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INTERACTION BETWEEN ANTIBODIES AND 
HAPTEN-PROTEIN CONJUGATES OF DIFFERENT COMPOSITION: 

THEORETICAL PREDICTIONS AND EXPERIMENTAL DATA 

Anatoliy V. Zherdev, Olga G. Romanenko and 
Boris B. Dzantiev 

A.N.Bach Institute of Biochemistry, Russian Ac. Sci., 
Leninskiy prospect 33, Moscow 117071, Russia 

ABSTRACT 

Mathematical models of competitive ELISAs with 
labelled antibody and with labelled antigen taking 
into account bivalent interactions between antibodies 
and hapten-protein conjugates were developed and ana- 
lyzed. It was shown that in the kinetic model of the 
immunochemical reaction the conjugate composition in- 
fluenced the amplitude of detected signal but not 
ELISA sensitivity. In the equilibrium model decreased 
sensitivity correlated with bivalent complexes forma- 
tion. 

The predictions were tested experimentally using 
2,4-dichlorophenoxyacetic acid (2,4-D) and testo- 
sterone as haptens. It was confirmed that increasing 
of the hapten : protein ratio resulted in formation 
of bivalent complexes with antibodies. The equilib- 
rium binding constants for these complexes were two 
orders of magnitude higher than f o r  monovalent ones. 
Optimal conjugate compositions have been chosen for 
ELISA of these haptens. 

(KEY WORDS: immune complexes, affinity of antibodies, 
hapten-protein conjugates, ELISA, testo- 
sterone, 2,4-dichlorophenoxyacetic acid) 
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68 ZHERDEV, ROMANENKO, AND DZANTIEV 

INTRODUCTION 

Development of quantitative descriptions €or 

interactions between hapten-carrier conjugates and 

antibodies is extremely important for many fields of 

immunochemistry. Synthetic conjugates are suitable 

models of antigens with repeating determinants, which 

are widely presented in biological objects (1,2), and 

these conjugates are increasingly used as immunogens 

and reagents for immunoassays (3). 

Composition and surface density of antigenic de- 

terminants (coupled haptens) are the main characte- 

ristics of the conjugates. Change in composition in- 

fluences antigen-antibody reaction parameters. This 

is primarily caused by an increased likelihood of bi- 

valent interactions for conjugates with high hapten 

density. At the present time this problem is de- 

scribed only phenomenologically. Selection of conju- 

gates optimal for analytical systems is based on 

experimental testing rather than detailed theoretical 

predictions (4-6). 

The purpose of our work was to elucidate and 

compare the theoretical and experimental dependences 

of the interaction between antibodies and synthetic 

hapten-protein conjugates of different composition. 

2,4-Dichlorophenoxyacetic acid (2,4-D) and testoste- 

rone were used as haptens. Antibodies against these 

haptens were obtained earlier and characterized in 

our previous studies ( 7 , 8 )  . 
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ANTIBODIES AND HAPTEN-PROTEIN CONJUGATES 69 

MATERIALS AND METHODS 

1. Chemicals and SuDplies 

The following chemicals were used in this work: 

2,4-dichlorophenoxyacetic acid (Serva), testosterone 

and testosterone-(3-O-carboxy1nethyl~oxime (both ob- 

tained according to (811 ,  bovine serum albumin (BSA, 

Sigma), soybean trypsin inhibitor (STI, Reanal), 

horseradish peroxidase with RZ=A403/A280=3. 0 (HRP, 

Biolar, Latvia), haemocyanine from crab Paralithodes 

camtschatica (HC, Alexander, Russia), protein A from 

Staphylococcus aureus (Vostok, Russia), L-lysine 

(Reanal), poly-L-lysine hydrochloride (PL, Q 4 -  

15 kDa and 30-70 kDa, Sigma), N-methylmorpholine 

(Serva) , isobutylchloroformiate (Serva) , N-hydroxy- 

succinimide (Sigma) , dimethylformamide (DMFA, Serva) , 
l-cyclohexyl-3-(2-rnorpholinoethyl~carbodiimide metho- 

p -  toluenesulfonate (CalBiochem) , polyethylene glycol 

(Q 6 kDa, Serva), sodium dodecylsulfate (Sigma), L- 

cysteine (Reanal), 2,4,6-trinitrobenzenesulfonic acid 

(Chemapol), sodium ethylenediaminetetraacetate (EDTA, 

Serva), Tween-20 (Serva), o-phenylenediamine (Fluka). 
polysterene plates (Dynatech) were used as solid 

phase for measurements of constants of antigen- 

antibody reactions and for ELISA of the haptens. 

2. Synthesis and Purification of HaDten-Protein 

Coniusates 

The testosterone-BSA (immunogen), testosterone- 

STI and testosterone-XRP conjugates were synthesized 
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70 ZHERDEV, ROMANENKO, AND DZANTIEV 

according to the following procedure (7). Testos- 

terone- (3 -0-carboxymethyl) -oxime was diluted of 20 mg 

in 0.5 mL of DMFA, cooling down to -2OOC followed by 

addition of 5 pL N-methylmorpholine and 10 pL 

isobutylchloroformiate to activate the hapten. The 

reaction mixture was incubated for 30 min with stir- 

ring and then added to a 5 % protein solution in wa- 

ter. In the case of immunogen synthesis, the hap- 

ten:protein molar ratio was 200:1, in the case of STI 

the ratio was 1O:l. while for conjugates with HRP it 

was ranged from 2:l to 200:l. Further DMFA was added 

dropwise to the resultant mixture (in 1:2 volume 

ratio) at 4OC, pH was corrected to 8-8.5 by 0.1 M 

NaHC03 and the mixture was incubated overnight at 4°C. 

The conjugates of 2,4-D with BSA (immunogen), 

HRP, STI, HC and PL were synthesized as described 

previously (7,9) . At first hapten was activated: to 

6.5 mg 2,4-D in 1 mL of DMFA 30 mg l-cyclohexyl-3(2- 

morpholinoethy1)carbodiimide metho-p-toluenesulfonate 

and 8 mg N-hydroxysuccinimide were added and incu- 

bated for 2 h at room temperature with stirring. The 

prepared 2,4-D derivative was then added to 1 % pro- 

tein solution in water. In the case of immunogen syn- 

thesis the hapten:protein molar ratio was 200:1, 

while for other conjugates it was ranged from 2 : l  to 

200:l. 

The conjugates synthesized were separated from 

low molecular weight compounds by dialysis and/or by 
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ANTIBODIES AND HAPTEN-PROTEIN CONJUGATES 71 

gel-filtration on Sephadex 6-25 (Pharmacia) in 0.05 W 

K-phosphate buffer with 0.1 M NaC1, pH 7.4 (PBS) . 

3. Determination of HaDten-Protein Coniusate ComDo- 

sition 

The compositions of the conjugates were deter- 

mined by comparing the number of surface amino groups 

in the original protein with the protein conjugated 

with hapten. Amino groups were detected using a 
modified 2,4,6-trinitrobenzenesulfonic acid method 

(10,ll). Solutions of protein and hapten-protein con- 

jugates in water (1 mg/mL) were prepared. 50 pL 

aliquots of these solutions and water (blank sample) 

were dispensed in plate. 50 pL of saturated NaHC03 

solution and 50 pL of 2,4,6-trinitrobenzenesulfonic 

acid solution ( 2  mg/mL) in water were then added. The 

mixture obtained was incubated f o r  2 h at 37OC. Then 

25 pL of 10 % sodium dodecylsulfate water solution 

and 25 pL of 0.5 M HC1 were added. Optical density 

was measured at 405 ~1 using a vertical photometer 

(MR-580, Dynatech). 

The titration results were compared with calcu- 

lations based on changes in ultraviolet spectra of 

the proteins after incorporation of the hapten 

groups. These two approaches give similar values f o r  

the composition, the titration experiments having 

higher accuracy. 
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72 ZHERDEV, ROMANENKO, AND DZANTIEV 

4. Immunization, Antibody Separation and Testinq 

Chinchilla rabbits weighing 3-4 kg were i m u -  

nized with testosterone-BSA and 2,4-D-BSA according 

to the following procedure. Immunogen dissolved in 

PBS (1 mg/mL) was emulsified with an equal volume of 

Freund' s complete adjuvant ( D i f c o )  . On days 

1, 15 and 29, 1 mL of prepared mixture was injected 

intracutaneously at multiple sites on the back from 

scapula to sacrum. On the 89th day the first cycle of 

reimmunization was carried out: the rabbits were 

boosted intravenously with 0.3 mL of immunogen dis- 

solved in PBS (1 mg/mL), and were bled 7 days later. 

This boosting/bleeding procedure was repeated 2-4 

times on a monthly basis. 

Antisera were collected by allowing the blood 

samples to stand for 12 h at 4°C. Upper layers were 

collected, divided into aliquots and stored at -2OOC. 

The antisera were tested by an indirect ELISA 

technique ( 3 1 ,  using immobilization of STI-hapten 

conjugates. 

The IgG were twofold precipitated from antisera 

by 20 % polyethylene glycol in 1:l volume ratio (12). 

Monovalent IgG derivatives were produced by the 

following technique based on reduction of S-S bonds 

(13). Solutions of cysteine (150 pL, 2 mg/mL), EDTA 

(75 pL, 2 mg/mL) and Na2S2O4 (100 pL, 17.5 mg/mL) in 

water were added to the IgG solution (1.0 mL, 

3 mg/mL) in 0.1 1 K-phosphate buffer, pH 7.0. The 
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ANTIBODIES AND HAPTEN-PROTEIN CONJUGATES 73 

mixture was incubated for 2 h at 37°C. Low molecular 

weight compounds were removed by dialysis. Full 

conversion of IgG molecules into the monovalent frag- 

ments under these conditions had been shown previ- 

oulsy by gel-filtration on Sephadex G-100 (Pharmacia). 

IgG and protein A were conjugated with 

horseradish peroxidase using a technique based on 

periodate oxidation of the enzyme (14). Conjugates 

were separated from low molecular weight compounds 

and unreacted proteins by gel-filtration on 

Sephadex 6-200 (Phannacia) . 

5. Determination of the Bindins Constants for Reac- 

tion between Harken-Protein Coniusates and Immobi- 

lized Antibodies 

100 pL aliquots of IgG in PBS (0.1-5 pg/mL) were 

dispensed in plate wells and incubated for 1.5 h 

at 37°C. The wells were washed 4 times with PBST (PBS 

with 0.05% Tween-20) . 2,4-D-HRP (or testosterone-HRP) 
conjugate was titrated from 50 pg/mL to 25 ng/mL 

(with step 21, its 100 pL aliquots were added to the 

wells and incubated for 2 h at 37°C. Prior to the 

washing step, 20 pL aliquots were transferred into 

another plate to determine final conjugate concen- 

trations in liquid phase. The plate with immobilized 

IgG was washed, peroxidase activity was determined in 

both plates and the concentrations of bound and 

unbound molecules calculated. 
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74 ZHERDEV, ROMANENKO, AND DZANTIEV 

In some experiments, antibodies were immobilized 

via reaction with protein A. The protein A solution 

( 5  pg/mL in PBS) was incubated for 1.5 h at 37OC in 

plate wells. After washing, IgG (or antiserum) 

diluted in PBST was added and incubated for 45 min 

at 37OC, and then processed as described above. 

6. Determination of the Bindinu Constants for Reac- 

tion between Antibodies and Immobilized HaDten-Pro- 

tein Coniusates 

100 pL aliquots of conjugates in PBS (0.1- 

5 pg/mL) were dispensed in plate wells and incubated 

for 1.5 h at 37OC. The wells were washed 4 times with 

PBST. Antiserum was titrated from 1:lOO to 1:200 000 

dilutions (with step 21, added to the wells and 

incubated for 2 h at 37OC. After washing, 100 FL 

aliquots of protein A-HRP conjugate were dispensed in 

the wells (at HRP concentration 0.8 pg/mL, in PBST) , 
incubated for 30 min at 37OC. The wells were washed 

and peroxidase activity was determined. 

7. ELISA of 2,4-D 

Competitive ELISA of 2,4-D was carried out by 

the following two techniques (9). 

7.1. ELISA with Immobilized Antibodies 

Antibodies were immobilized via reaction with 

protein A as described above. After washing, 50 pL of 
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ANTIBODIES AND HAPTEN-PROTEIN CONJUGATES 75 

2,4-D sample (the concentrations varied from 50 pg/mL 

to 1 pg/mL) and 50 pL of 2,4-D-HRP conjugate (at HRP 

concentration 0.25 pg/mL, in PBST) were added. The 

plate was incubated for 45 min (or 2 h) at 37OC, 

washed and the peroxidase activity was determined. 

7.2. ELISA with Immobilized Hapten-Protein Coniusates 

2,4-D-STI or 2,4-D-HC conjugate (5 pg/mL or 

20 pg/mL respectively, in PBS) was immobilized for 

16 h at 4°C. After washing, 2,4-D sample (at the same 

range of concentrations) and the specific antiserum 

(1:5000 in PBST) were added to the wells and incu- 

bated for 1 h at 37OC. The wells were washed and pro- 

tein A-HRP conjugate (at HRP concentration 0.8 pg/mL, 

in PBST) was added and incubated for 45 min at 37OC. 

After washing, peroxidase activity was determined. 

8. ELISA of Testosterone 

ELISA of testosterone was carried out using 

technique 7.1 described above (antiserum dilution 

1:15 0001, the testosterone concentration in the 

samples varied from 10 pg/mL to 1 pg/mL, and the 

testosterone-HRP concentration was 0.2 pg/mL. 

9. Detection of Peroxidase Activity 

Solution of o-phenylenediamine (0.4 mg/mL) in 

30 mM Na-acetate buffer, pH 4.5, containing 1.8 mM of 

H202, was used as a peroxidase substrate (12). Plates 
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76 ZHERDEV, ROMANENKO, AND DZANTIEV 

were incubated for 15 min in the dark at room 

temperature and the reaction was stopped by adding 

2 I H2S04. Optical density was measured at 490 nm 

using a vertical photometer MR-580. 

10. Mathematical Prourams Used 

Distributions of immunochemical interactions 

according to equilibrium binding constants (these 

distributions will be named as Ilspectra") were deter- 

mined using the program described previously (15). 

RESULTS AND DISCUSSION 

DEVELOPMENT AND ANALYSIS OF THE MATHEMATICAL MODEL 

We have developed models of antibody-antigen 

interactions describing systems with immobilized 

reagents. Such systems underlie ELISA techniques. In 

contrast to reactions in solution the reactions on 

the solid phase exclude aggregation processes, hence 

determination of the binding constants becomes more 

accurate. 

In our models either antibodies or hapten-pro- 

tein conjugates are immobilized on the solid phase. 

In both cases, the models deal with reversible 

reaction of bivalent antibody molecule (Ab) with: 

- conjugate (Con) - protein molecule coupled 

with one or more hapten molecules (in the latter case 

the conjugate is polyvalent), and 

- free monovalent hapten (Hap). 
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ANTIBODIES AND HAPTEN-PROTEIN CONJUGATES 77 

1. Reaction with Immobilized Antibodies 

1.1. Choice of Model 

The immobilization technique generally used in 

ELISA is adsorption on polysterene. In this case, 

surface density of the immobilized molecules on the 

solid phase is relatively low - usually less than l o 3  
on p n 2  (16-18). Thus we ignore binding of several 

antibodies with the same conjugate molecule as this 

process has a low probability. The following com- 

plexes can be formed: 

Ab-Hap, Hap-Ab-Hap, Hap-Ab-Con, Con-Ab-Con, 

Ab-Con (single bonded complex) and 

Ab=Con (double bonded complex, in which two 

active sites of the antibody are bound 

with two different hapten molecules, 

connected to the same protein molecule). 

Their possible sequential transformations are 

shown in Fig. 1. The reactions include association 

and dissociation of chemical bonds belonging to three 

kinds : 

1) antibody - free hapten: 
Ab + Hap 4-b Ab-Hap [ l l  ; 

Ab-Hap + Hap 4-b Hap-Ab-Hap [21 ; 

---Con + Hap 4-b Hap-Ab-Con [31; 

2 )  antibody - conjugated hapten (conjugate), 

the first bond: 

Ab + Con 4--, Ab-Con 141 ; 

----Con + Con 4-b Con-Ab-Con [ 5 1  ; 
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78 ZHERDEV, ROMANENKO, AND DZANTIEV 

FIGURE 1 
The scheme of sequential transformations of 

immune complexes for the model describing the 
interaction between immobilized antibodies and 
hapten-protein conjugate. 

Ab - immobilized antibody, Hap - hapten, Con - 
hapten-protein conjugate. 

Ab-Hap + Con 4-F Hap-Ab-Con C61; 

3) antibody - conjugated hapten (conjugate), 

the second bond: 

Ab-Con 4-p ---Con "71. 
In the simplest case of monoclonal antibodies 

these three kinds of reactions (111 -131 ,  141-161 and 

[7]) are described each by only one pair of associa- 

tion and dissociation constants. 

Consider which stages of the immunochemical pro- 

cess depend on the conjugate composition. The number 

of haptens (N) coupled with protein influences the 
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ANTIBODIES AND HAPTEN-PROTEIN CONJUGATES 79 

association constants (k,) for reactions [41 - 171 . How- 
ever for reactions [ 4 1 - [ 6 1  N changes only effective 

concentration of reactive groups, and for the 

reaction I71 the association rate is determined by 

the hapten density on the carrier surface. It should 

be noted that the Ab-Con dissociation constant does 

not depend on conjugate composition, because this 

reaction is first order. 

The analysis of the relationship between N and k, 

for the reaction 171 is based on the assumption that 

random hapten distribution occurs on the conjugate 

surface. Prior to reaction [ 7 1 ,  an antibody has 

already been bound to the conjugate by one of its 

binding sites. Then, k, is proportional to the number 

of hapten groups accessible to the second binding 

site of the antibody. The likelihood of the case when 

i hapten groups are accessible is: 

Pi = (N-1) !/(i!* (N-1-i) I )  * (Sac/St)i' (l-Sac/St)N-l-i, 

where Sac is the square of the conjugate surface 

accessible to the secondbinding site of antibody, 

and S, is the total square of the conjugate surface. 

Summing elementary association constants for all 

cases (when i varies from 0 to N-11, we obtain: 

N- 1 

k, =A(l-S,c/S,)N-l C i' (N-1) I/iI/(N-l-i) ! *  (St/Sac-l)-i, 

i = O  

where A is a coefficient of proportionality. 

The equation above consists of coefficients of 

derivative by x for a binomial distribution (l+x)N-l. 
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80 ZHERDEV, ROMANENKO, AND DZANTIEV 

So there is a common formula for the result of this 

summing up. After comparison of the derivative's 

spreading and unspreading forms, the equation can be 

transformed to the following formula: 

k, = A "-1) ' S,,/S,. 

The approach given above permits to analyze dif- 

ferent conjugate structures. Although the result pro- 

portionality between k, and (N-1) may be obtained from 

common considerations (without detailed mathematical 

study), the proposed approach is suitable f o r  dif- 

ferent assumptions about spatial hindrance of the 

binding on the conjugate surface. We have found that 
the results presented below hold true both f o r  random 

hapten distribution on the conjugate surface and for 

other distributions (e.g. uniform hapten distribution). 

Calculations cited are based on the assumption 

that the conjugate has a strictly defined composi- 

tion. In reality one is forced to deal with a mixture 

of conjugates having diverse compositions. Therefore 

it is necessary to average given formulas f o r  conju- 

gates with different N. The simplest case is random 

binding of the hapten molecules to the carrier sites 

during conjugate synthesis. Then relative share of 

the conjugate containing i hapten groups is 

emBN. (BN) i/i ! , where B is a constant coefficient . 
Properties of conjugates depend not only on 

hapten surface density but also on the nature of the 

protein. It influences k, value for the reaction [ 7 1 ,  
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ANTIBODIES AND HAPTEN-PROTEIN CONJUGATES 81 

but the relationships between k, and the conjugate 

molecular weight ( M )  are distinguished for different 

kinds of protein structure. 

Variation of M changes S, while S,, is kept 

constant. If M is high enough, k, becomes directly 

proportional to: 

M - 2 / 3  - when the conjugate is globular, and sites 
accessible to the second bond with antibody are situ- 

ated at a defined distance from the first binding point 

(this distance accords to the most energetically 

favorable angle between F,,,-regions of antibody); 

M m 1 l 3  - when the conjugate is globular, and the 
sites accessible to the second bond with antibody are 

situated at a defined range of distances from the 

first binding point; 

M - l  - when conjugate is linear (fibrillar) . 
The influence of hapten density is due to 

changes in the rate of &=Con formation. The rela- 

tionship between N and k, for this reaction does not 

depend on the kind of hapten distribution, but de- 

pends on the conjugate molecular weight. 

1.2. Initial Conditions for the Analvsis 

Analyzing the models, we set different values 

for kinetic constants and calculated how the concen- 

trations of reacting molecules and their complexes 

changed with time. 
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82 ZHERDEV, ROMANENKO, AND DZANTIEV 

The results obtained were presented as compe- 

titive ELISA curves, i.e. the dependences between 

(Hap), - the initial concentration of free hapten, and 
C - the final concentration of immune complexes 

detected on the solid phase: 

C = (Hap-Ab-Con) + (Ab-Con) + (-=Con) +2 (Con-Ab-Con) . 

The competitive curves were compared for conju- 

gates with different compositions at different times 

in the reaction. Hapten detection by ELISA is based 

on comparison of C values for hapten presence and 

absence. Therefore the competitive curves should have 

equal C values at (Hap),=O. 
Because the purpose of our modeling is primarily 

to compare different conjugates and assay conditions 

rather than to predict absolute amplitudes of mea- 

sured signals, description of the enzymatic stage of 

the ELISA has not been included in the models. It is 

assumed that the optical density of colored product 

is strictly proportional to C value, without analysis 

of diffusion peculiarities and transformation for 

particular substrates. 

1.3. Results of the Analvsis 

It was found that the influence of the conjugate 

composition on the course of the competitive ELISA 

curves depends essentially on how the reaction 

approaches the equilibrium. 

The typical curves for the kinetic model are 

given in Pig. 2, and these are independent of the 

conjugate composition. 
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C, nM 

0.04 O.Oi I  

0.02 1 

FIGURE 2 
Theoretical curves for interaction between immo- 

bilized antibodies and labelled conjugate (hapten- 
enzyme conjugate) determined at the kinetic model. 
I3apten:protein molar ratios are 2:1, 5:l and 20:l for 
the curves 1-3 respectively. Conjugate concentrations 
(based on the enzyme) ensuring the equal C value at 
(Hap),=O are 3.45-10-8 M, 1.4-10-8 M and 5.0-10-9 M. 
The rate constants for forward and reverse antibody- 
antigen reactions are l.0*104 M-ls-l and l.0-10-5 s- l .  
The interaction time - 60 s. 

X axis - initial concentration of free hapten, Y 
axis - concentration of detected antibody-conjugate 
complexes. 

This is due to the fact that few of Ab-Con 

complexes reacted to form Ab=Con complexes. As the 

conjugate composition only influences the association 

constant of the reaction 171, the differences in k, do 

not result in C differences. 

However, as the reaction approaches equilibrium, 

the curves begin to differ and there is a significant 
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C, nM 
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1 

FIGURE 3 
Theoretical 

1 I , I L L  I 1 L l l L L l  I I I I L L L  

10 100 (Hap),, nM 

curves for the interaction between 
immobilized antibodies and labelled conjugate (equi- 
librium model), Hapten:protein molar ratios are 1:1, 
2 : l .  5:1, 12:l and 30:l for the curves 1-5 respec- 
tively. The interaction time - 3600 s. Rate con- 
stants, X and Y axes are the same as for Fig. 2. 

lowering of the free hapten detection for high N 

values (Fig. 3) . 
This is due to increases in the concentration of 

-=Con complexes. Usually the equilibrium constant 

of bivalent antibody binding is 2-3 orders of 

magnitude higher than for monovalent binding (1,2), 

therefore, the bivalent binding impedes the binding 

of free hapten with antibodies significantly. 

ELISA sensitivity begins to decrease when N de- 

clines. At low values of N the medium-weighted number 

of hapten groups in accessible zone of the conjugate 

surface (Nac) is low and the majority of Ab-COn 
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FIGURE 4 
Theoretical curves describing changes of the 

competitive curves for ELISA with immobilized 
antibodies and labelled conjugate with time. 
Interaction times are 5 a, 60 s, 300 s and 3600 s for 
the curves 1-4 respectively. Hagten:protein molar 
ratio is 1O:l. Rate constants, X and Y axes are the 
same as for Fig. 2. 

complexes cannot reach further to form bivalent 

complexes. Therefore, when Na, is significantly less 

than 1, the concentration of Ab-Con complexes is low 

and the competitive curves do not change. 

If N is high, an increase in T (if C values at 

(Hap),=O are equal) causes a decline in ELISA sensi- 
tivity (Fig. 4). It was shown that the -=Con con- 

centration strongly correlated with the assay sensi- 

tivity. 
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The models do not deal with heterogeneity of 

antibodies according to affinity. They are adequate 

for ELISA using monoclonal antibodies. However the 

models may be applied for comparison of conjugates in 

ELISA with polyclonal antibodies. Since the assay 

sensitivity is defined by the course of the competi- 

tive curve at low (Hap), concentrations (19-221, the 

conditions defining the sensitivity of the assay can 

be described with reasonable accuracy by one binding 

constant of the immunochemical reaction. 

2. Reaction with Immobilized HaDten-PrOtein Coniusate 

In this case the immobilized conjugate competes 

with free hapten for binding sites of antibodies. 

Detection of antibody-conjugate complexes is achieved 

by enzyme labelling of antibodies. 

For this reaction it is necessary to take into 

account the possibility of one conjugate molecule in- 

teracting with several antibody molecules. We 

compared variants of the model that differed in the 

number of antibodies (one, two or three) bound to the 

conjugate molecule. 

No differences between the second and the third 

variants was found, and therefore, the variant in 

which conjugate reacts with no more than two anti- 

bodies was selected (scheme of sequential transforma- 

tions of the immune complexes is shown in Fig. 5 ) .  

For this case increase of the ELISA sensitivity 

with the growth of N was also established, when the 

assay conditions approached equilibrium. 
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Ab , .......................................................... ~ 

i Ab u Ab-Hap - Ab-Hap 1 
#C!bn=Ab j in solution y a k /  

; .......................................................... , 
Ab 

I 
Ab 
II II 

$Con- Ab - #Con- Ab - Hap 

Ah 
I 

Ab -Hap - #Con- Ab - Hap 

I J 

FIGURE 5 
Scheme of sequential transformations of immune 

complexes for the model describing interactions 
between immobilized hapten-protein conjugate and 
antibodies. 

Abbreviations - see Fig. 1. 

EXPERIMENTAL RESULTS 

According to the models, the increase of hapten 

surface density in conjugates results in ELISA 

sensitivity decreasing at the equilibrium assay 

conditions. This effect is determined by the 
increased concentration of Ab=Con complexes. Hence, 

for experimental verification of the models the 

following should be demonstrated: 

1) differences in binding constants for the con- 

jugates, 

2 )  the dependence of these differences on biva- 

lent binding, 
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88 ZHERDEV, ROMANENKO, AND DZANTIEV 

3) the influence of the conjugate composition on 

the sensitivity of competitive hapten ELISA. 

3. Determination of Eauilibrium Constants for Anti- 

bodv-Coniusate Interactions 

The interaction distributions according to the 

equilibrium binding constants (referred to as "spec- 

tra") were determined experimentally for two systems: 

(i) titration of immobilized antibodies with hapten- 

enzyme conjugate and (ii) , titration of immobilized 

hapten-protein conjugates with labelled antibodies. 

In both cases it was shown that the curves 

obtained could be approximated by the model with two 

types of interactions, each with a different binding 

constant (affinity). The deviations of real binding 

curves and "spectran from the theoretical ones were 

less than 10% ( for all analyzed conjugates with 2,4-0 

and testosterone) . 
It was established that an increase of surface 

hapten density in peroxidase conjugates was associ- 

ated with an increase in the number of interactions 

of the type with higher affinity (Pig. 6). 
~ 

This was true both for the antisera against 

2,4-D and against testosterone obtained from 

different rabbits at different cycles of immunization 

(50-200 fold differences in equilibrium constants). 

These data are in good agreement with results from 

earlier investigations (1,2,23-26). 
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P 

10 ’I 
0 5/- 

FIGURE 6 
tlSpectrumll analysis of the binding data f o r  the 

interaction between 2,4-D-HRP conjugates and 
immobilized antibodies against 2,4-D. The interaction 
time - 2 h. 2,4-D:HRP molar ratios are 1 . 5 : 1 ,  5 : l  and 
15:l for the curves 1-3 respectively. 

Curves were obtained through the approximation 
of experimental data for titration of the antibodies 
with the 2,4-D-HRP conjugates. 11 dilutions were ana- 
lyzed (n=8). The llAffinogenll program (15) was used to 
calculate the optimal approximation. 

K - equilibrium constant of conjugate-antibody 
binding, P - relative amount of interactions with 
appropriate equilibrium constant. 

The same effects were observed for the systems 

with conjugate immobilization (Pig. 7) regardless of 

a carrier conjugated with hapten. This confirmed that 

the effects obtained were general rather than depen- 

dent on the individual properties of a protein. Note 

that for the conjugates with high surface hapten 

density no low affinity immune interactions were 

observed. 
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3 P !I_ 10 5 

0 

4n 

l o '  ' l O ' O  10-a l o - '  K ,  M- '  

FIGURE 7 
88SpectrumnB analysis of the binding data for the 

interaction between immobilized 2,4-D-HC conjugates 
and antibodies against 2,4-D. The interaction time - 
2 h. 2,4-D:HC molar ratios are 5:1, 20:1, 95:l and 
165:l for the curves 1-4 respectively. Curve 5 
indicates the interaction between the immobilized 
2,4-D-HC conjugate with 165:l molar ratio and 
monovalent fragments of the antibodies. Calculation 
technique, X and Y axes are the same as for Fig. 6. 

To check that the increase in the interactions 

with high binding constants (about 10-9 M-l) was mainly 

due to the formation of Ab-Con complexes, the 

"spectra" of conjugate interactions with native IgG 

molecules and their monovalent fragments were com- 

pared. We used fragments obtained by reducing S-S 

bonds instead of the widely used proteolytic F,b- or 

Fab, -fragments. The advantage of these fragments is 

the presence of the F,-region that can react with 

immobilized protein A. In was found that interactions 

with higher affinity were absent in the reaction of 

these fragments with peroxidase conjugates but were 
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0 
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FIGURE 8 
Competitive ELISA of 2,4-D with immobilized 

antibodies. 1,2 - experimental curves (mean values of 
and standard deviations) for conjugates with 
2,4-D:HRP ratios 1.5:1 and 15:l respectively. Dashed 
line is the initial optical density of the peroxidase 
substrate. Dotted lines are the theoretical approxi- 
mations. 

present in the reaction of these conjugates with native 

antibodies (see Fig. 7, curve 5). 

4. ELISA with the Coniusates of Different Composition 

We also studied systems in which antibodies 

reacted competitively with free hapten and hapten- 

protein conjugate. According to the model predictions 

the sensitivities of 2,4-D and testosterone ELISAs 

depended on the conjugate composition. The limit of 
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free hapten determination correlates with the number 

of interactions having high affinity: conjugates 

having a peak in the 'Ispectran at approximately 10- 

Y - l  gave inferior ELISA sensitivity. These effects 

were observed both for peroxidase conjugates in ELISA 

with labelled antigen (Fig. 8) and for haemocyanine 

conjugates in ELISA with labelled antibodies. 

The data obtained indicates that the choice of 
conjugate composition is a very important step in the 

development of ELISA for low molecular weight 

antigens. The assay sensitivity is significantly 

decreased if a conjugate having high hapten : protein 

ratio forms bivalent complexes with antibodies. So 
the absence of a peak at high binding constants in 

the "spectra" of antigen-antibody interactions is an 

effective criteriw of increasing ELISA sensitivity. 

ACKNOWLEDGEMENTS 

This investigation was supported by Russian Fun- 

damental Research Foundation (grant N 93-04-07798). 

Requests for reprints should be made to Dr. A.V. 
Zherdev, Immunobiochemistry Laboratory of A.N.Bach 
Institute of Biochemistry Russian Ac. Sci., Leninskiy 
prospect 33, Yoecow 117071, Russia. 

E-mail: inbio@glas.apc.org 
Tel. : 7 (095) 9542804 
Fax: 7 (095) 9542732 

REFERENCES 

1. Karush, F. The Affinity of Antibody: Range, Vari- 
ability, and the Role of Yultivalence. In: 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
6
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



ANTIBODIES AND HAPTEN-PROTEIN CONJUGATES 93 

Litman, G.W. and Good, R.A., eds. Comprehensive 
Immunology. New York: Plenum Press, 1978; 5: 85- 
116. 

2. Karulin, A.Yu. and Dzantiev, B.B. Polyvalent 
Interaction of Antibodies with Bacterial Cells. 
Mol. Immunol. 1990; 27: 965-71. 

3. Ngo, T.T. and Lenhoff, G. Enzyme-Mediated Immuno- 
assay. New York: Plenum Press, 1985. 

4. Lew, A.M. The Effect of Epitope Density and Anti- 
body Affinity on the ELISA as Analysed by Mono- 
clonal Antibodies. J. Immunol. Meth. 1984; 72 : 
171-6. 

5. Tijssen, P. Practice and Theory of Enzyme Immuno- 

6 

7 

8 

9 

10 

assay. New York: Elsevier Sci. hubl. ,  1985. 

Goodrow, M.N., Harrison, R.O. and Hammock, B.D. 
Hapten Synthesis, Antibody Development and Com- 
petitive Inhibition Enzyme Imrnunoassay for s-Tri- 
azine Herbicides. J. Agric. Food Chem. 1990; 38: 
990-6. 

Dzantiev, B.B., Zherdev, A.V., Moreva, I.Yu., 
Erwin, S.A., Romanenko, O.G. and Sapegova, L.A. 
The Application of Enzymes for Assay of PeSti- 
cides in Environmental Objects. In: Kurganov, 
B.I., Kochetkov, S.N. and Tishkov, V.I., eds. 
Modern Enzymology: Problems and Trends. Commack: 
Nova Sci. Publ., 1994: 803-7. 

Rukavishnikova, G.E. , Dzantiev, B.B., Liozner, 
A.L., Eremin, S.A. and Sigal, E.R. Enzyme Immu- 
noassay of Testosterone with the Use of Protein A 
from Staphylococcus aureus. In: Gorog, S., ed. 
Advances in Steroid Analysis' 90. Budapest: 
Akademiai Kiado, 1991: 103-8. 

Dzantiev, B.B., Zherdev, A.V., Moreva, I.Yu., Ro- 
manenko, O.G., Sapegova, L.A. and Eremin, S.A. 
Solid-Phase Immunoenzyme Assays for Herbicides 
2,4-Dichlorophenoxyacetic and 2,4,5-Trichlorophe- 
noxyacetic Acids. Applied Biochem. Microbiol. 
(MOSCOW) 1994; 30: 752-9. 

Habeeb, A.F.S. Determination of Free Amino Groups 
in Proteins by Trinitrobenzensulfonic Acid, Anal. 
Biochem. 1966; 14: 328-33. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
6
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



94 ZHERDEV, ROMANENKO, AND DZANTIEV 

11. Fields, R. The Measurement of Amino Groups in 
Proteins and Peptides. Biochem. J. 1971; 124 : 
581-90. 

12. Ishikawa, E., Imagawa, M., Hashida, S., Yoshi- 
taki, S., Hamaguchi, Y. and Ueno, T. Enzyme- 
Labeling of Antibodies and Their Fragments for 
Enzyme Immunoassay and Immunohistochemical 
Staining. J. Immunoassay. 1983; 4: 209-327. 

13. Jaton, J.-C., Brandt, D.C. and Vassalli, P. Puri- 
fication and Characterization of Immunoglobulins, 
Antibodies and Their Polypeptide Chains. In: 
Lefkovits, I. and Pernis, B., eds. Immunological 
Methods. New York - San Francisco - London: Aca- 
demic Press, 1979: 58-82. 

14. Wilson, M.B. and Nakane, P.K. Recent Development 
in the Periodate Method of Conjugating 
Horseradish Peroxidase (HRPO) to Antibodies. In: 
Knapp, W . , Holubar, K. and Wick, G., eds. 
Immunofluorescence and Related Staining 
Techniques. Amsterdam: Elsevier/North-Holland 
Biochemical Press, 1978: 215-24. 

15. Yuryev, D.K. Affinogen - a Program for Affinity 
Spectrum Reconstitution. J. Immunol. Meth. 1991; 
139: 297. 

16. Pesce, A.J., Ford D.J., Gaizutis, M. and Pollak, 
V.E. Binding of Protein to Polystyrene in Solid- 
Phase Immunoassays. Biochim. Biophys. Acta 1977; 
492: 399-407. 

17. Cantarero, L.A., Butler, J.E. and Osborne, J.W. 
The Adsorptive Characteristics of Proteins for 
Polystyrene and Their Significance in Solid-Phase 
Immunoassays. Anal. Biochem. 1980; 105: 375-82. 

18. Egorov, A.M., Osipov, A.P., Dzantiev, B.B. and 
Gavrilova, E.M. Theory and Practice of Immuno- 
enzyme Assay. Moscow: High School Publ. 1990. 

19. Munson, P.J. and Rodbard, D. LIGAND: A Versatile 
Computerized Approach for Characterization of 
Ligand-Binding Systems. Anal. Biochem. 1980; 107: 
220-39. 

20. Gandolfi, A. and Strom, R. Analysis of Binding 
Curves in Multivalent Antigen - Heterogeneous 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
6
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



ANTIBODIES AND HAPTEN-PROTEIN CONJUGATES 95 

Antibody Systems. J. Theor. Biol. 1981; 92: 57-  
84. 

21. Koertge, T.E. and Butler, J.E. The Relationship 
between the Binding of Primary Antibody to Solid- 
Phase Antigen in Microtiter Plates and Its Detec- 
tion by the ELISA. J. Inrmunol. Meth. 1985; 83: 
283-99. 

22. Dzantiev, B.B. and Yuriev, D.K. Some Regularities 
of Immunochemical Analysis: A Sequential Satura- 
tion Method. Applied Biochem. Microbiol . (Moscow) 
1988; 24: 830-8. 

23. Crothers, D . M .  and Metzger, H. The Influence of 
Polyvalency on the Binding Properties of Anti- 
bodies. Immunochem. 1972; 9: 341-57. 

24. Lew, A.M. The Effect of Epitope Density and Anti- 
body Affinity on the ELISA as Analyzed by Mono- 
clonal Antibodies. J. Immunol. Meth. 1984: 72: 
171-6. 

25. Van Oss, C.J., Good, R.J. and Chandlryry, M.K. 
Nature of the Antigen-Antibody Interaction. Pri- 
mary and Secondary Bonds: Optimal Conditions for 
Association and Dissociation. J. Chromatogr. 
1986; 376: 111-9. 

26. Van Oss, C.J. and Walker, J. Concentration Depen- 
dence of the Binding Constant of Antibodies. Mol. 
Immunol. 1987; 24: 715-7. D

o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
6
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1


