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Abstract

Ž . Ž .Background: Bindings of mouse monoclonal antibodies mAbs and affinity purified bispecific antibodies bAbs ,
derived thereof, to antigens adsorbed on immunoplates have been compared, using ELISA and RIA methods. Methods: The

Ž . Ž .analysed panel of antibodies included mAbs specific to human myoglobin Mb , human IgG hIgG and horseradish
Ž .peroxidase HRP and biologically produced bAbs with double specificity to Mb and HRP, and to hIgG and HRP. Results:

The degree of difference between different mAbs and corresponding bAbs varied markedly from antibody to antibody,
depending on whether the parental mAbs could bind immobilized antigens bivalently. The observed equilibrium binding

Ž . Žconstant K for anti-HRP mAbs was 21–38 times higher that of anti-HRP site of bAbs anti-hIgGrHRP orobs
.anti-MbrHRP, respectively , due to bivalent binding of mAbs. Anti-Mb mAbs also bound bivalently with immobilized Mb.

On the contrary, anti-hIgG mAbs bound monovalently with immobilized hIgG in the same conditions. The avidity of
anti-MbrHRP bAbs increased, if both antigens were simultaneously adsorbed on a solid phase. Conclusions: The obtained
data indicate that the use of bAbs in heterogeneous immunoassays instead of traditional mAb-enzyme conjugates hardly can
provide the significant gain in assay performance if parental mAbs bind bivalently. q 2001 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Ž .Bispecific antibodies bAbs are immunoglobulin
molecules with two different antigen-binding sites.
Present methods for obtaining bAbs include chemi-
cal, biological and molecular genetic approaches
w x1,2 . The biological method, considered in this work,
makes it possible to prepare lasting cell lines–hybrid

Ž .hybridomas tetradomas , which perform the Anatu-
w xralB assembling of bAbs molecules 3 . This is

achieved by the fusion of two hybridomas, secreting
Ž .different monoclonal antibodies mAbs . Equilibrium

binding studies in solutions have shown that bAbs,
obtained by cell fusion, usually retain the affinity of

w xparental mAbs 4,5 . BAbs are considered to be the
ideal bioconjugates, which can specifically glue any
two different molecules together without the need for

w xchemical conjugation 2 . In particular, bAbs bearing
Žboth binding sites to the enzyme i.e., horseradish

Ž . .peroxidase HRP or alkaline phosphatase and the
antigen may be used in enzyme immunoassays and
immunohistochemistry instead of covalently linked

w xenzyme-mAb conjugates 6 . Another possible im-
portant field of applications of bAbs is cell targeting
w x1,7,8 . The potential advantage of bAbs over con-
ventional mAbs in these fields has been considered

w xin a number of works 6–13 . On the other hand, in
many of these applications it is necessary that
antibodies should be able to effectively bind im-
mobilized antigens. Two parameters are usually
considered to be of special importance for the char-
acterization of the ability of mAbs to bind antigens
immobilized on a solid phase: the intrinsic affinity of

Ž .monovalent binding true affinity and the avidity
Ž . w xfunctional affinity 14 . The true affinity refers to
the interaction between an epitope and the binding

Žsite on one arm of a multivalent antibody bivalent in
.case of IgG and can be analysed in conventional

mass-action terms in equilibrium binding experi-
w x Ž .ments 14 . Avidity functional affinity refers to the

interaction of the antibody with the antigen as a
whole, and is the final result of a true affinity,
antibody valence, antigen density on a solid phase

w xand steric and statistical factors 14,15 . The differ-
ence between the intrinsic affinity and avidity is
connected with the ability of a multivalent antibody

Žto bind antigens simultaneously with two in case of
.IgG or several antigen-binding sites. It has been

demonstrated that the avidity can be significantly
augmented due to the bivalent binding of IgG

w xmolecule with solid-phase antigen 14,16 . Unlike
parental mAbs, biologically produced bAbs are not
able to bind bivalently, because they are monovalent
molecules having only one binding site for each

w xantigen 3 . However, this possible deficiency of
biologically produced bAbs seems to be paid little
attention to. Thus, up to now, the studies on the
quantitative comparison of the ability of mAbs and

Ž .bAbs derived from these mAbs by cell fusion to
bind solid-phase antigens have not been performed.
At the same time, the analysis of this question not
only seems of importance for application of bAbs,
but also may contribute to the illumination of the
mechanisms of antigen–antibody interactions on the
surface of a solid phase. The bivalent binding has
been directly evidenced in a number of works in the
course of comparisons of measured affinities for

Ž .whole molecule antibody and F ab fragment of
Ž .identical origin. F ab fragments were used in these

experiments as the instrument of measuring the affin-
w xity of monovalent binding 16–21 . The use of bAbs,

Ž .instead of F ab fragments, for this purpose seems to
be a more advantageous approach, because bAbs,
obtained by cell fusion, retain the structure of the
intact IgG molecule.

In the present study, we have performed the quan-
titative analysis of the ability of three various mAbs,
and bAbs derived thereof, to bind antigens of differ-

Ž .ent structure: human myoglobin Mb , human IgG
Ž .hIgG and HRP, immobilized on a surface of a solid

Ž .phase immunoplates . The modes of mAbs be-
haviour in the studied systems have been deciphered
using ELISA and solid-phase radioimmunoassay
Ž .RIA , with the help of the accepted theoretical

w xbinding model 14,16 . Two of three studied mAbs
showed a significantly higher functional affinity than
bAbs, due to the predominance of bivalent binding,
suggesting the advantage of natural antibodies over
bAbs in heterogeneous systems.

2. Materials and methods

2.1. Cell lines

Mouse hybridoma and tetradoma cell lines previ-
ously obtained in our laboratory were used as the
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Ž .sources of antibodies: clone 36F9 anti-HRP mAbs
w x Ž . w x22 , clone 75G5 anti-hIgG mAbs 23 , clone 14D6
Ž . w xanti-Mb mAbs 24 , tetradoma clone 14D6=36F9
Ž . w xanti-MbrHRP bAbs 13 and tetradoma clone

Ž . w x75G5=36F9 anti-hIgGrHRP bAbs 23 . All cell
lines produced antibodies of IgG1 subclass, as de-
fined with the Calbiochem hybridoma subisotyping
kit.

2.2. Myoglobin purification

Mb was isolated from human heart as described
w xpreviously 25 . In our study, Mb with 99% purity

was used.

2.3. Purification of antibodies

MAbs produced by the 14D6, 36F9 and 75G5
clones were purified by affinity chromatography on
antigen-Sepharose from ascites obtained by inoculat-
ing mice with the corresponding hybridoma cells.

Ž .The antigens Mb, HRP or hIgG were conjugated to
Ž .CNBr-activated Sepharose 4B Pharmacia, Sweden

according to Pharmacia recommendations. The de-
tails of the purification procedures were described
w x5,13,22–24,26 . Anti-MbrHRP bAbs were isolated
from ascitic liquid of the tetradoma 14D6=36F9 by
successive affinity chromatography on HRP-Sep-
harose and Mb-Sepharose. Anti-hIgGrHRP bAbs
were isolated from ascites of the tetradoma 75G5=
36F9 by successive chromatography on HRP-Sep-
harose and hIgG-Sepharose. The purity of antibody

Žpreparations was monitored by SDS-PAGE 12.5%
. w xacrylamide according to Laemmli 27 . In the pre-

liminary experiments, we have shown that more than
99% of the affinity-purified antibodies retained their
immunological activity, even after repeated affinity

Ž .chromatography data not shown .

2.4. Determination of the concentration of proteins

The concentrations of Mb and purified antibodies
in solutions were determined by spectrophotometry,
assuming that A 1 cm s17.6 and A 1 cm s13.2280 nm 220 nm

correspond to 10 mgrml of Mb, and A1 cm s14.0280 nm

corresponds to 10 mgrml of purified antibodies
w x28 . For the 10 mgrml solution of purified HRP

1 cm 1 cm w xA s22.75 and A s7.3 29 .403 nm 280 nm

2.5. Testing of antigen-binding actiÕity after affinity
purification

Anti-hIgG and anti-Mb activity was tested by
w xELISA, as described previously 23,24 . Anti-HRP

activity was measured by the peroxidase–antiperoxi-
w xdase procedure 22 and using avidin–biotin system,

described in Section 2.6. In addition, the activity of
bAbs was tested by double-antigen ELISA, as de-

w xscribed previously 13,23 . This test confirmed the
ability of bAbs to bind two antigens.

2.6. The measurement of the binding of antibodies
with immobilized antigens using the immunoenzy-
matic method

The wells of the removable ELISA 96-well plates
Ž .Medpolymer, Russia were saturated overnight at

Žroom temperature with different antigens: HRP Rz
. Ž . Ž)3.0 Calbiochem ; hIgG1 donated by T.N. Bat-

.alova, Institute of Epidemiology, Moscow ; human
ŽMb for all proteins: concentration 10 mgrml in 0.05

molrl sodium carbonate buffer, pH 9.5, 100 ml per
.well , or with the equimolar mixture of HRP and Mb

Ž .3.2 mgrml of Mb and 6.8 mgrml of HRP . Dilu-
tions of affinity purified antibodies at the concentra-
tions of 1–4096 ngrml were prepared. The antibod-
ies were dissolved in 0.025 molrl sodium phosphate

Ž .buffer pH 7.4 with 0.15 molrl NaCl, 2 grl BSA
Ž .and 0.5 mlrl Tween 20 ELI-buffer . After washing

Ž .with distilled water 4–5 times , the immunoplates
were successively incubated at 378C with different

Žantibody dilutions 3 h, 100 ml per well, each dilu-
.tion was tested using four wells , sheep anti-mouse
Žantibodies labeled with biotin Sigma, USA; 0.7

.mgrml in ELI-buffer, 100 ml per well, 1 h and
Žavidin, conjugated with alkaline phosphatase Sigma;
.0.5 mgrml in ELI-buffer, 100 ml per well, 1 h . The

colour reaction was developed with disodium salt of
Ž .p-nitrophenyl phosphate hexahydrate PNPP, Sigma .

Ž .The PNPP 1 mgrml was dissolved in 97 mlrl
diethanolamine buffer with 100 mgrl MgCl , pH2

Ž .9.8. The incubation 100 ml per well was carried
out for 30 min at room temperature. The reaction
was stopped by adding 50 ml of 2 molrl NaOH.
Absorption at 405 nm was measured using a Titertek

ŽMultiskan plate spectrophotometer Flow Laborato-
.ries . Two-fold increase of the time of incubation
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with antibody dilutions did not result in the increase
Ž .of the binding data not shown .

2.7. Iodination of antibodies and their purification

The antibodies were iodinated using the chlo-
Ž 125 . w xramine method 20 MBq I per 10 mg of IgG 30 .

Labeled antibodies were affinity purified on the cor-
responding antigen-Sepharose columns, as described

w xpreviously 26 , with some modifications. The anti-
bodies were eluted with 0.1 molrl acetic acid, with 2

Žgrl BSA the solution was titrated with HCl to pH
.2.2 . The eluted fraction was neutralized with the

concentrated solution of ammonia. 125I-labeled bAbs
anti-hIgGrHRP were purified by two-stage affinity
chromatography on HRP-Sepharose and hIgG-Sep-
harose. 125I-labeled bAbs anti-MbrHRP were puri-
fied by successive affinity chromatography on HRP-
Sepharose and Mb-Sepharose. Labeled antibodies
were stored at 58C and were used 1 week after
preparation.

2.8. Determination of the concentration of 125I-
labeled antibodies after affinity purification

The concentration of labeled antibodies was mea-
sured as described in Section 2.6. To measure the
amount of bAbs anti-hIgGrHRP, their binding with
hIgG and HRP was analysed, and the mean concen-
tration was calculated. Similarly, the mean concen-
tration of bAbs anti-MbrHRP was calculated by the
analysis of their binding with Mb and HRP.

2.9. The measurement of binding of 125I-labeled anti-
bodies with antigens adsorbed on a solid phase

Ž .The flexible immunoplates Titertek were satu-
Žrated by antigens, as described in Section 2.6 50 ml

.of solution per well and incubated for 3 h at 378C
125 Ž 3 7with I-labeled antibodies 1 = 10 –1 = 10
.cpmrml , 50 ml of solution per well. Two-fold

increase of the time of incubation did not result in
Žthe significant increase of the binding data not

.shown . The plates were washed with distilled water
Ž .4–5 times , and were allowed to dry at room tem-
perature, overnight. Then the wells were cut off, and
the radioactivity was measured using a Gamma Trac
1191 counter. To determine the overall amount of

125I-labeled antibodies, the radioactivity was mea-
sured in the 50-ml volume samples of each antibody
dilution.

2.10. The theoretical basis of the analysis of the
binding of antibodies with immobilized antigens

2.10.1. Equilibrium binding analysis of antibody
binding with solid-phase antigen

The IgG antibody is bivalent, capable of binding
two antigenic sites under favourable conditions.
Commonly used forms of solid-phase data analysis
model the antibody–antigen interaction as a homoge-
neous, equilibrium, single-step process and exhibit-

w xing homogeneity binding valence 14 . That is:

w xB
Ks , 1Ž .w x w x w x w xAb y B Ag y BŽ . Ž .0 0

where the terms are: K—equilibrium association
constant, assuming single-step, homogenous binding
Ž y1 . w x Ž .M ; Ab —total concentration of antibody M ;0
w x Ž .B —total concentration of bound antibody M ;
w x Ž .Ag —total concentration of antigen M .0

Ž .Various transformations of Eq. 1 lead to the
commonly used forms of antibody binding analysis.
One of the most widely used of these methods is the

w xScatchard plot 31 :

w xB
w x w xsK Ag yK B , 2Ž .0w xAb

w x Ž .where Ab is the concentration of free antibody M ,
Žw x w x w x.Ab s Ab y B . When the experimental data0

Ž .are plotted in the form of Eq. 2 , the slope and
x-axis intercept of the best-fit line through the data
yield the equilibrium binding constant and the total
concentration of antigen. In practice, the experimen-
tal binding data are frequently presented in a more

Žw x.simple form—concentration of bound antibody B
Žw x .vs. total concentration of antibody Ab . At low0

w x Ž w x w x. Ž .B consequently, Ag 4 B , Eq. 1 may be0

transformed to yield:

w xK Ag 0w x w xB f Ab . 3Ž .0w x1qK Ag 0

These co-ordinates are frequently used in ELISA
tests; moreover, the concentration of bound antibody
Žw x.B is presented not in standard units, but as
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absorbance. The tangent of the calibration curve
w x Žis proportional to the coefficient: K Ag r 1q0

w x .K Ag .0

2.10.2. The model of biÕalent binding of mAbs with
antigens immobilized on the surface of solid phase

In reality, IgG antibodies may exist in a mixture
of monovalently and bivalently bound states on the
surface of a solid phase. In this case, the solid-phase
methods measure the avidity of mAbs in the given
experimental conditions rather than the intrinsic
affinity of individual antigen-binding site for anti-
genic epitope. The proposed model of bivalent bind-
ing summarizes previous theoretical elaborations on

w xthis subject 14–16 . A schematic of the bivalent
interaction is presented in Fig. 1.

The process of monovalent binding is character-
Ž .ized by the equilibrium constant K :1

w xk AbAg s1 y1K s s , M , 4Ž . Ž .1 w x w xk 2 Ab Ag sy1

where the terms are: k —association rate constant1
Ž y1between antibody and antigen reactive sites M

y1 .s ; k —dissociation rate constant between anti-y1
Ž y1 . w xbody and antigen reactive sites s ; Ag —surfaces

concentration of vacant antigenic binding sites;
w xAbAg —surface concentration of monovalentlys

bound antibody; subscript AsB denotes surface con-
centration, and a lack of subscript denotes bulk
concentration. The conversion of monovalent to bi-

valent antibody binding is characterized by the equi-
Ž .librium constant K :2

w xk 2 AbAg2 2 s 2K s s , cm rmol , 5Ž .Ž .2 w x w xk Ag AbAgs sy2

where the terms are: k —rate of conversion from2
Ž 2 y1monovalent to bivalently bound antibody cm mol

y1 .s ; k —dissociation rate constant between biva-y2
Ž y1 .lently and monovalently bound antibody s ;

w xAbAg —surface concentration of bivalently bound2 s
Ž .antibody; for the other terms see notes to Eq. 4 .

Ž .The statistical factors of two 2 are introduced
due to the fact that, in the first step, IgG can bind to
either of its arms but dissociate from only one while
in the second the converse is true. For bAbs, the

Žsecond stage is not possible the statistical factor is
.equal to one .

ŽThe observed equilibrium binding constant as-
Ž ..suming the model of Eq. 1 for a given set of

experimental conditions is given by:

w x w xk AbAg q AbAg sass 2 s
K s sobs w x w xk Ab Ag sdiss

w x y1sK 2qK Ag , M , 6Ž . Ž .Ž .s1 2

where the terms are: k —the observed kinetic asso-ass
Ž y1 y1.ciation constant M s ; k —the observed ki-diss

Ž y1 .netic dissociation constant s ; for the other terms
Ž . Ž . Ž .see Eqs. 2 , 4 and 5 .

At the presence of bivalent binding, K is not aobs

constant physical value, but depends on the experi-
Žmental conditions the initial antibody concentra-

w xFig. 1. Schematic of bivalent antibody binding. The bivalent monoclonal antibody in solution Ab reversibly binds to a vacant binding site
w x Ž .at surface concentration Ag subscript AsB denotes surface concentration, and a lack of subscript denotes bulk concentration to form as

w xmonovalently bound complex. The monovalently bound antibody at surface concentration AbAg may then reversibly combine with as
w x w xvacant antigenic site within arm’s reach of the antibody to form a bivalently bound complex at surface concentration AbAg 14 .2 s
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.tions, surface antigen density . The intrinsic affinity
Ž .of the monovalent interaction K in solid-phase1

experiments may be measured with the help of bAbs
Ž Ž . .or their analogues—F ab fragments . As will be
shown in the following sections, bivalent binding
may be evidenced by the comparison of the parame-
ters of titration curves and Scatchard plots for biva-
lent mAbs and bAbs derived thereof.

2.10.3. Use of biÕalent model to predict theoretically
expected Õariations of K , defined from Scatchardob s

plots
When equilibrium binding data are presented in

the form of Scatchard plots, K may be definedobs

from the value of the tangent of the slope of the
Ž Ž ..best-fit line through the data Eq. 2 . If, for some

Žreasons, only monovalent binding occurs K s0,2
Ž ..Eq. 6 , then K for parental mAbs will be equalobs

to 2 K . As bAbs molecule carries only one binding1

site for each antigen, K for bAbs will be equal toobs

K . If a bivalent binding is taking place, then K ,1 obs
Ž .as follows from Eq. 6 , will be higher than 2 K1

Ž .K 42 K .obs 1

2.10.4. Use of biÕalent model to predict theoretically
expected Õariations of calibration curÕes parame-
ters, depending on the absence or presence of biÕa-
lent binding of antibodies with immobilized antigens

When the experimental data are plotted in the
Ž . Žform of Eq. 3 concentration of bound antibody vs.

w x w x .total antibody concentration, B vs. Ab , the tan-0

gent of the slope of the binding curve to abscissa
w x Ž w x .constitutes K Ag r 1qK Ag . In the ab-obs 0 obs 0

sence of bivalent binding, the value of K for theobs

parental mAbs will be equal to 2 K , which is two1

times higher K for bAbs, equal to K . Conse-obs 1

quently, binding curve coefficient for parental mAbs
w x Ž w x .will constitute 2 K Ag r 1q2 K Ag , and coef-1 0 1 0

ficient for binding curve of bAbs will be equal to
w x Ž w x . w xK Ag r 1qK Ag . The value Ag is the same1 0 1 0 0

for bAbs and mAbs. Therefore, in the absence of
bivalent binding the ratio of binding curve coeffi-

Žcient for mAbs and bAbs will constitute 2q
w x . Ž w x .2 K Ag r 1q2 K Ag . Upon further algebraic1 0 1 0

rearrangements, the following expression is achieved
Ž w x . w xfor this ratio: 1q1r 1q2 K Ag . As 2 K Ag1 0 obs 0

)0, in the absence of bivalent binding the ratio of
binding curves coefficients for parental mAbs and

bAbs cannot exceed 2. If this ratio overdraws the
level of 2, this may give evidence for the deviation
from homogeneous valence due to bivalent binding
of the certain portion of mAb molecules.

2.10.5. The ratio of biÕalently and monoÕalently
bound antibodies

The described model of bivalent binding may be
applied in order to determine the percentage of biva-
lently and monovalently bound parental mAbs on the

Ž .surface of a solid phase. From Eq. 5 , this ratio may
be given by:

w x w xAbAg K Ag s2 2s
s . 7Ž .w xAbAg 2s

w xThe value of K Ag is often termed in literature2 s

as the Aenhancement factorB. As can be seen from
Ž .Eq. 7 , this factor is equal to the double ratio of

bivalently and monovalently bound antibodies. The
ratio of bivalently and monovalently bound mAbs

Ž .may be obtained from Eq. 6 , when the values of
Ž .K for bAbs K and K for parental mAbs areobs 1 obs

known.

2.10.6. Theoretically expected Õariations of kinetic
parameters depending on the absence or presence of
biÕalent binding

The above-mentioned equations also allow to
compare the kinetic parameters of the interaction of
parental mAbs and bAbs with immobilized antigens.

Ž .From Eq. 4 , the observed kinetic association con-
Ž .stant k for bAbs is equal to k . k for parentalass 1 ass

mAbs usually is taken to be independent of the
w xvalence of binding 16 and is equal to 2k . The1

Ž .observed kinetic dissociation constant k for bAbsdiss

is equal to k . k for parental mAbs may bey1 diss
Ž .obtained from Eq. 6 :

ky1 y1k s , s . 8Ž . Ž .diss w xK Ag r2q1s2

Consequently, the rate of dissociation of parental
mAbs, which are able to bind bivalently, is signifi-
cantly lower than the dissociation rate of bAbs. If
bivalent binding is not possible, for some reason,
then bAbs and mAbs will show the identical dissoci-
ation rates.
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3. Results

3.1. Characterization of parental mAbs and bAbs

The analysed antibody panel included mAbs and
ŽbAbs specific to three different antigens: Mb M fr

. Ž . Ž17,800 , HRP M f40,000 and hIgG M fr r
. Ž .160,000 . BAbs anti-MbrHRP and anti-hIgGrHRP

were obtained by the fusion of anti-Mb hybridoma
Ž . Ž .clone 14D6 or anti-hIgG hybridoma clone 75G5

Ž .with the same anti-HRP hybridoma clone 36F9
w x13,23 . The binding of antibodies with antigens
adsorbed on a plastic was studied using the immuno-
enzymatic and radioimmune methods.

3.2. The analysis of the binding of the parental mAbs
and bAbs with immobilized antigens using the im-
munoenzymatic method

The analysed antibody panel included anti-HRP
Ž .mAbs clone 36F9 and bAbs bearing anti-HRP

binding sites. For this reason, we have excluded the
use of HRP-labeled secondary antibodies. To register
antibody binding, we have used biotinilated anti-
mouse antibodies and avidin, conjugated with alka-
line phosphatase. As all antibodies were of IgG1
subclass, it may be assumed that all bound antibodies

were identically registered by the selected system.
ŽBinding curves absorbance vs. antibody concentra-

.tion are shown in Figs. 2a, 3a and 4a. In addition,
Table 1 presents the values of binding curves coeffi-

Žcients the tangents of the slope of binding curves to
.abscissa for mAbs and bAbs. Proceeding from the

Ž .ratio of these coefficients Table 1 , it can be con-
Ž .cluded that anti-Mb mAbs clone 14D6 show 10

times higher binding with adsorbed Mb than mono-
Ž .valent anti-MbrHRP bAbs Figs. 2a . We have also

observed the significant difference in the binding of
anti-HRP mAbs and bAbs with immobilized HRP:
mAbs show 7.5 times higher binding than bAbs do
Ž .Fig. 3a, Table 1 . BAbs obtained from different
tetradomas, but bearing the identical anti-HRP bind-

Žing site anti-MbrHRP bAbs and anti-hIgGrHRP
.bAbs , show the identical binding with immobilized
Ž .HRP Fig. 3a . At the same time, anti-hIgG mAbs

Ž .clone 75G5 showed only 1.3 times higher binding
Žwith adsorbed hIgG than anti-hIgGrHRP bAbs Fig.

.4a, Table 1 . Thus, the ratio of binding curve coeffi-
cients for mAbs and bAbs in case of immobilized
Mb and HRP is significantly higher than 2. As

Žfollows from the theoretical background see Section
.2.10.4 , this ratio is consistent with the proposition

that some part of bound anti-HRP and anti-Mb mAbs
is associated bivalently with the corresponding anti-

Ž .Fig. 2. Binding of parental monoclonal antibodies and bispecific antibodies to human myoglobin adsorbed on a solid phase. a Binding of
Ž . Ž .anti-Mb mAbs 14D6 and anti-MbrHRP bAbs 14D6=36F9 to immobilized Mb was measured by ELISA, using the biotinilated sheep

Ž . Ž . Ž .anti-mouse IgG antibodies second antibodies and alkaline phosphatase conjugated to avidin see Section 2.6 . b Binding of anti-Mb
Ž . Ž . 125 ŽmAbs 14D6 and anti-MbrHRP bAbs 14D6=36F9 to immobilized Mb was measured by RIA, using I-labeled mAbs or bAbs see

. Ž . Ž .Section 2.9 . `---` —anti-Mb mAbs 14D6; I—I —anti-MbrHRP bAbs 14D6=36F9.
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Ž .Fig. 3. Binding of parental monoclonal antibodies and bispecific antibodies to HRP adsorbed on a solid phase. a Binding of anti-HRP
Ž . Ž . Ž .mAbs 36F9 , anti-MbrHRP bAbs 14D6=36F9 and anti-hIgGrHRP bAbs 75G5=36F9 to immobilized HRP was measured by

Ž . ŽELISA, using the biotinilated sheep anti-mouse IgG antibodies second antibodies and alkaline phosphatase conjugated to avidin see
. Ž . Ž . Ž . Ž .Section 2.6 . b Binding of anti-HRP mAbs 36F9 , anti-MbrHRP bAbs 14D6=36F9 and anti-hIgGrHRP bAbs 75G5=36F9 to

125 Ž . Ž . Ž .immobilized HRP was measured by RIA, using I-labeled mAbs or bAbs see Section 2.9 . c Scatchard plots of AbB. `---` —anti-HRP
Ž . Ž .mAbs 36F9; I—I —anti-MbrHRP mAbs 14D6=36F9; v—v —anti-hIgGrHRP mAbs 75G5=36F9.

gens. In contrast, for hIgG, the ratio of mAbs and
bAbs binding curves coefficients is less than 2,
suggesting the absence of bivalent binding of parental

Žanti-hIgG mAbs with immobilized antigen see Sec-
.tion 2.10.4 .

In addition, we have studied whether anti-
MbrHRP bAbs can bind Mb and HRP simultane-
ously, in the situation when the equimolar mixture of

Ž .both antigens Mb and HRP is adsorbed on the
surface of a solid phase. In Fig. 5, binding curves of
bAbs, obtained with the mixture of two antigens
Ž .MbqHRP , are compared with binding curves for
the same bAbs obtained with individually immobi-

Ž .lized antigens Mb or HRP . The total molar concen-

tration of adsorbed proteins was the same in both
Ž .experiments. As can be seen from these data Fig. 5 ,

bAbs show 3–6 times higher binding with the anti-
gen mixture than with individual antigens. These
data suggest the presence of bivalent binding of
bAbs, when both antigens are simultaneously ad-
sorbed on the plastic.

3.3. Radioimmunological analysis of the binding of
the parental mAbs and bAbs with immobilized anti-
gens

In these experiments, bAbs and mAbs were la-
beled with 125I. Figs. 2b, 3b and 4b represent titra-
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Ž .Fig. 4. Binding of parental monoclonal antibodies and bispecific antibodies to human IgG adsorbed on a solid phase. a Binding of
Ž . Ž .anti-hIgG mAbs 75G5 and anti-hIgGrHRP bAbs 75G5=36F9 to immobilized IgG was measured by ELISA, using the biotinilated

Ž . Ž . Ž .sheep anti-mouse IgG antibodies second antibodies and alkaline phosphatase conjugated to avidin see Section 2.6 . b Binding of
Ž . Ž . 125anti-hIgG mAbs 75G5 and anti-hIgGrHRP bAbs 75G5=36F9 to immobilized IgG was measured by RIA, using I-labeled mAbs or

Ž . Ž . Ž . Ž .bAbs see Section 2.9 . c Scatchard plots of AbB. `---` —anti-hIgG mAbs 75G5; v—v —anti-hIgGrHRP bAbs 75G5=36F9.

Žtion curves obtained with mAbs and bAbs con-
centration of bound antibodies vs. total concentration

.of antibodies . Scatchard plots of the same binding
experiments are presented in Figs. 3c and 4c. It
should be noted that Scatchard analysis of binding
curves requires a correct determination of concentra-
tions of bound and free antibodies. Bearing in mind
this circumstance, we have subjected all antibodies
after iodination to affinity purification on antigen-
Sepharose columns. Therefore, it may be assumed
that after affinity purification we obtained IgG frac-
tions in which all 125I-bound antibodies were im-
munologically active. This fact seems rather impor-
tant for Scatchard analysis, since some of the

antibody molecules may be inactivated during iodi-
w xnation 32 . The concentration of immunologically

active antibodies after affinity purification was mea-
sured as described in Section 2.8.

The comparison of titration curves, presented in
Figs. 2b, 3b and 4b, allows to reveal the significant
difference in binding of mAbs and bAbs with immo-
bilized HRP and Mb. Proceeding from the ratio of

Ž .calibration curve coefficients Table 1 , it may be
concluded that 125I-labeled anti-Mb mAbs show 5.3
times higher binding with immobilized Mb than
125 Ž . 125I-bAbs Fig. 2b . For I-labeled anti-HRP mAbs
and 125I-labeled bAbs with specificity anti-MbrHRP

Ž .and anti-hIgGrHRP, this ratio with respect to HRP
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Table 1
Ž .The coefficients of titration curves the tangents of the slopes of binding curves to abscissa obtained with parental mAbs and bispecific

antibodies

Method Antibody specificity Immobilized Figure Binding curve
antigen coefficient

ELISA anti-Mb Mb 2a 0.00095"0.00006
anti-MbrHRP Mb 2a 0.00009"0.00001
anti-HRP HRP 3a 0.00145"0.00003
anti-MbrHRP HRP 3a 0.00019"0.00001
anti-hIgGrHRP HRP 3a 0.00020"0.00001
anti-hIgG hIgG1 4a 0.0038"0.0002
anti-hIgGrHRP hIgG1 4a 0.0029"0.0001

RIA anti-Mb Mb 2b 0.319"0.003
anti-MbrHRP Mb 2b 0.060"0.001
anti-HRP HRP 3b 0.149"0.002
anti-MbrHRP HRP 3b 0.068"0.001
anti-hIgGrHRP HRP 3b 0.052"0.001
anti-hIgG hIgG1 4b 0.603"0.006
anti-hIgGrHRP hIgG1 4b 0.426"0.007

Žconstitutes 2.2 and 2.9, correspondingly Fig. 3b,
. 125Table 1 . I-anti-hIgG mAbs showed 1.4 times

Fig. 5. Binding of antibodies with double specificity to human
Ž .myoglobin and HRP 14D6=36F9 to immobilized antigens,

Ž .taken individually or in mixture. =-P-= —the wells of im-
Žmunoplates were coated with HRP 10 mgrml in 0.05 M carbon-

. Ž .ate buffer, pH 9.5 ; e---e —the wells of immunoplates were
Ž .coated with Mb 10 mgrml in 0.05M carbonate buffer, pH 9.5 ;

Ž .'—' —the wells of immunoplates were coated with the
Žequimolar mixture of two antigens—Mb and HRP 6.8 mgrml of

.HRP and 3.2 mgrml of Mb in 0.05 M carbonate buffer, pH 9.5 .
Binding of bAbs with immobilized Mb and HRP was measured by
ELISA, using the biotinilated sheep anti-mouse IgG antibodies
Ž .second antibodies and alkaline phosphatase conjugated to avidin
Ž .see Section 2.6 .

Žhigher binding with immobilized hIgG Fig. 4b,
. ŽTable 1 than the corresponding bAbs anti-hIgGr

.HRP . As a whole, the data obtained in solid-phase
RIA confirm the conclusions made on the basis of
ELISA. The relatively high ratio of binding curve
coefficients for mAbs and bAbs with respect to

Ž .immobilized Mb and HRP )2 allows to suggest
the presence of bivalent binding of anti-Mb and
anti-HRP mAbs with antigens adsorbed on the sur-
face of immunoplates. For immobilized hIgG, the
ratio of binding curve coefficient for bivalent and

Ž .monovalent antibodies is less than 2 1.4 ; this, as
has been shown in theoretical Section 2.10.4, is not
consistent with the proposition of the ability of anti-
hIgG mAbs to bivalently bind the immobilized anti-
gens. It should be noticed, that in solid-phase RIA,
the differences between mAbs and bAbs were not so
strong as in ELISA.

Scatchard plots of the same binding experiments
Ž .Figs. 3c and 4c were used to determine the ob-

Ž .served equilibrium binding constants K . It shouldobs

be reminded that K is equal to the value of theobs

tangent of the slope of the best-fit line through the
data. The values of K for mAbs and bAbs, ob-obs

tained from the corresponding Scatchard plots, are
presented in Table 2. As seen from Table 2, K forobs

parental mAbs, specific to HRP is 38 times higher
K for anti-HRP sites of bAbs with double speci-obs

ficity to HRP and hIgG, and 21 times higher Kobs
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Table 2
Ž .Observed equilibrium constants K for the binding of parentalobs

monoclonal antibodies and bispecific antibodies to antigens ad-
sorbed on a solid phase

y1Cell line Antibody Immobilized K , Mobs

specificity antigen
8Ž .36F9 Anti-HRP HRP 2.0"0.1 =10
6Ž .36F9=14D6 Anti-MbrHRP HRP 9.6"0.8 =10
6Ž .36F9=75G5 anti-hIgGrHRP HRP 5.3"0.5 =10

8Ž .75G5 Anti-hIgG hIgG1 5.9"0.6 =10
8Ž .36F9=75G5 anti-hIgGrHRP hIgG1 2.6"0.2 =10

for bAbs with specificity anti-MbrHRP. It should be
noted that the difference in the K for the anti-HRPobs

Žsites of two kinds of bAbs anti-hIgGrHRP and
.anti-MbrHRP does not exceed the scatter common

w xfor such experiments 14,16–18 . The results of
Scatchard analysis were also applied in order to
determine the percentage of monovalently and biva-
lently bound parental mAbs on the surface of a solid

Ž . Ž . Žphase. Eqs. 6 and 7 see theoretical Sections
.2.10.2 and 2.10.5 allow to calculate the ratio of

bivalently and monovalently bound mAbs, using the
experimentally obtained K . For anti-HRP mAbs,obs

this ratio constitutes 9 or 18, depending on whether
the data for anti-MbrHRP bAbs or anti-hIgGrHRP
bAbs was used in the calculations of the affinity of
monovalent binding. Therefore, for the given antigen
density on the surface, and in the given range of
antibody concentrations in the incubation mixture,
about 90–95% of all bound parental anti-HRP mAbs
are associated bivalently, and only 5–10% are asso-
ciated monovalently with adsorbed HRP. In the case
of adsorbed hIgG, the K of parental mAbs wasobs

only 2.3 times higher K for anti-hIgG site ofobs
Ž .bAbs Table 2 . In this case, the ratio of K forobs

mAbs and bAbs is consistent with the above-made
conclusion about the absence of bivalent binding of
parental mAbs with adsorbed hIgG. Indeed, theoreti-
cally, in the absence of bivalent binding, the K ofobs

mAbs should be two times higher K for bAbs,obs
Ž .due to the statistical factor of 2 see Section 2.10.3 .

Evidently, the deviation of experimental K valuesobs

for anti-hIgG mAbs from theoretical value does not
exceed the scatter common for the method. The data
on Scatchard analysis of antibody binding with Mb
are not presented, as we did not obtain the proper

Scatchard plots in any of the three independent
Ž .experiments the scatter was too large .

4. Discussion

With the widespread use of mAbs in solid-phase
immunoassays and in cell targeting, a need has
arisen for a better understanding of the mechanisms
governing the interactions of antibodies with immo-
bilized antigens. Theoretical aspects of this problem

w xhave been considered in a number of studies 14–16 .
The main principles of the accepted model of biva-
lent binding in solid-phase systems, concerning the
subject of our work, are summarized in the theoreti-
cal Section 2.10. As follows from this model, the
ability of mAbs to bind bivalently to immobilized
antigens may produce strong enhancement effect on
the strength of antigen–antibody interaction. This
enhancement effect in an experimental system of
interest may be evidenced and quantitatively esti-
mated in equilibrium binding experiments with
knowledge of the true affinity of monovalent binding
of IgG antibody. This approach was applied in a
number of experimental studies on the mechanisms

wof binding of mAbs with solid-phase antigens 14–
x21 . Moreover, the common way to measure the

intrinsic affinity of monovalent binding of IgG anti-
bodies to immobilized antigens was the use of their
Ž . w xF ab fragments 14–17 . However, it should be

borne in mind that this approach might have some
disadvantages, due to the differences in the structure

Ž .of F ab fragments and intact antibodies. As shown
Žin some studies, the Fc region which is absent in

Ž . .F ab fragments is able to influence the antibody
binding characteristics, possibly by influencing anti-

w xbody flexibility 33 . It should be noted that the
affinity of monovalent binding of bivalent antibody
with a soluble antigen might be easily measured in
equilibrium binding experiments in solution. How-

Žever, the immobilization on a solid phase the sur-
.face of immunoplates may result in a partial denatu-

ration of the protein, modifying its binding property
w x34 . Therefore, the absolute values of affinity con-
stants measured in solution are not valid for solid-
phase experiments.

The distinctive feature of the present study on the
interaction of mAbs with solid-phase antigens is the
use of biologically produced bAbs to measure the
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intrinsic affinity. The paper reports the results of the
comparative analysis of the ability of three mAbs of

Ždifferent specificity anti-Mb, anti-hIgG and anti-
.HRP and bAbs derived thereof to bind antigens

adsorbed on a surface of immunoplates. A bAbs
molecule secreted by tetradoma cells is composed of
two different halves of parental mAbs. According to
this scheme, bAbs and parental mAbs should have
the same antigen-binding site structure, and, conse-
quently, the same intrinsic affinity. In fact, in one of
our recent works we have confirmed that bAbs anti-

Ž .hIgGrHRP used in the present study and their
parental mAbs have identical affinity constants with
respect to both antigens, as defined by Scatchard plot
analysis of the equilibrium binding data for the

w xsolution 5 . Other authors also demonstrated the
identity of antigen-binding sites of mAbs and bAbs

w xderived thereof 4 . In general, the production of
bAbs with altered affinity of antigen-binding sites
Ži.e., due to the AincorrectB association of H and L

.chains in bAbs shoulders is considered to be a rare
w x w xevent 3 , though such cases have been reported 7 .

Since all mAbs analysed in the present work were of
IgG1 subclass, bAbs derived thereof had the same
structure of their Fc region as the bivalent antibodies.
Theoretically, the use of bAbs retaining the structure
of the intact IgG molecule to measure the intrinsic
affinity may provide more correct estimation of the
influence of bivalence on antigen–antibody binding
in heterogeneous systems, if compared with the ex-

Ž .perimental models using F ab s. In the present study,
the comparison of equilibrium binding data for mAbs

Žand bAbs, obtained in two methods ELISA and
.solid-phase RIA , with the predictions of the bivalent

binding model allowed to reveal the strong enhance-
ment effects due to bivalent binding of anti-HRP and
anti-Mb mAbs to immobilized antigens. At the same
time, the observed differences in the binding curves’
parameters for anti-hIgG mAbs and corresponding

Ž .anti-hIgGrHRP bAbs concerning anti-hIgG arm
were not enough to testify the bivalent binding and
had to be attributed to the statistical factor of two
binding sites per bivalent antibody molecule.

Several reasons could account for the lack of
bivalent interaction of anti-hIgG mAbs with immobi-
lized antigen molecules. The trivial reason is that the
antibody does not contain two active binding sites.
For example, binding sites may be inactivated during

the affinity purification of antibodies. However, as
antibody activity was specially controlled in our

Ž .work during the purification see Section 2.3 , this
possibility can apparently be excluded. Binding sites
also may be inactivated during iodination. But evi-
dently, this could not be the reason for the observed
absence of bivalent binding in ELISA. It may be also
proposed that the density of antigen is too low to
permit bivalent binding. This reason also seems
hardly probable, as we did not observe this effect
with other antibodies, using the same concentrations
of antigens in solution to saturate the immunoplates.
At last, it may be suggested that the observed differ-
ences in the behaviour of different mAbs depend on
steric factors. It has been recognized previously that
avidity depends strongly on whether the structure of

w xantigen allows bivalent antibody binding 35 . In this
connection, it should be noticed that hIgG has a
AstickB structure, while Mb and HRP have a globular
structure. Our study confirms previous observations
Ž Ž . . w xobtained with F ab fragments 16–21 that though
some antibodies can bind bivalently, others bind
monovalently in the same experimental conditions.
Accordingly, the degree of difference between differ-
ent bAbs and their corresponding intact native
molecules should be expected to vary markedly from
antibody to antibody, as observed in our work. In the

w xearlier study of Dower et al. 16 , it was shown that
antibodies to different epitopes of the same cell
surface antigen might exhibit different modes of

Ž .binding bivalent or monovalent .
In addition, it should be noticed that the differ-

ences in binding curves for anti-HRP and anti-Mb
mAbs and corresponding bAbs were more pro-

Žnounced in ELISA than in RIA Fig. 2a and b, Fig.
.3a and b; Table 1 . To explain this effect, it should

be borne in mind that bAbs might be more strongly
dissociated during the incubations than bivalently

Žbound anti-HRP and anti-Mb mAbs see Section
.2.10.6 . Evidently, the effect of dissociation should

Žbe more visible in the multi-step method in our
.work, it is the ELISA method than in a one-stage

Ž .procedure RIA method . In the absence of bivalent
Ž .binding anti-hIgG mAbs , the ratio of binding curve

parameters for bAbs and mAbs was practically the
Ž .same in ELISA and RIA Fig 4a and b; Table 1 ,

apparently because bAbs and mAbs had the same
dissociation rates in this case.
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Fig. 6. Binding of antibodies with double specificity to human myoglobin and HRP to antigens simultaneously adsorbed on a solid phase. If
Ž .both antigens Mb and HRP are simultaneously immobilized on a surface of immunoplates, the monovalently and bivalently bound states of

the antibody co-exist in equilibrium with one another on the surface of a solid phase. In the bivalent state, both antigen-binding sites of
bAbs simultaneously bind two antigens that should result in the increased avidity of the binding.

In our work, the enhancement effect due to the
bivalent interaction was also evidenced in the experi-
ments on comparison of binding of anti-MbrHRP
bAbs with individually immobilized antigens, and
their mixture. A model for the effect is shown in Fig.
6. These data are in line with the earlier study of

w xWong and Colvin 36 , in which two bAbs with
double specificity against different T cell surface
antigens were produced. These bAbs promoted com-
plement-mediated lysis of target cells that bore both
surface antigens 25 to 3125 times more efficiently
than of cells expressing only one of the antigens.

w xMilstein and Cuello 3 in their pioneer work on
the production of bAbs by cell fusion first showed
that antibodies with dual specificity to antigen and

Ž .enzyme anti-somatostatinrHRP might be effec-
tively used in immunohistochemistry. In a number
of later studies, the replacement of traditional en-
zyme–antibody conjugates with tetradoma-produced
bAbs, bearing binding sites to the antigen and the
enzyme, has been claimed to be an advantageous
approach for the development of high performance
heterogeneous immunoassays and immunohisto-

w xchemistry 9–12 . On the contrary, the results of our
study give evidence that bAbs show strongly reduced
avidity in heterogeneous systems, if compared with

ŽmAbs binding bivalently anti-Mb and anti-HRP
.mAbs . In general, the reported data remind that

multivalency is the advantage of the natural anti-
body, by which great increase in functional affinity
may be achieved. This may be very important for the
variety of applications of antibodies in vitro and in
vivo. For example, in our recent study we have

compared the efficiency of the traditional mAb-en-
Ž .zyme HRP conjugate and bAbs, carrying anti-Mb

and anti-HRP sites, in antigen-capture ELISA for
w xhuman Mb 13 . It has been shown that parental

mAbs were more effective than bAbs, regarding
w xsensitivity and resolution of the method 13 . In the

past 10–15 years, important advances have been
made in the design, selection and production of the
new type of engineered antibodies—so-called mini-
antibodies or recombinant single-chain Fv fragments
w x37–39 . In particular, some authors reported the
attempt to produce tetravalent bispecific single-chain

w xantibody 40,41 . Theoretically, this approach to pro-
duce the bispecific reagents with higher avidity seems
to be very promising. However, in practice, it is still
very difficult to obtain tetravalent single-chain bAbs

w xwith improved binding characteristics 40,41 . There-
fore, this approach requires further elaboration.

We suppose that the results of our study warn
against using biologically produced bAbs as labeled
antibodies in solid-phase systems without accounting
the avidity effects. The process of obtaining the
producer antibody clones is rather laborious and
requires high skill. Problems can also occur during
bAbs purification. But this approach hardly can pro-
vide the significant gain in assay performance, if
parental mAbs are able to bind bivalently.

References

w x1 Fanger MW, Guyre PM. Bispecific antibodies for targeted
cellular cytotoxicity. Trends Biotechnol 1991;9:375–80.



( )D.A. DmitrieÕ et al.rClinica Chimica Acta 309 2001 57–7170

w x2 Cao Y, Suresh MR. Bispecific antibodies as novel bioconju-
gates. Bioconjugate Chem 1998;9:635–44.

w x3 Milstein C, Cuello AC. Hybrid hybridomas and their use in
immunohistochemistry. Nature 1983;305:537–40.

w x4 Allard WJ, Moran CA, Nagel E, Collins G, Largan MT.
Antigen binding properties of highly purified bispecific anti-
bodies. Mol Immunol 1992;29:1219–27.

w x5 Smirnova MB, Dergunova NN, Kizim EA, et al. Study of
antigen-binding properties of bispecific antibodies. Biochem-

Ž .istry Moscow 1997;62:41–8.
w x6 Milstein C, Cuello AC. Hybrid hybridomas and the produc-

tion of bispecific monoclonal antibodies. Immunol Today
1984;5:299–304.

w x7 Somasundaram C, Matzku S, Schuhmacher J, Zoller M.
Development of a bispecific monoclonal antibody against a
gallium-67 chelate and the human melanoma associated anti-
gen p97 for potential use in pretargeted immunoscintigraphy.
Cancer Immunol Immunother 1993;36:337–45.

w x8 Koelemij R, Kuppen PJ, van de Velde CJ, Fleuren GJ,
Hagenaars M, Eggermont AM. Bispecific antibodies in can-
cer therapy, from the laboratory to the clinic. J Immunother
1999;22:514–24.

w x9 Bugari G, Polesi C, Beretta A, Ghielmi S, Albertini A.
Quantitative immunoenzymatic assay of human lutropin with
use of a bi-specific monoclonal antibody. Clin Chem 1990;
36:47–52.

w x10 Berkova N, Karawajew L, Korobko V, Behrsing O, Micheel
B, Shamborant O. Development of an enzyme immunoassay
for the measurement of human tumour necrosis factor-alpha
Ž .hTNF-alpha using bispecific antibodies to hTNF-alpha and
horseradish peroxidase. Biotechnol Appl Biochem 1996;23:
163–71.

w x11 Kreutz FT, Suresh MR. Novel bispecific immunoprobe for
rapid and sensitive detection of prostate-specific antigen.
Clin Chem 1997;43:649–56.

w x12 Morimoto K, Inouye K. A sensitive enzyme immunoassay of
Ž .human thyroid-stimulating hormone THS using bispecific

Ž X .F ab fragments recognizing polymerized alkaline phos-2

phatase and TSH. J Immunol Meth 1997;205:81–90.
w x13 Smirnova MB, Nikulina VA, Segal OL, et al. Single-step

sandwich immunoassay of myoglobin with bifunctional mon-
Ž .oclonal antibody. Biochemistry Moscow 1999;6:639–47.

w x14 Kaufman EN, Jain RK. Effect of bivalent interaction upon
apparent antibody affinity: experimental confirmation of the-
ory using fluorescence photobleaching and implications for
antibody binding assays. Cancer Res 1992;52:4157–67.

w x15 Crothers DM, Metzger H. The influence of polyvalency on
binding properties of antibodies. Immunochemistry 1972;9:
341–57.

w x16 Dower SK, Ozato K, Segal DM. The interaction of mono-
clonal antibodies with MHC class I antigens on mouse spleen
cells: I. Analysis of the mechanism of binding. J Immunol
1984;132:751–8.

w x17 Mason DW, Williams AF. Kinetics of antibody reactions and
the analysis of cell surface antigens. In: Weir DM, editor.
Hand. exp. immunol. 4th edn. Oxford: Blackwell Scientific
1980:38.1–17.

w x18 Ways JP, Parham P. The binding of monoclonal antibodies to

cell-surface molecules. A quantitative analysis with immuno-
globulin G against two alloantigenic determinants of the
human transplantation antigen HLA-A2. Biochem J 1983;
216:423–32.

w x19 Lamarre A, Talbot PJ. Protection from lethal coronavirus
infection by immunoglobulin fragments. J Immunol 1995;
154:3975–84.

w x20 Roubey RA, Eisenberg RA, Harper MF, Winfield JB. AAnti-
cardiolipinB autoantibodies recognise beta 2-glycoprotein I in
the absence of phospholipid. Importance of Ag density and
bivalent binding. J Immunol 1995;154:954–60.

w x21 Davis KA, Abrams B, Iyer SB, Hoffman RA, Bishop JE.
Determination of CD4 antigen density on cells: role of
antibody valency, avidity, clones, and conjugation. Cytome-
try 1998;33:197–205.

w x22 Massino YS, Kizim EA, Dergunova NN, Vostrikov VM,
Dmitriev AD. Construction of a quadroma to a-endorphinr
horseradish peroxidase using an actinomycin D-resistant
mouse myeloma cell line. Immunol Lett 1992;33:217–22.

w x23 Massino YS, Sukhanova LL, Kizim EA, et al. Production of
bifunctional monoclonal antibodies to human IgG and
horseradish peroxidase and their utilization for testing anti-
HIV antibodies. Byul Eksp Biol Med 1994;117:291–3.

w x24 Nikulina VA, Kizim EA, Massino YS, et al. The synergistic
effects in antigen capture ELISA using three monoclonal
antibodies directed at different epitopes of the same antigen.
Clin Chim Acta 2000;299:25–44.

w x25 Strausser HR, Rothfeld LE, Bucsi RA. Isolation and preser-
vation of human myoglobin for use in immunological detec-

Ž .tion of myoglobinuria. Proc Soc Exp Biol NY 1966;122:
661.

w x26 Massino YS, Dergunova NN, Kizim EA, et al. Quantitative
analysis of the products of IgG chain recombination in
hybrid hybridomas based on affinity chromatography and
radioimmunoassay. J Immunol Meth 1997;201:57–66.

w x27 Laemmli UK. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 1970;277:
680–5.

w x28 Fasman GD, editor. 3rd edn. Handb. Biochem. Mol. Biol.
Sect. A: Proteins, vol. 2, Cleveland: CRC Press 1976:383.

w x29 Ishikawa E, Imagava M, Hashida S, Yoshitake S, Hamaguchi
Y, Ueno T. Enzyme-labelling of antibodies and their frag-
ments for enzyme immunoassay and immunohistochemical
staining. J Immunoassay 1983;4:209.

w x30 Greenwood FG, Hunter WM, Glover JS. The preparation of
131I-labeled human growth hormone of high specific activity.
Biochem J 1963;89:114–23.

w x31 Klotz IM. Numbers of receptor sites from Scatchard graphs:
facts and fantasies. Science 1982;217:1247–9.

w x32 Chard T. An introduction to radioimmunoassay and related
techniques. Elsevier: North-Holland Biomedical Press; 1978.

w x33 McCloskey N, Turner MW, Goldblatt D. Correlation be-
tween the avidity of mouse-human chimeric IgG subclass
monoclonal antibodies measured by solid-phase elution

Ž .ELISA and biospecific interaction analysis BIA . J Immunol
Meth 1997;205:67–72.

w x34 Djavadi-Ohaniance L, Friguet B. The specificity of mono-
clonal antibodies for enzymes in solution vs. immobilized on



( )D.A. DmitrieÕ et al.rClinica Chimica Acta 309 2001 57–71 71

solid phase. In: Butler JE, editor. The immunochemistry of
solid-phase immunoassay. Boca Raton, FL: CRC Press; 1991.
Chap. 10, p. 199–211.

w x35 Mattes MJ. On the validity of Afunctional affinityB determi-
nation for antibodies binding to cell surface antigens or other
polyvalent antigens. Cancer Res 1995;55:5733–5.

w x36 Wong JT, Colvin RB. Bi-specific monoclonal antibodies:
selective binding and complement fixation to cells that ex-
press two different surface antigens. J Immunol 1987;139:
1369–74.

w x37 Self CH, Cook DB. Advances in immunoassay technology.
Curr Opin Biotechnol 1996;7:60–5.

w x38 Pluckthun A, Pack P. New protein engineering approaches to
multivalent and bispecific antibody fragments. Immunotech-
nology 1997;3:83–105.

w x39 Hudson PJ. Recombinant antibody constructs in cancer ther-
apy. Curr Opin Immunol 1999;11:548–57.

w x40 Coloma MJ, Morrison SL. Design and production of novel
tetravalent bispecific antibodies. Nat Biotechnol 1997;15:
159–63.

w x41 Muller KM, Arndt KM, Pluckthun A. A dimeric bispecific
miniantibody combines two specificities with avidity. FEBS
Lett 1998;432:45–9.


