptide), NC6.8 (an N,NN"'-trisubstituted guani-
satisfactory, if not extraordinary, that the complex behavior dine artificial sweetner), 13B5 (HIV-1 capsid protein p24),
reported in panels A and C of Figure 8 can be rationalized and OPG2 (peptide from th&3 subunit of integrin) were
with the relatively simple three-site energetic binding model €ach reported to undergo substantial rearrangements in the

presented in Figure 7. third complementarity region of the heavy chain upon antigen
binding. In addition, antigen binding produced changes in
DISCUSSION the relative rotation of the heavy and light chain variable

regions of 8, 15°, and 3% for the Fab fragments of

The observation that covalent modification of 8A11 with  antibodies 13B5, OPG2, and NC6.8, respectively. Notably,
the N-hydroxysuccinimidyl ester of Cy5 stimulated its antigen binding-dependent conformation changes in the
binding affinity for all seven antigen congeners while the carboxyl domains far removed from the variable regions were
analogous modification of the antibody with the succinimidyl reported for the Fab fragments of both OPG2 and NC6.8.
ester of Alexa 488 carboxylic acid did not is not without Other reports using intact monoclonal antibodies directed
precedent. Martsev et al.2§) described the covalent against fluorescein and lysozyme have revealed that second-
modification of a monoclonal antibody directed against ary interactions external to the antibody active site can affect
human spleen ferritin with the carbodiimide-activated car- antigen b|nd|ng efﬁciency’ protein dynamics, and variable
boxylic acid and theéN-hydroxysuccinimidy! ester of palla-  domain conformation34—40). While none of these intact
dium(ll) coproporphyrin I. Covalent modification of the antibodies has been reported to exhibit allosteric binding of
antibody with the former reagent inhibited its antigen binding its respective antigens, these structural studies do provide a
activity, while modification with the latter served to stimulate mechanistic foundation for the Specu]ation that allosteric
the affinity of the antibody for ferritin by 3-fold. Similarly,  binding behavior could be observed in individual antibodies
Ueno et al. reported a 4- and 8-fold stimulation of the ynder the right conditions. All that would be required is that
affinities for monoclonal antibodies directed against BSA conformation Changes attendant with antigen b|nd|ng at one
and the human c-erbB-2 protooncogene product, respectivelyof the two sites on the antibody result in a different
upon covalent modification of the antibodies with sulfosuc- conformation at the other, unoccupied antigen binding site.
cinimidy! nitrobenzamido derivative7). Given the argument advanced above, there is no a prioi

The unprecedented feature of the covalent activation of reason to presume that antigen binding-dependent conforma-
8A11 reported herein is the observation that the covalently tion changes at one antigen binding site are necessarily
modified antibody exhibited homotropic positive cooperat- limited to influences at the other antigen binding site; the
ivity in its antigen binding behavior, a property not observed constant regions of an individual antibody could be influ-
with the unmodified protein. Even this observation can be enced by antigen binding as well. Indeed, there are both older
rationalized if one considers that 8A11, like all antibodies, spectroscopic4l, 42) and more recent direct binding studies
is a protein. Individual proteins can exhibit a wide variety (43, 44) that provide evidence of allosteric conformation
of allosteric binding phenomena in the presence of appropri- changes in the antibody’s constant regions upon antigen
ate binding partners and solution conditions. In principle, binding. The latter studies described the protein A binding
individual antibodies like chemically modified 8A11 could properties of two different monoclonal antibodies (G10 and
exhibit the same wide variety of allosteric phenomena. It is F11) directed against human ferritin. Protein A, like protein
generally accepted that proteins maintain secondary, tertiary,G, is a bacterial cell wall protein that binds to the constant
and quaternary structure by virtue of a large number of region of certain mouse immunoglobulins. When ferritin
independent, or nearly independent, short-range, small energyoound to antibodies G10 and F11, the affinities of the
interactions. When an antigen is bound by an antibody, antibodies for protein A increased and decreased, respec-
groups in the antigen and the antibody participate in new tively, relative to the affinities exhibited for protein A in
short-range weak interactions that comprise the binding the absence of ferritin. Similarly, the binding of 4-hydroxy-
interaction. Consequently, certain points along the peptide 3-nitrophenyle-aminocaproic acid (NP-Cap) to mouse an-
chain that forms the antigen binding site are now subject to tibodies directed against NP-Cap served to lower the affinity
forces not present in the absence of the antigen. That is, theof the antibodies for either protein A or protein @&4. The
addition of bound antigen must always produce some same laboratory had shown much earlier that C1q, the first
changes in the energetic balance of its immediate surround-component of complement that binds to the Qiénstant
ings at the antibody binding site. Given the continuity of region of mouse heavy chains, bound to an anti-NP-Cap
the covalently bonded peptide chain and the compact monoclonal antibody and increased its affinity for the antigen
character of its folding, the effects of these bound antigen- (45). The binding experiments described herein with 8A11
induced forces may be transmitted and felt at many points Cy5, protein G, and the Zenon Fab fragments provide the
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most complete description to date of the energetics of the 7.

effects of multiple ligand interactions on the binding behavior
of the variable and constant regions of an antibody.
That noncovalent modification of an antibody in its

constant region could alter the affinity of the antibody for 8.

its antigen could have widespread implications in the
practical applications or fundamental studies of such antibod-

ies. The number or frequency of occurrence of antibodies 9.

that exhibit changes in their antigen binding properties when
selected ligands bind to distant sites on the Fc portion of
the protein is not known. The fact that 8A11 and other
antibodies appear to do so implies that, in principle, any
antibody could display some aspect of the behavior sum-
marized herein. It would be of interest to investigate whether 11
binding of the natural Fc receptor to selected monoclonal
antibodies would serve to influence the affinity of the bound
antibody for its antigen. It is anticipated that further studies
will contribute to a basic understanding of a heretofore poorly
characterized aspect of antibody function.

On a practical level, the purposeful manipulation of 13

allosteric binding behavior could extend the clinical and
therapeutic applications of antibodies. Diagnostic immu-

nochemical assays may be arbitrarily divided into two major 14

categories: those that quantify an analyte within a given
concentration range and those that identify the presence of

an analyte above a given threshold concentration. In the latter 15.

assays, an antibody that exhibited homotropic positive
cooperativity with the steep portion of the sigmoidal binding
curve just below the given threshold concentration would

likely be a superior reagent for answering a simple “yes” or 16.

“no” diagnostic question.

17.

SUPPORTING INFORMATION AVAILABLE

18.

Two tables (1S and 2S) of equilibrium dissociation

constants for the binding of metal-free chelators to chemically 19.

modified 8A11 and its proteolytic fragments. This material
is available free of charge via the Internet at http://
pubs.acs.org. 20
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