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ABSTRACT 

Human immunoglobulin G-glucose oxidase conjugates (HlgG-GO) 

were studied in detail to establish optimum conditions under which 

maximum enzyme activities and immunologic~l reactivities can be 

retained. These properties determine the analytical utility of these 

conjugates. 

Reactions of four different coupling reagents (glutaraldehyde, 

p-benzoquinone, sodium periodate and N-succinimidyl 3-(2-pyridyldithio) 

propionate) with glucose o*idase (GO) and human immunoglobulin G 

(HlgG) were investigated. Conjugates made with p-benzoquinone were 

found to be far superior since they retained maximum enzyme and/or 

immunological reactivities. 

Enzyme activities were determined by spectrophotometric 

measurements of the active flavin content of GO. This method was 

simple, convenient and correlated well with the standard peroxidase 

procedure. Rate nephelometry was established as a reliable method to 

measure apparent immunological reactivities of the conjugates at pg/ml 

levels. Hill plot treatment of the rate nephelometric data shows that 

the immunoprecipitin reactions may be cooperative, with two antigenic 

sites or steps in operation. This may explain the need for mixtures of 

monoclonal antibodies to observe immunoprecipitin reactions. 

Angular and concentration dependence of the scattered intensity 

during immunoprecipitin reactions was measured for the conjugated and 

unconjugated HlgG. From these data the weight-average-molecular weight 

xiii 



riv 

(M) of the transient scattering complexes were estimated using Zimn 

plots~ 
- 8 8 The M values were in the range of 2.8 x 10 - 11.0 x 10 daltons 

and were in good agreement with the theoretically predicted values. 

Equilibrium binding constants of the conjugates were not 

I significantly different from that of the unconjugated HIgG (K = o 

6.0 x 107), showing that under equilibrium conditions the binding 

properties are similar. However, heterogeneity indices obtained via 

Sip's transformation were higher for the conjugates (a = 0.68-1.0) •. 

Such a behavior may be due to some restriction of the number and type 

of antigenic sites recognized by the immobilized antibodies in the 

presence of an enzyme label on the antigen. 



CHAPTER 1 

INTRODUCTION 

Enzyme immunoassay (EIA) is a powerful non-radioisotopic tech

nique in biochemical research and clinical analysis. The first step in 

designing an EIA protocol is the synthesis of enzyme-labeled analytes 

in which the analyte can be an antigen, hapten: or even an antibody. 

The physicochemical properties of these conjugates are of critical 

importance since they determine the precision, selectivity and sensitivity 

of this technique (Arends, 1981). 

The goals of this research can, therefore, be ~ategorized into 

three major areas,., 

1.., Covalent coupling of enzyme labels to an analyte will be investi

gated in detail using a specific model system and selected coupling 

reagents., Emphasis will be on the extent to which the coupling reactions 

can be controlled and the strategies that can be adopted to obtain well 

defined conjugates,., 

2,.- The effect of the various coupling reagents on the activity of 

the enzyme label before and after coupling will also be studied. In 

addition, the immunological reactivities of the labelled analyte will be 

determined so that consistent guidelines can be developed for the design 

of new assay protocols,. 

3,. Finally, analytical techniques will be developed and optimized 

to measure residual enzyme activities and immunological reactivities of 

1 



these conjugates .• , Although enzyme activities can be measured quite 

easily, techniques are not available to quantitate immunological 

reactivities reliably and directly., This, along with the inability to 

control the coupling reactions have contributed greatly to the lack of 

precision in EIAs .• 

The rationale for such an approach was our realization that the 

performance characteristics of immunoassays depend on the biospecific 

interaction between the antibody and the analyte, as well as on the 

sensitivity with which the extent of this reaction can be detected via 

the labeL Hith the advent of solid-state technology high quality 

instrumentation is available at low cost to measure the 

2 

activity of the label (e,.g,., enzyme) at very low levels.. However, if the 

properties of the labeled-analyte itself varied considerably then the 

assay performance will be greatly affected causing between-batch compar

isons to be unreliable in quantitative measurements. This is 

particularly true in EIA and we have addressed these problems in a 

systematic manner to better understand the fundamental properties of 

immunochemical reactions as well as to identify areas of future research 

and development. 

Background 

The period between 1950-1965 was an era in which tremendous 

advances 'tV'ere made in the understanding of the molecular basis of disease. 

Coupled with these developments was the demand for new assay procedures 

that were more sensitive and specific than the techniques available at 

that time for the measurement of metabolites in biological fluids~ This 



3 

challenge was first met by the development of radioimmunoassay by Berson 

and Yalow (1959), for the quantitation of insulin in diabetic patients .• 

Since then radioimmunoassay (RIA) has become an indispensable analytical 

tool in biomedical research and clinical diagnosis, with unparalleled 
_ 16 / 

sensitivities down to 10 g ml in many cases (Maggio, 1980; Chait and 

Ebersole, 1981)~ 

As the name implies, immunoassay is an analytical te.!chnique 

based on the highly specific interaction between antibodies and antigens 

or haptens.. The term radioimmunoassay, therefore, denotes the use of 

radioisotopic labels such as 125I , 131I , and 3H to follow the extent of 

this reaction. In most assays, the labelled ligand (Ag~':) competes with 

varying amounts of unlabelled ligand or analyte (Ag) for a limited 

number of binding sites of the antibody (Figure 1). Conditions are 

selected such that the amount of labelled ligand that binds to the anti-

body is inversely related to the concentration of unlabelled analyte in 

the sample. After equilibration it is possible to measure the bound (B) 

and free (F) analyte via the label, and then construct a calibration 

curve by plotting B/F ratio as a function of the unlabelled ana1yte 

concentrations·.· The B/F ratio measured for the unknown sample can then 

be extrapolated on this hyperbolic curve to determine the analyte con-

centration~, In addition to such simple point-to-point interpolation 

several statistical data processing techniques have also been developed 

to handle data reduction as discussed in detail else~vhere (Rodbard, 1978)., 

The success of this technique was mainly due to two important 

features associated with the properties of the antibody molecule and the 
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radioisotopic labels employed·.· The antibody molecules recognize and 

bind to very specific molecular features of the antigen or hapten against 

which they were produced.. Furthermore, the binding or affinity constants 

of these reactions are very high (K = 105_109) enabling them to bind to 

the analyte at very low concentrations (pg-fg per ml levels) in complex 

matrices such as serum, plasma, urine and other biological fluids, with 

minimum interference from other components. As a result, sample prepara-

tion steps involving extraction.and concentration were eliminated saving 

time and improving the accuracy of the assay. Secondly, the activity of 

the i~otopic label is relatively insensitive to variation in the chemical 

composition of the sample and can be measured with great sensitivity and 

good precision at very low levels-,· 'Ehis is somewhat similar to the 

isotope dilution techniques familiar to most chemists (Howard and Trainer, 

1980). 

Nevertheless, the use of radionuclides as labels have some 

inherent drawbacks especially when large numbers of tests are performed 

on a routine basis for clinical diagnosis.. For example, the relatively 

131 short half-life of the most commonly used isotope I (8·.,1 days) for 

highly sensitive assays, limits the shelf-life of the labeled analyte., 

In addition, shelf-life is also shortened by autoradiolysis, in "hich 

the gamma-ray photons or beta particles lose a large part of their 

energy to surrounding "ater molecules generating free radicals that 

react ",ith the labeled analyte. This, along with the requirement 

of specialized counting equipment and highly trained technicians adds 

to the cost of assay per sample., Furthermore, one has to cope with the 

regulatory problems associated with handling and proper disposal of 
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radioactive ~aterials on a large scale., In response to these problems a 

wide variety of non-radioisotopic immunoassays have been developed and 

were the subject of several recent reviews (Nakamura, Dito and Tucker, 

1979,1980; Landon,' 1981; Schall and Tenoso, 1981). Included in this cate

gory of labels were chemiluminescence precursors, metal atoms, metal sols, 

latexes, stable free radicals, erythrocytes, liposomes, fluorochromes, 

and of course enzymes,., Among these fluorescence immunoassays (FIA) and 

enzj~e immunoassays (EIA) have been in use for more than a decade and 

were shown to compete favorably with RIA in many respects with high sen

sitivity and precision (Greemvood and Schneider, 1978; Ullman, 1981)., 

Enzyme Immunoassays--General Considerations 

Enz~ne-labelled antigens and antibodies have been extensively 

used to detect and localize cellular constituents in light and electron 

microscopy (Avrameas, 1972) .• , A logical extension was the development of 

immunoassay techniques in Hhich enzymes 1-lere used as labels, and the 

first Enzyme-Linked-Immunosorbent Assay (ELISA) 1-laS described by Engvall 

and Perlmann in 1972 for the quantitation of specific antibodies in 

serum .• , Numerous assays have since been described in the literature and 

may be divided into two major categories: heterogeneous and homogeneous 

enzyme immunoassays (Greem-lood and Schneider, 1978)·. 

Heterogeneous EIAs are conceptually similar to RIA since both 

require a separation step to measure the labelled analyte that dis

tributes between the bound and the free fractions .• , There are four main 

configurations commonly employed in these assays and are summarized in 

Figure 1., The first three Here designed to quantitate antigens and 

haptens 1V'hereas the last one has 1.:Jeen used extensively to assay antibodies,., 



1·., 

2 .• · 

Competitive (Separation: solid-phase-Ab or Second Ab) : 

+ Ag~':-Enz :::. Ab-Ag~':-Enz + Ag~':-Enz < 
Ab 

+ ~ :::. Ab~ + ~ :c::: 

Sandwich (Separation: washed solid-phase Ab): 

SP -Ab + ~ ;;, =~> 
(excess) 

SP -Ab-~ + Ab~':-Enz 

SP - Ab-~ 

> SP -Ab- fAg) -Ab~':-Enz 

6 

3,., Immunoenzymometric (Separation: Solid-phase Ag): 

+ Ab~':-Enz :;;;;<=~- ~ -Ab~':-Enz + Ab~':-Enz 
(excess) 

SP - Ag + Ab~':-Enz -===>~ SP - Ag -Ab~':-Enz 
< 

4·., ELISA (Separation: washed solid-phase-Ag): 

SP -Ag + IAb~. .... SP -Ag- ~:51 

SP -Ag- IAb~ + Ab;-Enz , - SP -Ag-IAb~ -Ab;-Enz 

Figure 1 .• · Various types of heterogeneous enzyme immunoassays frequently 
employed in clinical diagnosis,., -- Ag = antigen, Ab = 
antibody, SP = solid-phase, ~': denotes the labeled molecule. 
Analytes in each case are enclosed in square boxes [J., 
In ELISA the ABl is usually an antigen for the second antibody 
Ab

2
• (Adapted from Greenwood and Schneider, 1978)., 
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At this point it is important to digress and clearly distinguish 

between an antigen and a hapten to put the following discussion in 

perspective .• ·. Antigens are biomacromolecules such as enzymes, carbo

hydrates, other cellular proteins, and can even consist of pathogens 

such as bacteria and viruses,.· lfuen the immune system of a verterbrate 

animal is exposed to these substances, either through infection or 

during immunization procedure~ antibody proteins are produced in large 

quantities.,. These antibodies can selectively bind to the 

corresponding antigens which elicited its production and effectively 

neutralize their harmful effect to the organism-., Haptens, on the other 

hand, are smaller molecules such as hormones, pep tides and drugs which 

by themselves cannot initiate an immune response, but are capable of 

binding to antibodies produced against them-.. This is usually done by 

conjugat'ing the hapten to a macromolecule and the conjugate as a whole 

acts as an immunogen, producing the required antibodies .• , Therefore, it 

is possible to produce antibodies to many biologically active 

molecules so that an immunoassay of choice can then be designed. 

In the competitive mode sample and enzyme-labeled antigen are 

simultaneously equilibrated with limited number of antibody binding 

sites,. The antibody may be attached to a solid-phase (inununosorbent) to 

separate the bound and free fractions or a second antibody specific for 

the first can be employed to precipitate the complexes,., In immuno

enzymometric assays labeled-antibody in excess is allowed to react with 

the sample ant.ig,ElP" .. iiLnd the unreacted molecules of the former are then 

removed by solid-phase antigen. The amount of enzyme activity detected 



on the solid-phase will, therefore, be directly proportional to sample 

antigen concentration~ 
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The sandwich assay, on the other hand, requires that the antigen 

has two or more antigenic determinants or binding sites. At first the 

antigen is bound to excess solid-phase antibody and then equilibrated 

with the same but labeled--antibody added subsequently·.: After washing 

the excess, the enzyme label bound to the solid-phase will directly 

correlate to the concentration of the sample antigen. The enhanced 

sensitivity of this technique is mainly due to the presence of multiple 

binding sites on large antigens (analyte) to which more than one molecule 

of labeled-antibody can be bound,.· The ELISA technique is very similar 

to the sandwich assay except that it requires a second antibody (Ab2) 

to bind to the first (Abl ) that is being determined as shown in Figure 1 

This is because both binding sites of Abl can be bound to multiple 

binding sites on the solid phase antigen, preventing further interaction 

with labeled antigen, if a strategy similar to the sandwich assay is 

employed,. 

In contrast, homogeneous assays do not require a separation step 

or the use of a solid-phase at any stage .• · For example, in the most 

widely used Enzyme-Multiplied Immunoassay Technique (EMIT) (Rubenstein 

et al •. , 1972), the sample and the enzyme-labelled analytes compete for a 

limited number of antibody binding sites in solution (Figure 2).. t.Jhen 

the labelled-analyte is bound, the enzyme active site is sterically 

blocked decreasing the measured activity.. As the unlabelled analyte 

level increases, the labelled analyte is displaced fram the antibody 

binding sites so that the enzyme active site becomes more accessible to 



BLOCKED 
ACTIVE SITE 

HAPTEN 

ENZYME INACTIVE 

+ ~ 
HAPTEN 

.--.. - + 

ENZYME 
ACTIVE 

Figure 2. Hypothetical illustration of an ENIT Assay. -- The enzyme chosen for the label should 
absent in biological fluids to avoid interference in the assay. 

\0 



the substrate,., Hence the enzyme activity increases with analyte con

centration in the sample .• , 
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This technique, however, is useful only for haptens because in 

large enzyme-labeled antigens the active site is not positioned close 

enough to the antibody so as to be sterically inaccessible.. Therefore 

the modulation in enzyme activity is small and difficult to measure in 

solution. Even with haptens the sensitivity is in the pg/ml range in 

almost all cases, which is poor compared to the ng/ml-pg/ml sensitivities 

attainable in heterogeneous EIAs (Pippenger et al.." 1974)... Hence the 

EMIT technique is restricted to therapeutic drug monitoring where high 

levels of the analyte are expected routinely·. 

All these assays were based on the availability of labeled 

antigen, hapten or antibody with optimal properties,.. The best conjugate 

is one which retains maximum enzyme activity and immunological reactivity-., 

Satisfying both conditions is generally difficult since we have 

r:linimal control on the coupling reactions., For example, let us consider 

the coupling of an enzyme to a protein antigen, such as albumin., In the 

usual procedure the enzyme is chemically derivatized to introduce a 

functional group which lvould react with the albumin in a subsequent 

reaction.. During the initial derivatization, however, the active site 

may become modified attenuating enzyme activity.. Furthermore the enzyme 

can be coupled to the albumin in such a way so as to mask key antibody 

binding sites., Hence the immunological reactivity will be attenuated 

and at the same time binding constant of the labeled albumin-antibody 

reaction may be reduced creating serious problems particularly in 

competitive assays· •. 
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These considerations clearly demonstrate the importance of 

controlling the coupling reactions and more significantly the need for 

analytical techniques to routinely monitor the quality of the conjugates 

produced,.· Therefore" in this project efforts were directed toward such 

an end using a suitable enzyme-analyte system.· 

The Model System 

Problems arising from poorly defined conjugates are more pro

nounced in assays utilizing antigen or antibody-enzyme conjugates,. This 

is particularly so if the antigen has a large molecular weight as shown 

in Table 1.. For example, heterogeneous EIA for insulin (J:l,.M,. = 6000 

daltons) correlates extremely well with RIA whereas measurements of 

larger antigens such as IgG lead to poor precision. Haptens (H.I~ .• ~ 

1000 daltons) on the other hand, gave excellent precision with maximum 

enzyme activity retalned after conjugation. In any case, all these 

assays have proven less sensitive than corresponding RIA. 

A closer look at details revealed that the antigen-enzyme 

conjugates were pr.epared neither under controlled conditions nor 

rigorously purified after conjugation.> Hence the conjugates were hetero

geneous mixtures containing both active and inactive enzyme,., Horeover, the 

lack of controlled coupling and purification would have produced con

jugates in which key antigenic determinants were masked... This is not the 

case 1vith hapten-enzyme conjugates since the reactions can be controlled 

more easily and purified by conventional chromatographic techniques 

(Broughton, 1981),. 



Table 1. Comparison of heterogeneous enzyme immunoassays for antigens and hap tens adopted from 
Greenwood and Schneider (1978). 

---- Enzyme label Sensitivity Reference Ana1yte 

1. Antigens: 

IgG HRP 

IgG a-Galactosidase 

a-Fetoprotein AP 

Insulin HRP 

2. Haptens: 

Progesterone HRP 

Estradiol HRP 

Testosterone Glucoamylase 

10 ng 

48 pg 

1 ng/m1 

0,5 unit 

93 pg 

50 pg/tube 

0.4 ng/tube 

Avrameas (1972) 
et al." 

Hamaguchi (1976) 
et al', 

Belanger (1976) 
et aI" 

K1einhammer (1976) 
et aI" 

Joyce (1976) 
et al. 

Numazawa (1977) 
et al. 

Tateishi (1976) 
et al. 

Comments "=:..::...----

SP 2nd Ab faster and 
more precise 

Glass rod SP gives 
better Erecision 

Liquid phase 2nd Ab 
more precise than SP 

Correlation with RIA 
= 0.98. 

Correlation with RIA 
= 0,98 

Correlation with RIA 
= 0.99 

Conjugation retains high 
enzyme activity 

Nonstandard abbreviations used: AP, alkaline phosphatase; HRP, horse radish peroxidase; 
SP, solid phase; Ab, antibody; RIA, radioimmunoassay, Molecular weights (da1tons): IgG = 
160,000; a-Fetoprotein = 64,600 ; Insulin = 6000; Progesterone = 314 ; Estradiol = 258; 
Testosterone = 286~ 

...... 
N 
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Therefore, to study the problems associated with coupling and 

the subsequent characterization, a large protein antigen, human immuno

globulin G (HIgG), was chosen; the enzyme label was glucose oxidase (GO),., 

It should be emphasized at this point that HIgG was used as an antigen 

in our model system, although it is an antibody in human sera. This is 

possible because if another vertebrate animal, such as rabbit or goat, 

is immunized 'vith HIgG, it acts as an immunogen and triggers the animal 

to produce its own anti-IgG... The latter will bind to HIgG just as in 

any other antibody-antigen interactions,. 

HIgG as a model antigen was selected for several reasons,., It is 

the most abundant antibody protein produced in human serum (Steward, 

1974) and can be obtained at low cost and in large quantities from local 

drug stores·.) It is also a well characterized protein with a molecular 

weight of 160,000 daltons and a Stokes:' diameter of approximately 10 nm 

(Poljak 1973),., Assuming that a single antigenic determinant is about 

6000 daltons in size, HlgG should have roughly 26 determinants on the 

molecule (Lapresle and t-lebb, 1965; Day, 1966), if no overlap Qccurs 

between antigenic determinant sites. Hence even after attaching a large 

enzyme label such as glucose oxidase, at least some of the antigenic 

determinants should be available for binding with antibodies raised 

against HIgG. 

Finally, high purity antibodies raised against HIgG in other 

animals can be purchased from a variety of manufacturers also at low 

cost. This another important requirement since the conjugates have to 

be tested extensively for immunological reactivities to assess their 

quality. Indeed, large quantities of these antibodies were used in our 
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rate nephelometric and equilibrium binding measurements to characterize 

these conjugates, •. 

The choice of glucose oxidase l-laS dictated by much more 

rigorous requirements than those for the antigen;.: The enzyme should be 

1) available in purified form at low cost, 2) easily detected with high 

specific activity, 3) easily coupled to antigens with minimum loss of 

activity, 4) absent in biological fluids such as serum, plasma, urine 

or any other sample of interest, 5) stable on storage, and 6) amenable 

to activity measurements via simple and inexpensive instrumentation~.~ 

All the above conditions, except the last, were met more than 

adequately by GO,.. For example, the turn-over number compares very 

favorably '-lith commonly used horseradish peroxidase and alkaline 

phosphatase as show"Il in Ta ble 2... The enzyme was very stable even after 

long periods of storage either in pure or conjugated form, and was 

available at low cost from a variety of vendors,.. However, GO was not 

used as extensively as the latter enzymes because the activity measure-

ments by monitoring H
2

0
2 

'-lere not quite straight forward, especially 

with spectrophotometers and colorimeters: 

~-D-Glucose + O~ 
"-

GO label 
> 

< 

pH = 4,.5~ 7 .• .2 

Peroxidase> 
<: 

pH 5,.,1 

Glucono-Lactone + H
2

0
2 

oxidized colored dye + H20 
(II = 460 nm) 

max 

(1) 

(2) 



Table 2. Comparison of turnover numbers of enzymes suitable for heterogeneous enzyme 
immunoassays.-- (Adapted from Greenwood and Schneider, 1978). 

Enzyme and a EC number Source Turnover No. _____ R_e_f_e~r~e_n_c~e ____ . ________ ___ 

Glucose Oxidase 
1.1.3.4 

Peroxidase 
1.11.1. 7 

Alkaline phosphatase 
3.1.3.1 

/3 -Galactosidase 
3.2.1. 23 

Aspergillus niger 1.5 x 104 

Horse radish 2.0 x 10 4 

Calf intestinal mucosa 3.5 x 10: 
E. coli 2.0 x 10 ---
E. coli 1.8 x 10 5 

a Micromo1es of product/mole of enzyme/per minute. 

Maio1ini et a1., 1975 

Avrameas et a1., 1972 

Engva11 et a1., 1971 

Dray et a1., 1975 

t-J 
U1 
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Thus the procedure requires a second enzyme and reagents such as 

O-dianisidine that generate chromogenic products .• -

Interestingly, very few researchers have attempted to measure the 

H2<2 directly at an amperometric plattnum electrode ... - In fact, one has the 

option of measuring either the decrease in 02 (Haga et al.., 1980) or 

the increase in H202 concentrations (Hattiason et al,.-, 1977; Aizawa 

et al .• ·, 1979), by selecting the appropriate applied potentials shown 

below: 

a) Platinum at -0 .• -700 V vs Ag/ AgCl reference 

02 + 2H20 + 4e ~ 40H-

4Ag + 4 Cl- ~ 4AgCl + 4e 

(Pt Cathode) 

(Ag/AgCl anode) 

b) Platinum at +0",700 V vs Ag/ AgCl reference 

(Pt anode) 

(3) 

(4) 
(Ag/AgCl cathode) 

The detection of 02 ShOlvn in equation 3 is unsuitable for two 

reasons,.- Since all aqueous solutions contain dissolved 02 the measured 

decrease would be a small change superimposed on a large 02 current 

signal·.- Haintaining even a minimum SIN ratio of 2 l.,rould be very 

difficult at lm.,r analyte concentrations (see Figure 1),., Equally 

problematic would be the effect of dissolved 02 already present at 

varying levels in biological samples such as serum and plasma., Hence 

the H202 measurements are much simpler as it builds up from zero con

centration in each experiment,., 

Therefore, GO is an ideal label to utilize in immunoassays 

especially in combination with thin layer electrochemical detection 
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systems. This is a particularly attractive approach since the ampero

metric detection has picomolar sensitivities for electroactive substances 

such as HZO Z generated by GO (Watson et ale, 1979).. The immunochemical 

reaction would add high selectivity to such a system effectively 

improving performance characteristics of EIA. A similar procedure has 

been employed by Eggen, Heineman and Halsall (1982) in an immunoassay 

of phenytoin using glucose-6-phosphate dehydrogenase labeled hapten. 

The enzyme reduces NAD+ to NADH which is then detected at a thin-layer 

flow-through cell 1vith glassy carbon as the worldng electrode. 

Protein-Protein Coupling Reactions 

Coupling reactions currently employed for labeling protein 

antigens were borrowed almost exclusively from the fields of chemical 

modification of proteins and peptide chemistry (Neans and Feeney, 1971). 

All these techniques are straightforward and were reviewed extensively 

in the literature (Kennedy et ale" 1976; Avrameas et al., 1978; 

Kabakoff, 1980) .•. 

These reactions employed to couple proteins are obviously limited 

to the functional groups available on polypeptide chains and by the 

requirement that they occur in an aqueous medium. Several reactive side

chain groups are available in proteins; they are: amino, carboxyl, 

phenolic, sulfhydryl, disulfide, imidazole, indole, guanidine, hydroxyl 

and thioether groups., Among these only the first four have been exten

sively utilized to prepare enzyme-labeled conjugates of proteins, al

though other functional groups have also been employed (Kabakoff, 1980)., 
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Host coupling reagents react with several functional groups on 

the protein molecule·.. The extent of coupling via different functional 

groups or even the same group depend on the microenvironment of the 

specific residue on which they are found.,· One may envision controlling 

the coupling reactions by controlling the pH, since the pKa values of 

most of these groups are different (Means and Feeney, 1971). However, 

the influence of the microenvironment is such that the differences in the 

pKa are very sma+l preventing absolute selectivity, Therefore the two

step and three-step coupling strategies have been employed in an attempt 

to control the stoichiometry of the conjugates and preserve maximum 

protein activity, 

The original one-step procedures consisted of adding the homo

bifunctional reagent to a mixture of two proteins to be couplecL.; 

Although adequate for preparing polymers of the same protein, where the 

reactivities of all the molecules were same, it was completely unsatis

factory when the physical and chemical properties of the proteins were 

different,,· For example, in commercial horseradish peroxidase (HRP) , 

most of the amino groups were blocked by allylisothiocyanate rendering 

them relatively slow to react with common bifunctional reagents such as 

glutaraldehyde", Therefore in a one-step procedure to attach HRP to 

human IgG one ends up with homopolymers of the latter, which are 

unsuitable in EIA" To avoid such probler.1s the two-step procedure was 

developed by Avrameas and Ternynck (1971) t.here one of the proteins 

(usually the enzyme) was derivatized with excess reagent, purified by 

dialysis or gel chromatography, and then reacted t.ith the second protein 

antigen... It was clair.1ed that such a procedure yielded conjugates t.hich 
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retained maximum immunological reactivity and enzyme activity,.- However, 

they were heterogeneous in molecular size and properties because the 

coupling reaction between the derivatized and underivatized protein in 

the second step was still not adequately controlled (Peters et alr.'~, 1977), •. 

This produced considerable batch-to-batch variation in the properties 

of conjugates adding to the lack of precision in EIAs,,, 

In response to these problems three~step procedures have been 

developed which provide the greatest degree of control in protein

conjugate synthesis (Carlsson et al,.;, 1978),.. Each protein is first 

derivatized separately, purified" and then coupled to each other in the 

third,. and final stage~., It is possible to titrate the proteins with the 

coupling reagent in a fixed molar ratio so as to control the number of 

reactive groups introduced into each protein in the first step... Although 

conjugates with well defined stoichiometries can be made by this pro

cedure care should be taken during chemical modification of the protein 

antigen·.. This is because if the conformational antigenic determinants 

are drastically modified the conjugate will not bind to the corresponding 

antibody as sho~m in Figure 1 or 2. 

To study these problems in our model system (HlgG and GO) the 

following reagents 1-lere chosen: 1) Glutaraldehyde (GA), 2) p-Benzoquinone 

(p-BQ), 3) sodium-m-periodate and 4) N~succinimidyl 3-(2~pyridyldithio) 

propionate (SPDP)"l The coupling reactions using these reagents are 

summarized in Figure 3 and 4 and represent essentially four different 

approaches in preparing the conjugates", 

Glutaraldehyde Has chosen because it is the most Hidely used 

reagent in protein-protein coupling reactions and, therefore, would serve 
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1. Glutaraldehyde (Two-Step): 

CHO CHO 
r,::w;, ......1 1, & pH 6.8 
~- NH2 + OHC~~CHO 

CHO CHO CHO 
CHC~ 

2. 

OHC 

NH 

IENZI 

CHO CHO 

NH 
I 

CHO 

[Protein I 

p-Benzog,uinone (T1vo-Step) : 
0 

IENZI- H + ¢ 
(-NH -, -SH, -OH) 2 0 

9 
OR 

+ ~ ENZ 
0 OR 

0 

~ + 
IPRQTEIN rH 

NH 

I~NZI 

.. +~NH2 I 
pH 9.5 

~ pH 7.5 .. 

ENZ 
OR 

OR 

~ .. ¢ + 

OR 0 

~ pH=9.5 ~ROTEIN - NZ 
OR 

Figure 3. Coupling reactions employing homobifunctional reagents 
for labeling human IgG with glucose oxidase. 



1. Sodium periodate (Two-Step): 

.... CH-OH 
~I 

CH-OH 

(glycoprotein) 

o 

CHO 
+ N IO pH 8.1> I EN~{ a 4 ~ 

1 
ClIO 

pH 9.5 +IProtein 1-~2 

NaBH
4 

IENZ CCHO 
( CH=N-!Protein 

r6' S-S-CH -CH -~-NH-IENZ I + 2R-SH pH 4.5) 
~{ 2 2 

+ 

Figure 4. Coupling reactions involving the activation of the 
carbohydrate portion of glycoprotein enzymes and the use 
of a heterobifunctional reagent. 
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as a reference method,.~ In pure GA solutions molecular formula of the 

reactive species should be CHO-(CH2)3-CHO .• , However, nuclear magnetic 

resonance studies have shown that even pure solutions of GA contain 

several forms, including ~,~-unsaturated aldehydes shown in Figure 3 

(Richards and Knowles, 1968).·.: These studies are indirectly supported 
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by the fact that GA induced protein cross~links are stable to acid 

hydrolysis, precluding Schiff base formation and justifying the mechanism 

suggested in Figure 3"1 Although recent interpretations of the NNR 

studies (Whipple et al,.:, 1974; Hardy et al,." 1976) contest the existence 

of such species and mechanism, conflicts in experimental findings make it 

difficult to write a detailed mechanism.: Present consensus appears to 

support a mixed mechanism depending on the reaction conditions, purity 

of the reagent and the proteins being used in the coupling reaction .•. 

Therefore the observed heterogeneity of the conjugates can be attributed 

to the lack of control of these complex reactions,.-

p-Benzoquinone in excess and at neutral pH is knolvn to react with 

macromolecules via only one of its two reactive positions on the ring 

(Avrameas, 1977).. After removing excess reagent the "activated" protein 

can be reacted Hith the second protein at alkaline pH (Figure 3).·. Since 

the reactive species in p-BQ solutions are lvell defined one should be 

able to control these reactions more easily and produce conjugates Hith 

reproducible stoichiometry. In addition, p-BQ is kn01vn to react not 

only lvith '!"'.NH2 and -SH groups but also Hith -OH groups on proteins and 

polysaccharide moieties (Brandt et aI,., 1975);.- If this is so coupling 

of glycoproteins such as GO and HlgG can also occur through the 
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carbohydrate portions of these molecules, preserving most of the protein 

activity. Finally we found that this reagent has not been employed 

extensively and very little info~~ation w~s available on conjugates made 

via this procedure. Therefore it seemed appropriate that the potential 

utility of this reagent be investigated in detail. 

The periodate method was originally introduced by Nakane and Kawai 

(1974) to couple proteins via the carbohydrate portion of a glycoprotein, 

retaining maximum activity of the NaI04-treated protein as noted above. 

However, this procedure involves protecting the reactive-NH2 groups with 

I-fluoro-2,4-dinitrobenzene (FDNB) so that self-coupling is prevented 

when activated with NaI04 as shown in Figure 4. Moreover the Schiff base 

formed by the reaction -CHO groups with -NH2 groups of the second protein 

was reduced with NaBH4 to prevent acid hydrolysis. Such treatments can 

be harsh on proteins defeating the original purpose of preserving 

maximal activity. Surprisingly very little information was available in 

the literature on the effects of FDNB and NaBH4 on protein activity, 

justifying the present study. 

Finally, the heterobifunctional reagent, SPDP, was chosen to 

explore the three-step approach in which both proteins were derivatized 

as shown in Figure 3. It was expected that the comparison of all these 

methods would help identify the best coupling procedure for HlgG and GO. 

In addition this should also demonstrate the various parameters that are 

important in choosing the proper experimental conditions which are 

complex especially for a new enzyme-protein system. 



Assessment of Conjugates 

An ideal enzyme-antigen conjguate should have the followine 

properties: 
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1·.· The conjugate fraction should be free of unconjugated enzyme or 

antigen although the required degree of purity varies with the assay mode~.l 

In all assays the presence of unlabelled antigen or hapten will reduce 

sensitivity,., However,· in the heterogeneous mode l.hich utilizes a 

washing step prior to the measurement of bound enzyme activity (Sand1.ich 

and ELISA modes, Figure 1), the presence of free enzyme is not very 

critical. 

2,., The enzyme-to-.antigen ratio should be reproducible in every 

batch so that the precision in EIAs can be controlled,. This 1.ill depend 

mainly on the coupling reagents, reaction conditions and the nature of 

the proteins that are being coupled, •. 

3,.. Maximum activity should be retained by the enzyme molecules ,.hich 

are coupled to the antigen, and is an important requirement since the 

amount of product formed during the final enzymatic reaction determines 

the s ens it i vi ty in EIAs,.· 

4,., The labeled antigen should retain its ability to bind to the 

corresponding antibody, or vice versa, because it controls both the 

sensitivity and selectivity in all immunoassays,., This property, 1vhieh is 

invariably known as immunoreactivity (Kabakoff, 1980) or immunological 

reactivity, is probably the most elusive parameter since analytical 

techniques have not been available to measure the extent of such 

binding independently.. A light scattering technique 1.as utilized 

successfully, and 'vill be discussed in Chapters 6 and 9 ' •. 
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Conjugates were purified by ammonium sulfate precipitation and 

gel filtration chromatographYI'~ Sephacryl S:-300 S~ which was recently 

introduced by Pharmacia was used throughout this project, mainly because 

the semi-rigid matrix formed by cross:-linking allyl dextran with N,N,'-

methylene bisacrylamide was amenable to higher flow rates and faster 

separations,., The resolution obtained was also better than other soft 

gels types such as Sephadex or Biogel,., 

The most straightforward method to measure enzyme~to~antigen 

ratio is to use a radioactively labelled antigen to prepare the con-

jugates r., After purification, the total amount of antigen in the 

conjugate can easily be determined via the tracer whereas the enzyme 

concentration can be measured by independent methods,"- For instance, 

° t h l251H1 G GO h ° ° f 1251 ° dO 1 a conJuga e suc as g - ,t e actlovloty 0 loS lorect y 

proportional to the amount of H1gG,., The enzyme concentration can be 

determined by measuring absorbance at 450 nm since glucose oxidase has 

an FAD moeity as a prosthetic group, which absorbs at that w'avelength. 

Alternatively the total protein content can be determined via conven-

tional protein analysis techniques (such as Folin-Lowry) and the amount of 

enzyme can be calculated by differencerl) HOlvever, these methods measure 

total HlgG and GO concentrations which do not represent the amount of 

active protein present in the sample,.! Therefore efforts were directed 

tOlvard measuring protein activities lVhich are more useful in comparing 

conjugates made by different methods discussed in the previous section,., 

The measurement of enzyme activity is relatively easy because the 

amount of product formed can be conveniently monitored and then related 



to the active enzyme in any sample,.) This catalytic reaction will be 

independent of the physical properties of the conjugates, although it 

will reflect adverse effects at or near the active site, caused by 
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chemical modification cf the enzyme during coupling:.~ On the other hand, 

conventional immunoanalytical techniques such as radial immunodiffusion 

(RID) and immunoelectrophoresis (IEP) used to measure reactive antigen 

or antibody concentrations depend on the comparison of diffusional or 

electrical mobilities of standards and samples in a gel matrix (Ouchterlony 

and Nilsson, 1973),. Since no standards are available that would adequately 

represent the hydrodynamic and ionic properties of these conjugates, 

both RID and IEP are unsuitable to measure immunological reactivities:.; 

Techniques such as hemagglutination inhibition are qualitative tests 

for antibodies and antigens, whereas complement fixation assays are 

complicated because complement titrations should precede the final 

hemolysin assay (Garvey, Cremer and Sussdorf, 1977),.; Therefore, the 

measurement of apparent immunological reactivity requires an analytical 

procedure that is independent of the physical properties of the con,

jugates and is also not affected by the medium in which the extent of 

antibody-antigen reaction was being measured,., 

The obvious choice was the precipitation reaction which is due 

to visible aggregation of antibody-antigen complexes formed in aqueous 

solutions,., This aggregation, originally recognized by Arrhenius (1907) 

as a chemical process, was utilized by Heidelberger and Kendall (1929, 

1935) to develop a quantitative technique for measuring the antibody 

content in various antisera. The assay I,as based on precipitating 
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antibodies with nitrogen-free pnewnococcus polysaccharide antigens and 

then determining the nitrogen in the precipitate to quantitate the anti~ 

body in a given sample:.· Almost nine years later Libby (1938) realized 

that these reactions can be followed by measuring the light scattered 

from the solution due to the formation of antibody-antigen complexes. 

Since that time light scattering has been employed extensively not only 

to study the kinetics of antibody-antigen reactions, but also to 

quantitate plasma proteins of clinical significance.'.: The entire subject 

was revie~ved recently by Ritchie (1975)., 

Hence it appeared to us that there were two important advantages 

in quantitating immunological reactivities via immunoprecipitin reactions. 

To begin with these reactions occurred in aqueous solutions in which 

the conjugates and the standards would have minimum differences in 

hydrodynamic properties:., Moreover, the aggregation reaction in which the 

light scattering complexes are formed', would be independent of these 

differences and will be affected only by alterations at the antigenic 

determinantsr., Such alterations are generally brought about by the 

presence of the enzyme label which inhibits the primary antibody-.antigen 

binding necessary for the subsequent aggregation .• , The immunological 

reactivity measured under such conditions should therefore reflect the 

funda.r.lental properties of these conjugates so that a consistent basis 

for comparison of various batches can be established.· 

The second advantage is the availability of a new generation of 

inexpensive and high quality light scattering instrunents in the market 

,.,)'hich has simplified the mesurement of immunoprecipitin reactions.. For 
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example, Deaton and co-workers (1978) have described a laser nephelometer 

that meausres serum levels of IgG, IgA, IgH and complement C3:.: In the 

same year Anderson and Sternberg (1978) described a rate nephelometer 

which measures both the absolute scatter and the rate at which the 

scatter signal was changing during an immunopreicpitin reaction.: The 

kinetic approach employed in the latter instrument was found to be 

especially suited for measuring the immunological reactivities of the 

conjugates, and will be discussed in the next tl-lO sections! .. 

Immunoprecipitin Reactions 

These reactions are observed only when polyvalent antigens react 

Hith corresponding ant.ibodies which are bivalent,., Figure Sa shows a 

typical immunoprecipitin curve obtained at various antigen concentra~ 

tions and at a fixed initial antibody concentration., This is sometimes 

referred to as the Heidelberger curve, after Heidelberger and Kendall 

(1929) Hho first used them for quantitation of antibodies,., One may 

observe that there are three distinct zones of precipitation Hhich 

represent conditions that exist in solution during the antibody-antigen 

reaction,., On the ascending portion of the curve antibody is present in 

excess whereas on the descending part antigen excess prevails... The 

region of maximum precipitation is the equivalence zone Hith matching 

concentrations of antigen and antibody., At extreme antibody and 

antigen excess conditions practically no precipitate Hould be formed,,; 

A schematic representation of these events are shOHn in Figure 5b. 

Consider a polyvalent antigen such as HIgG Hith several conformational 

determinants (-::'26) on the molecule to ,.;hich the al'"ti:-HIgG can bind:., 
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Figure 5. (a) The immunoprecipitin reaction. -- Amount of antibody 
precipitated as a function of antigen concentration at fixed 
initial antibody concentration. 
(b) Schematic representation of antigen-antibody complexes 
present in antibody excess, the equivalence region, and 
antigen excess. -- (Adapted from Anderson and Sternberg, 1978). 
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tVhen a large excess of antibody is present each antigen molecule is 

linked to many antibody moelcules as shown in block 1:.> Under these 

conditions extensive aggregation cannot take place preventing pre-

cipitation-., Block II illustrates the situation where moderate antibody 

excess prevails in the "linear" ascending portion of the curve and near 

equivalencer., In this region extensive lattice build up takes place 

because the divalent antibody molecules can form "bridges" between 

antigen moleculesr.> This is manifested as a rapid increase in the amount 

of precipitate formecL., Finally, when a very large excess of antigen is 

added to the solution both binding sites on all antibody molecules 

become saturated disrupting aggregation, and once again causing a 

decrease in the amount of precipitate formed. This description 

originally proposed by Narrack (1938) is still accepted today. 

The light scattering properties at the early stages of this 

immunoprecipitin reaction has been studied extensively by several workers 

(Tengerdy and Small, 1966; Tengerdy, 1967; Narrack, 1971):0: A mechanism 

'vas proposed by Tengerdy in 1967 which agreed well with the original 

description by Harrack, and consisted of a three~phase reaction scheme: 

Step 1: Ab + Ag ::.. AbAg (very fast) ... 
Step 2: n(AbAg) ::.. (ABAg) (seconds-minutes) (5) ... n 

:. 
Step 3: (AbAg) <: precipitate (several minutes-hours) n 

Hhen conditions are adjusted so that moderate antibody excess condition 

prevails in solution, the primary AbAg complexes formed in step 1 rapidly 

aggregate to form the secondary complex (AbAg) '.' In the early stages 
n 

these complexes are still small enough to be soluble, but at the same 
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time are large enough to scatter light,., Depending on the Ab:Ag ratio, 

large insoluble precipitates will be formed in several minutes to hours, 

which will then settle out of the solution causing a decrease in the 

scatter signa1 .• ~ In the far antigen excess region the reaction t-lill be 

reduced to a one~phase scheme as shown below: 

Ab + 2Ag < 
> (6) 

This complex formed by the saturation of antibody valency will be con~ 

siderably smaller in size and will not scatter light above the background 

scatter levels of the antibody or antigen originally present in solution.,.· 

Therefore a curve similar to that in Figure Sa will be obtained when 

scattered light intensity is measured as a function of antigen con~ 

centration .• , 

It is important to point out that the time scales shown in 

equation S are applicable only in the presence of hydrophilic, non-.ionic 

polymers in solution" and was first reported by He1lsing and Laurent in 

1964"1 It was found that polymers such as polyethylene glycols accelerated 

the precipitin formation both in solution and in gels so that light 

scattering, and even RID measurement~ can be simplified and performed 

rapidly . ., This effect can be explained by the steric exclusion theory 

proposed by Laurent (1964), according to which the randomly distributed 

linear polymer chains begin to entangle at quite low concentrations and 

form a more or less continuous netl-1Ork in solutionr.' Therefore large 

(and essentially spherical) soluble protein species such as AbAg 

complexes will be sterically excluded from the solution volume, thus 

enhancing protein-protein interactions ShOl-Tn in steps 2 and 3 in 

equation 5~ The increased precipitation or decreased solubility of the 
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complexes was a function of their size and the concentration of the 

polymer; it was also dependent on the degree of polymerization of the 

latter but was independent of the ionic strength of the medium and the 

absolute protein concentrations,., The subject has been revielved in detail 

by Hellsing (1978)~ 

This polymer~enhancement effect has greatly simplified light 

scattering measurements in irnmunoprecipitin reactions and the most 

widely used polymer is polyethylene glycol with an' average molecular 

weight of 6000 daltons (PEG-6000) .• , At a concentration of 40 gil of 

PEG-6000 complexes build-up to sizes which give adequate light scatter 

signals in tens of seconds and a maximum scatter level is reached 

within 2-3 minutes (Anderson and Sternberg, 1978) .• , Therefore in all 

light scattering measurements used in this project PEG-6000 was used at 

this level, as described in Chapter 2f'~ 

Rate Nephelometry for Honitoring the Inununoprecipitin Reactions 

Nephelometric methods are ideally suited for measuring irnmuno

precipitin reactions under dynamic conditions, i .•. e." while it is taking 

place. In fact the Automated Immunoprecipitin (AIP) analysis first 

introduced by the Technicon corporation used a fluoronephelometer as a 

detector on the continuous flow analyzer. 

A second approach for routine analysis is rate nephelometry, 

where the increase in scatter signal is measured as a function of time 

in a reaction cuvette. For instance, in the Beckman rcs Rate Nephel

ometer, a small specially made cuvette is placed in the path of light 

with appropriate antigen solution made up in a PEG-6000 buffer. The 
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solution was continuously stirred with a small stainless steel magnetic 

bar. When the proper dilution of the antibody was added to the solution 

(AbAg)n complexes were formed rapidly and the scatter signal increases 

(monitored at a 700 forward angle) as shown in Figure 6a·. The time

dependent signal is sigmoidal in shape.. The first derivative of this 

signal as a function of time is approximately gaussian as shown in 

Figure 6b; the peak rate value measured is proportional to the antigen 

and antibody concentration in solution, and the instrument automatically 

displays this value during each measurement·. 

If, for example, the antibody concentration is leept constant 

and the antigen concentration. is varied (in a constant reaction volume) 

the peak rate signals will change with the latter and a Heidelberger plot 

as in Figure Sa will result .• A calibration plot can therefore be 

derived from the antibody-.excess region of this curve ... ; The peak rate 

:i.s now measured for a sa.r:J.ple containing unlmolffi amount of antigen 

(egro: a conjugate sample) at the appropriate dilution and the same antibody 

solution-o' This value can be extrapolated on the calibration curve to 

obtain the reactive antigen concentration in the sample.o' 

The above approach Has used . throughout our measurements of 

apparent immunological reactivities of various conjugates,in,,_the manual 

mode:.· The automated mode, available on the Beckman res requires the use 

of antisera supplied by the manufacturers for specific antigens of 

clinical interest, and therefore, ~vas unsuitable for our applications,o: 

In the automated mode single~point calibrations are possible eliminating 
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the need to generate calibration plots for each measurement as in our 

experiments,., A detailed discussion of this approach has been presented 

in a recent review by Anderson and Sternberg (1978), as well as in a 

- description of the technique published earlier by Sternberg (1977).· 

The sigmoidal calibration plots (Figure 5a, see also Chapter 6) 

obtained in the antibody-excess region deserve special mention since they 

indicate that positively cooperative effects may be in operation, at least 

in this region of the immunoprecipitin reaction·. Considerable evidence 

exists to support this view in studies involving antibody-hapten inter-

actions (Imura et a1., 1976; Rodbard, 1981), as well as in immunoprecip-

itin formation (Harrack, 1938; Henney and Stanworth, 1966; Marrack and 

Richards, 1971). If this is true, rate nephelometric data can be analyzed 

via Hill plots derived for cooperative binding phenomena and will give 

valuable information about the nature of the precipitin reaction, espe-

ei~lly .when progressively modified antigens are employed (Habeeb, 1967). 

Let us consider the binding of a molecule B to a macromolecule A 

whose concentration is kept small and constant,.. It is ai;;;o assuraed that 

A exhibits positively coop~rative binding tvith B, and has n number of 

binding sites per molecule·.. If the concentration of B is now increased 

to large values all of A will be converted to AB ,." Suppose we measured:. 
n 

the formation of AB by monitoring a unique property of this species, 
n 

say ilI, this value will reach &I when all the A was converted to 
max 

ABn' and will not change because of saturation.., 

The ratio of [AB ] to the total concentration of all forms of A 
n 

present, [A]t is kno,.;n as the saturation factor and is usually denoted 
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-by the symbol Y'll The value of y is often assumed to be II I and 
max 

this equality is true for multisite macromolecules only if the change 

in I is the same for each successive molecule of B binding to A,o: From 

this it can be easily shoun that for n binding sites with completely 

cooperative binding:" 

(7) 

1, 
't..rhere K = (IS. :0; '0' :0' '0' Kn) 2 (Metzler, 1977),0: 

Equation 7 can be re'tvritten as 

(8) 

and taking logarithms on both sides one obtains, 

log[~/(l ~ ~)] = n log R + n log[B] (9) 

A plot of log[~/(l - ~)] vs log[B] is knmm as the Hill plot.o The 

slope of this straight line plot gives the number of binding sites n 

and from the intercept one can calculate the over-all binding constant 

Ro' 

In rate nephelometric measurements s.<itturation factor y was 

obtained in the antibody-excess region as sho'tm below: 

= Peak rate signal at any antigen concentration (10) 
y Maximum peak rate signal at equivalence 

The maximum peak rate signal observed at equivalence was assumed to 

represent "saturation" for the antibody-excess region,o; This as\mmption 

is reasonable since i..re have shmm previously (Figure 5) that at 
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equivalence almost all of the antibody molecules are complexed with both 

binding sites occupied!., 

A second assumption made in equation 10 was that the change in 

scatter intensity was "linear" with antigen concentration so that the 

equality mentioned above holds true~, However, the calibration 

plots (Figure24) show that this is not so especially 

near the equivalence zone:., Therefore the Hill plot data may deviate 

from linearity in that region but should behave well at lower antigen 

concentrations "here considerable antibody excess conditions exist,., 

Our data clearly shows the predicted Hill plot behavior, strongly 

suggesting the existence of positively cooperative binding in these 

reactions·., It will be discussed in detail in Chapter 7 :., 

Angular and Concentration Dependence of Scattered Light 

In rate nephelometric measurements calibration curves were 

generated using HIgG for the measurement of immunological reactivities 

of the conjugates .• , It was assumed that the scattering properties of the 

labelled and unlabelled HIgG complexes (with antibodies) were identical 

or that the differences are small enough to be negligible .• , Such an 

assumption is not unreasonable since the rate at which the intensity of 

the scattered light increases should be proportional to the rate at 

which the complexes are growing in size,., Therefore if this growth rate 

is identical then the rate of change in scatter should also be the 

same, or vice versa,. This should be true even if the absolute scatter 

intensities were not identical... 
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To get a better understanding of this concept, angular and 

concentration dependence of the scatter signals were measured for the 

antibody-antigen reactions as a function of time. It_is possible to 

evaluate the molecular size parameters of these transient scattering 

complexes by such measurements and correlate them with the data obtained 

via theoretical calculations. As demonstrated in Chapter 9 these 

measurements have given some very valuable information on the nature of 

these transient complexes. 

The term scattering implies a more or less random change in the 

propagation of incident light. The properties of the scattered light 

depends on the medium, wavelength of the incident radiation, size and 

shape of the particles responsible for scattering and sometimes their 

special arrangement. 

All scattering phenomena can be conveniently classified based on 

the size and frequency of the scattered light as shown in Figure 7. The 

scatter intensities measured in this study therefore should be in the 

Rayleigh region since it involves antigen and antibody proteins. How-

ever, the scattering complexes formed during an immunoprecipitin 

reaction are large enough to satisfy the condition d~~ as demonstrated 

in Chapter 9 (also Kusnetz and Mansberg, 1978). Thus, all immuno-

precipitin reactions will involve a transition of the scattering 

conditions from Rayleigh to Rayleigh-Debye region. 

For a Rayleigh scatterer, it can be shown that (Tanford, 1961; 

Van Holde, 1971): 

4 2 
8'T1' Ct ? 

(1 + cos- 8) 

,vhere 8 is the angle bet,veen the incident beam and the direction of 

observation, .\ = 1Vavelength of the incident unpolarized light, r is 

(11) 
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Figure 7. Flow chart showing various scattering f}henomena. --
d = diameter of the scattering particle; M = wavelength of 
the 'incident light in that medium. 



the distance from the particle at which scattered intensity is 

measured, ~ is the po1arizabi1ity of the molecule, I is the intensity o 

of the incident light and i is the scattered intensity. 

When we measure Rayleigh scattering from macromolecules in 

solution we are interested in the excess scattering over that given by 

the solvent alone. There are two ways to approach this problem; the 

more exact method utilizes thermodynamic analysis suggested for the 

scat~ering by pure liquids (Kerker, 1969). A simpler approach is to 

assume that the solute molecules behave as independent scatterers in 
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dilute solutions and will be assumed throughout the following discussion. 

Going back to equation 11, one can see that the scattering 

depends on the po1arizabi1ity of the solute -. Assuming a linear 

variation of refractive index, n, with weight concentration C (in gm/m1) 

n 
o (dn) M 

Ct. = 21T dC N 

where n is the refractive index of the solvent, M is the molecular o 

(12) 

weight of the particle and N is the Avogadro number. Substituting for 

Ct. in equation 11 we get: 

i 
I= 

o 

2 
(1 + cos 6) (13) 

Equation 13 represents the intensity of light scattered by a single 

particle. If there were X number of particles/cm3 where X = CN/M, then 

2 
(1 + cos EJ)CM (14) 



The term i is nmoJ' the total scattered intensity from X number of 

particles in solution (per ml). Equation 14 shows that the excess 

scattering in a solution is proportional to the product CM. Also it 

shows that the angular dependence of the scattered intensity is 

symmetrical in the forward and backward direction as shown in Figure 8 

(curve A). 

An experimental quantity, the Rayleigh ratio, Re, can now be 

defined containing some of the constant parameters: 

2 
r 
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(15) 

Therefore, 
2'11'2n 2(dn/dC)2 

Re 
0 • CM = ---,,4N 

(16) 

which can be re-cast as 

Re = KCM (17) 

where 2 2n 2(dn/dC)2 
K = '11' 0 

,,4N (18) 

and K is knows as the optical constant. Equation 17 implies that the 

molecular weight (M) of the scattering species in solution can be 

obtained if Re is measured for a known concentration, C. This is true 

only for an ideal solution whereas for real solutions which are 

non-ideal one can write 

KC = ~ + 2BC + .•... 
Re 

(19) 
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Figure 8. Distribution of scattered intensity of unpolarized incident light. -- Solid 
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where B is the second virial coefficient (Van Holde, 1971). Obviously 

in this case the scattering must be measured at several concentrations 

(at a fixed angle) and extrapolated to C = 0 to obtain M. 

If the scattering species are heterogeneous then the molecular 

weight obtained will be a weight-average of all the scatters in 

solution (11). Assuming that the optical constant K is same for all 

components, 

Re = ~Rei = tKC.M. = K . . ~ ~ 

E.C.M. 
~ ~ ~ 

C = KMC (20) 
~ ~ E C. 

i ~ 

This makes use of the identity gCi = C which is reasonable for Re 
i 

measurements in dilute solutions. 

So far we have assumed that the scattering particle is a 

Rayleigh scatterer where d«A, and is true for antibody, antigen and 

the primary complexes (AbAg) formed during the early stages of the 

immunoprecipitin reaction. However, once the aggregation of the 

complexes begin as shown in step 2 in equation 5, the particle size 

enters the Rayleigh-Debye region (d ~ A). Now the scattering species 

can be visualized as a collection of previously independent Rayleigh 

scatterers and the interference of the scattered light by adjacent 

particles becomes significant (Kerker, 1969). 

To account for such interferences one can define a term p(e), 

which is the size and shape factor for any aggregate of scatterers. 

It can be shown that (Tanford, 1961) 



sin hR .. 
l.J 
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1 f f 
pee) = s2 i=l j=l (21) 

where S is the number of scattering centers within the particles and 

Rij is the distance between any pair of scattering centers i and j. The 

factor h is given by 
/ 

(22) 

The behavior of pee) in limiting cases can be derived using a Taylor 

series expansion which gives, 

sin hRi. (hR ) 
J .z. 1 _ ij 

~hR----~ 6 
ij 

2 

+ 
4 (hRij ) 

120 

and is true for sin·hR .. when hR
i

. is small. 
~J J 

+ . • , . 

Therefore as h ~ 0 or Rij ~ 0, equation 21 yields 

(23) 

pee) = 1 s2 = 1 (24) 
s2 

This result indicates that at very low angles, at very long wave-

lengths or for very small particles, pee) = 1 approaching Rayleigh 

scattering. In other words, for large particles pee) will always be 

less than unity, so that scattering intensities will be attenuated when 

9>0 0 and can be represented by 

I' = I . pee) 
€I e (25) 

Here Ie is the intensity of the light scattered by a Ray1eigh-Debye 

scatterer, and Ie is the intensity of the same particle if it behaved 

as a Rayleigh scatterer. This behavior is illustrated in Figure 8 by 
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the dotted line (curve B),., It should be emphasized that although the 

forward scattering is enhanced, it is never greater than the Rayleigh 

intensity at any angle., However, the sensitivity will be much higher in 

the forward direction than even at 900
• Therefore in rate nephelometry 

which happens to use conventional light sources a 70° angle of 

measurement is preferred, whereas in laser instruments much lower 

o angles (up to 20 ) can be tolerated,. 

Another important feature in Figure 8 is the ratio of the 

scattered intensities in the forward and the backward directions, known 

as the dissynunetry ratio (eg. 1600/I1200), Recalling the fact that 

during immunoprecipitin reactions scattering particle sizes increases 

from d«A to d ~A , one can expect the profile to change from curve A 

to curve B. In curve A, the dissymmetry ratio = 1 whereas in B it is 

greater than 1. Therefore dissymmetry ratios obtained at two fixed 

angles can be used to predict the nature of these complexes. Comparison 

of these ratios for enzyme-labelled and unlabelled HIgG complexes 

should give us valuable information, especially when measured at 

various times after initiating the reaction. 

Let us assume that the immunoprecipitin particles of the size 

range that only the first two terms of equation 23 are important. Then, 

pee) 
s h2 

J~ (1) --2 
GS 

s 
i: 

:i. 

s 
l: 
j 

2 
R .• 
~J 

The first term in equation 26 is unity and Rij can be expressed in 

terms of the radius of gyration, RG, of the scattering particle as 

shown below: 

(26) 



s 
E 
j 

Hence, combining equations 22 and 26 

. l6rr R G 2 e ~ 2 2~ t p (e) - 1 - 3/ ' • Sin (2)} 
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(27) 

(28) 

This expression shows that from the angular dependence of the scattered 

light one can obtain information about RG and therefore calculate 

molecular size parameters, 

From the definition of pea) it is easy to write an equation 

similar to 25 for the Rayleigh ratio: 

(29) 

where Re is the ratio for a Ray1eigh-Debye scatterer whereas Ra is 

the ratio measured for the same particle if it behaved as a Rayleigh 

scatterer. Combining equation 19, 20 and 29 one obtains 

KC 1 [ 1 ] 
Re = p(e) M + 2BC 

Substituting for pee) in equation 30, 

KC _ 
Ria 

Equation 31 clearly shows that to obtain weight-average-mo1ecu1ar 

(30) 

(31) 

weight (M) for large Ray1eigh-Debye scatterers KC/Re has to be 

extrapolated to zero angle and zero concentrations and a technique for 

performing this measurement l.as first devised by Zimm (1948). Doty and 
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Bunce (1952) have used such measurements to estimate molecular size 

parameters of DNA and have demonstrated the utility of this technique. 

We have used it to estimate molecular weight and size of these 

scattering complexes by simulating a rate nephelometric experiment in a 

laser light scattering instrument described in Chapter 2. The 

experiment consisted of measuring the intensity of scattered light 

after initiating the immunoprecipitin reaction, at various angles and 

initial concentration of the antigen. From the M obtained, theoretical 

Rayleigh ratios (Re) were calculated using equation 17 and were then 

compared to the experimental values. The dissymmetry ratios of 

conjugates and HlgG were also compared, in addition to the angular 

distribution of the scatter intensities. All these data clearly 

indicate that the scattering properties of transient complexes of con

jugates and HlgG are identical, thus confirming the utility of rate 

nephelometry in measuring immunological reactivities. 



CHAPTER 2 

METHODS AND MATERIALS 

Methods 

All spectrophotometric measurements were made on a Cary 219 

UV/VIS recording spectrophotometer. UV detection of proteins during the 

chromatographic runs was accomplished with a A1tex Model 153 UV-VIS 

detector (A1tex Scientific Inc., Berkeley, California). 

Angular and concentration dependence of light scattered by the 

conjugates were measured in a light scattering instrument constructed 

using a Lexe1 Model 85 (0.5 watt) argon-ion laser, a temperature 

controlled cuvette holder and an IP21 photomultiplier tube mounted on an 

angular table. High voltage for the PM tube was· supplied by a DC 

regulated power supply (Kepco Inc., Flushing, New York). A temperature 

compensated intracavity prism (Lexe1 Model 500) was used to isolate the 

476.5 nm laser line which was typically 50 mW. Scattered light from a 

Brice Phoenix light scattering photometer OM 2000 (Phoenix Precision 

Instrument Co., Gardiner, New York), was measured as the photo

multiplier output converted to voltage and RC filtered with a Durrum 

Model D-13l amplifier. The same set-up was used to confirm the 

molecular weights of conjugates determined by size exclusion chroma

tography and a schematic is shown in Figure 9 • 

Immunological reactivities of the conjugates were measured on a 

Beckman ICS Rate Nephelometer (Beckman Instruments Clinical Diagnostics 
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Division, Fullerton, California) in the manual mode. In all measure-

ments microprocessor cards (Mll, M22, M33 or M44) dated 7/11/78 were 

used for calibrating the instrument. Each card controls the gain for 

signal output and the appropriate gain was selected by preliminary 

trials using suitable dilution of the antisera. Details of this tech-

nique are discussed in the PROCEDURE section. 

Radioactivity of an 1251 label on proteins was monitored with a 

NaI(Tl) detector (3"x3" crystal) equipped with a Tracor Northern 

TN6710 Multichannel Analyzer. A Nuclear Chicago Model 4454 Gamma Well 

type counter (G. D. Searle & Co., Des Plaines, Illinois) and a LKB Wallac 

Decem Series 80000 gamma sample counter with a SC20 Scaler (LKB 

Instruments, Rockville, Maryland) were also used in the latter stages. 

In all cases, the integrated area under the 27 KeV K X-ray peak and the ex 

35 KeV y-ray peak served to determine the amount of radiolabelled protein 

in the sample. 

Solutions and Reagents 

All chemicals used were of reagent grade and all solutions were 

made in doubly distilled deionized water. Solutions for all light 

scattering measurements were filtered with a 0 • .2 ).lM Millipore filter 

(Millipore Corporation, Bedford, Massachusetts) to remove interfering 

dust particles. Buffer solutions used in all experimental work included 

0.01% sodium azide as a preservative. No adverse effects on proteins 

or on measurements made were observed. 

Human IgG (16.5 ± 1.5%) was obtained from Cutter Laboratories, 

Berkeley, California and can be purchased from local drug stores. This 
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preparation was usually purified by ammonium sulfate precipitation 

(three times) and DEAE-column chromatography according to standard 

procedures (GaTVey, Cremer and Sussdorf, 1977). Goat antihuman IgG was 

obtained from Atlantic Antibodies, Scarborough, Maine, as an IgG 

fraction (purified by salt fractionation and column chromatography) and 

was used as received. The following lot numbers with similar titer were 

used in most of this work: IGG-IGG-043-l, IGG-IGG-047-l, IGG-IGG-047-2 

and IGG-IGG-047-4. A nephelometric grade goat antihuman IgG (lot no. 

IGG-IGG-054-l) purchased from the same manufacturer was also used in 

rate nephelometric measurements. The nephelometric grade antiserum was 

specially purified to remove lipemic impurities which may interfere with 

the light scattering experiments. Blank light scatter readings of 

both types of sera were low, with the latter serum being slightly lower. 

Such a small difference did not justify the continued use of the 

nephelometric grade in rate measurements. 

Glucose Oxidase (E.C.l.l.3.4, Type II, 17,800 Units/gm solid), 

horseradish peroxidase (E.C.l.l1.1.6, 13,000 Units/mg solid), Protein A 

(Product No. P-8l43), O-dianisidine and ultrapure glutaraldehyde (25%) 

were obtained from Sigma Chemical Co., St. Louis, Missouri. All of the 

above except ultrapure glutaraldehyde were stored as suggested by the 

manufacturer. The latter was diluted into 1% solutions using 0.1 M 

phosphate buffer pH 6.8 and frozen at -20°C in 1.0 m1 quantities. 

Regular glutaraldehyde (25% aqueous) and cellulose acetate (39.8% acetyl 

content) were obtained from Aldrich Chemical Co., Milwaukee, Wisconsin. 

P-Benzoquinone (Practical Grade, Matheson Coleman, Cincinnati, Ohio) 
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was purified by recrystallizing twice from absolute ethanol. Hetero-

bifunctional coupling reagent N-Succinimidy1 3-{2-pyridy1dithio) 

propionate, SPDP, was purchased from Pharmacia, Piscataway, New Jersey. 

Enzyme activity measurements were made using Dextrose (Ashland Chemical, 

Easton, Pennsylvania) solutions which were allowed to stand for 24 hours 

at room temperature to ensure mutarotation. All hydrogen peroxide 

(Fisher Scientific, Fair Lawn, New Jersey) solutions were made by 

appropriate dilution of a standardized 30% stock solution (Ce+4 or KI 

titrations) and stored at 4°C. 1251 was obtained from ICN Pharma

ceuticals, Irvine, California in the form of 26.6 mCi/m1 sodium [1251] 

iodide in 0.05 N NaOH (17 Ci/mg I at 100% isotope enrichment. Iodine 

monoch1oride (density = 3.18 g/l; molecular weight 162.36) was obtained 

from Professor Dennis Lichtenburger, Department of Chemistry, University 

of Arizona. 

Dio1-bonded silica made from controlled pore glass (CPG, 10 pm, 

° 1000A pore size; Lichrosphere SI 1000, Rainin Instrument Co., 

Woburn, Massachusetts) was a generous gift from Rich Sportsman and 

Randy Nielsen, Department of Chemistry, University of Arizona. G1yco-

phase loading was approximately 95 umo1es of diol/g as determined by 

HI04 titration (Sportsman, 1982). 



Preparation of Antibody -
Enzyme Conjugates 

Procedures 

53 

Three different types of reagents were employed for the covalent 

attachment of enzymes to antibodies. They are: 1) Bifunctional 

reagents glutaraldehyde and p-Benzoquinone, 2) Heterobifunctional 

reagent SPDP, and 3) Sodium periodate for the l,2-diol oxidation of the 

carbohydrate moieties in glucose oxidase, which is a glycoprotein. 

Glutaraldehyde Conjugation. A two-step procedure was utilized 

exclusively to couple glucose oxidase (GO) to human IgG (Avrameas et a1., 

1978). In this method, the enzyme was first activated with glutaralde-

hyde and the excess reagent was removed before the addition of the 

antibody. Various molar ratios of glutaraldehyde, GO and IgG were 

employed. A typical procedure using 1% glutaraldehyde, 10 mg GO and 5 mg 

IgG is described below: 

1. A 10.0 mg portion of glucose oxidase (GO) was dissolved in 

0.20 ml of 1% glutaraldehyde (w/v) in 0.1 M phosphate buffer, pH 6.8. 

At these concentrations, the glutaraldehyde was in large excess (molar 

ratios of glutaraldehyde:GO = 32:1) to ensure that the formation of 

homoconjugates of the enzyme was kept at a minimum. 

2. The mixture was gently stirred in the dark at room temperature 

for 18 hours. 

3. The mixture was purified on a G-25 F column (1.Ox30 cm) 

equilibrated in 0.15 M NaCl at a flow rate of 0.5 ml/min. The first 
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yellow fractions containing the activated GO was pooled and concentrated 

to about 1.0 m1 if necessary. 

4. At this point, a UV-VIS scan was made from 550-250 nm using a 

small aliquot of the activated GO. Typically, 50 ~1 of the GO was 

dissolved in 2.50 m1 of PBS, pH 6.8, using the same buffer as a 

450 280 . reference on Cary 219. The ratios of A /A were usually s~mi1ar 

(0.08-0.09) indicating that the activation by glutaraldehyde has not 

significantly altered the active site or the protein backbone. The 

enzyme activity was also determined at this point according to the 

method of Weibel and Bright (1971) and is described in the next section. 

5. Another aliquot of the activated enzyme was chromatographed on a 

Sephacry1 S-300 or Bioge1 A-Sm co1um (50x1.5 cm) equilibrated with PBS, 

pH 7.2, to ensure that homoconjugates of the enzyme were not formed 

during the activation procedure. This was done by comparing the 

chromatograms of the pure and activated enzyme under identical chromato-

graphic conditions on the above column. Flow rates employed were 

usually 0.45-0.50 ml/min for Sephacryl S-300 column; lower flow rates 

of 0.15-0.20 ml/min were necessary for Biogel A-Sm as recommended by the 

manufacturers (see also Table 4)., 

6. To the solution from step 3, a 1.0 ml portion of a solution 

containing 5.0 mg of human IgG or 2.5 mg of human Fab (previously 

dialysed in 0.15 M NaCl) was added along with 0.20 m1 of 0.5 M 

carbonate buffer pH 9.0. The mixture was stirred gently at 4°C for 

about 18-24 hours. 



7. The reaction was stopped by the addition of 0·.·1 ml of 

1.0 M lysine in a pH 7.0 buffer, and the solution was mixed gently for 

2 hours. 

8. The excess unreacted lysine was removed by dialysis in PBS 

pH 7.0, overnight with 3 changes at 4°C. 

9. The conjugate was centrifuged at 13,000 g for 15-20 minutes 

and the supernatant was stored at 4°C until further characterization. 
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Note: All these reactions were carried out in the dark to 

prevent unwanted polymerization of this reagent. Successful conjugation 

was achieved only with technical grade GA which consists of~,~

unsaturated aldehydes as shown in Figure 3. Ultrapure GA (Sigma) which 

was purified by distillation gave very poor yield of conjugates, and in 

some cases no cross-linking at all. The reasons for such a behavior are 

not clear but has been observed by other authors as well (Engvall, 1980). 

p-Benzoquinone Conjugation. Once again, a two-step procedure 

was used exclusively since it is well known that the two carbonyl 

functions of p-benzoquinone (p-BQ) react under slightly different 

conditions with the e-NH2 groups of proteins (Avrameas et al., 1978). 

All IgG-GO conjugates were prepared by activating GO with p-BQ in the 

first step; human IgG was activated only when homoconjugates (HlgG-HlgG) 

were required for comparison in rate nephelometric studies. Three 

different procedures were employed as described below: 

a) Preparation of HlgG-GO Conjugates: 

Procedure I (Avrameas, Guesdon and Ternynck, 1978): 

1. To a solution containing 4.0 mg of GO in 0.5 ml of 0.1 M 

phosphate buffer pH 6.1, 0.1 ml of freshly prepared p-benzoquinone 
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(30 mg/m1 in absolute ethanol) was added (molar ratio of p-BQ:protein = 

1112). 

2. The mixture was incubated in the dark at room temperature for 

1 hour. It was essential to carry out the reaction in the dark to 

avoid photochemical polymerization of p-benzoquinone. 

3. The mixture was filtered on a Sephadex G-25 F column (1.0x30 cm) 

equilibrated with 0.15 M NaC1 at a flow rate of 0.5 m1/minute; the 

first colored fraction was collected in approximately 1.50 ml. Dialysis 

against 0.15 M NaC1 can be substituted for gel filtration. 

4. At this point the procedure was slightly modified from the 

published version by the original authors. A UV-VIS spectrum was run 

between 550-250 nm using 50 p1 of the solution obtained in step 3; 

comparison with the spectrum of pure GO in the same region showed that 

the ratio of A450/A280 was unaffected (~0.08-0.09). The enzyme 

activity was then determined using the Weibel and Bright method (1971). 

Another 50 p1 portion was used to run a chromatogram on a Sephacryl S-300 

or a Bioge1 A 5m (50x1.5 cm) column equilibrated with PBS pH 7.2 Flow 

rates depended on the column employed and were similar to those mentioned 

in the previous procedure. Once again it was found that the molecular 

weight of the p-BQ treated GO was not significantly different from that 

of the pure, untreated enzyme. This indicates that the use of excess 

p-BQ in step 1 was effective in preventing the formation of homo

conjugates of GO. 

5. To the solution remaining from step 3, 4.0 mg of IgG in 1.0 m1 

of 0.15 M NaC1 was added followed by 0.250 m1 1.0 M NaHC03• The 



addition of NaHC03 ensured an alkaline pH (~ 8-9) required for the 

reaction of the second carbonyl group of p-BQ with free NH2 groups of 

HIgG. 

6. The mixture was gently stirred at 4°C for 24-48 hours and the 

reaction was stopped by the addition of 0.250 m1 of 1.0 M lysine in 

PBS pH 7.2. 
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7. The solution was now dialysed overnight at 4°C against the same 

buffer with 3 changes to remove excess lysine. 

8. Any insoluble matter was removed by centrifuging at 13,000 g 

for 15-20 minutes and the supernatant containing the soluble conjugate 

was stored at 4°C. This solution was stable for over 3-4 months and 

was used in all future experiments. 

Procedure II (Modified GO Activation): 

This procedure was identical to procedure I, except for the 

differences in steps 1 and 2 as indicated below: 

1. To a solution containing 4.0 mg of GO in 0.1 M phosphate buffer 

pH 6.1,4.0 mg of solid p-BQ was added followed by 10fl of absolute 

EtOH (molar ratio of p-BQ:protein = 1480). 

2. The mixture was now incubated in the dark at room temperature 

overnight (12-16 hours). 

b) Preparation of HIgG-HIgG homoconjugates: 

All attempts to prepare these conjugates by activating mono

meric human IgG with glutaraldehyde resulted in complete precipita

tion of the protein. It was, therefore, decided to employ the method 
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of Ternynck and Avrarneas (1976) using p-BQ. However, when the suggested 

procedure (Procedure I) was followed complete precipitation of the 

protein occurred once again, indicating high reactivity and/or 

denaturation of human IgG. On the addition of p-BQ in EtOH the protein 

solution rapidly turned pink, red and finally deep red in color within 

10-15 minutes. After about an hour a deep red precipitate was observed 

and the supernatant did not show the typical 280 nrn protein peak. A 

distinct difference, however, was that the p-BQ/protein reaction did not 

result in instantaneous precipitation, as in the case of glutaraldehyde. 

Further experimentation showed that the precipitation can be avoided 

entirely if the amount of p-BQ added was reduced and the reaction time 

was carefully controlled. An optimized procedure is described below. 

Procedure II (Modified p-BQ procedure): 

1. To a solution containing 20.0 mg of human IgG in 1.0 ml of 

0.15 M NaCl, 0.10 ml of 1.0 M phosphate buffer, pH 6.1, was added. 

2. With gentle stirring, 4.0 mg of solid p-BQ was added followed 

by 10 ~l of absolute EtOH. 

3. The mixture was allowed to react at room temperature for about 

10-15 minutes in the dark. 

4. The deep red or purple solution was quickly transferred to a 

dialysis bag and dialysed in 0.15 M NaCl ovel-night at 4°C with three 

changes. 

5. After dialysis the light purple solution containing the homo-

conjugates of IgG was centrifuged at 13,000 g for 15-20 minutes and the 

a supernatant was stored at 4 c. 
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6. Chromatography on Sephacry1 S-300 (or Bioge1 A 5m) as described 

earlier indicated that the conjugation was successful producing three 

different fractions. 

7. A UV-VIS scan in the region of 600-240 nm showed the typical 

280 nm protein peak, in addition to peaks at 480 nm and 349 nm. The 

latter peaks are associated with p-BQ substitution and will be discussed 

later. 

SPDP Conjugation. This procedure originally described by 

Carlsson et a1. (1978) involves the activation of both GO and IgG by 

SPDP, and was used without any modification. Details of the reaction 

are shown in Figure 4. 

1. A solution containing 10.0 mg of human IgG in 0.5 M PBS, 

pH 7.5, was mixed with 19 ~1 of 10 mM SPDP in absolute EtOH (molar ratio 

of SPDP:lgG = 3). The solution was gently stirred at room temperature. 

In another test tube 10.0 mg of GO in 0.50 m1 of the same buffer was 

also allowed to react with 19 ~1 of 10.0 mM SPDP. 

2. The tubes were incubated at room temperature with gentle 

stirring for 30 minutes. 

3. Both solutions were dia1ysed separately in 0.1 M acetate buffer, 

pH 4.5, overnight at 4°C with 3 changes. These solutions can now be 

stored in the refrigerator for several weeks until coupling. 

4. Before coupling, the SPDP substitution on both proteins were 

determined as described by Carlsson et a1. (1978). An aliquot of the 

derivatized protein (100 ~1) from step 3 was mixed with 3.00 m1 of 

acetate buffer, pH 4.5, in a quartz cuvette. A UV-VIS spectrum was 
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recorded from 450-250 nm, with 3.10 ml of the same buffer in the qu~rtz 

reference cell. A 50 pI portion of 100 mM dithiothreitol, DTT, (or 

dithioerythritol, DTE) was now added to both cuvettes and the solutions 

were thoroughly mixed by inverting the stoppered cuvettes several times. 

After 10 minutes the pyridine-2-thione released in the sample cuvette 

was measured as an absorbance change at 343 nm (Fig. 4). The absorbance at 

280 nm was used to calculate protein concentration and from these data 

the degree of substitution was calculated as the number of moles of 

SPDP/mo1e of protein. The procedure was successful in determining the 

substitution on IgG, but the estimates for GO appeared unreliable. 

Details will be discussed in the RESULTS AND DISCUSSION section. 

5. To the HIgG-SPDP solution remaining from step 3, enough DTT (or 

DTE) was added so that the final concentration is approximately 50 mM. 

The reaction was allowed to proceed for about 20-30 minutes at room 

temperature. 

6. The excess DTT (or DTE) and the pyridine-2-thione released was 

removed by dialysis against 0.10 M PBS, pH 7.5, or by gel filtration on 

a Sephadex G-25 F column (l.Ox30 cm) equilibrated with the same buffer 

(flow rate = 0.5 ml/min). 

7. The solution from step 6 was mixed with GO-SPDP and the solution 

was stirred gently overnight at room temperature. 

8. The above solution was dialysed or purified on a Sephadex G-25 

column as described in step 6. After purification, the conjugate solu

tion was centrifuged at 13,000 g and the supernatant was stored at 4°C 

until further characterization. 
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Conjugation by Periodate Oxidation. Sodium periodate (NaI04) 

was introduced by Nakane and Kawoi (1974) to generate active aldehyde 

groups via the oxidation of carbohydrate moieties on peroxidase. Since 

GO is also a glycoprotein the same procedure to synthesize HlgG~GO 

conjugates ~s employed: 

1. To a solution containing 10 mg of GO in 1.50 m1 of 0.3 M sodium 

carbonate buffer, pH 8.1, 0.10 ml of 2% 1-f1uoro-2,4-dinitrobenzene 

(FDNB) in absolute EtOH was added slowly. 

2. The solution was mixed at room temperature for 1 hour with 

gentle stirring. FDNB was added to protect free -NH2 groups that may 

react with the aldehyde functions formed on GO molecules during NaI04 

activation. This prevents the formation of homoconjugates of the 

enzyme molecules. 

3. A solution of NaI04 (1.0 m1 of 0.08 M) was now added to the 

protein solution and stirred gently at room temperature, for about 45 

minutes. The reaction was stopped by the addition of 1.0 m1 of 0.16 M 

ethylene glycol and the solution was stirred gently for about an hour. 

4. -2 -The above mixture was dia1ysed against a 0.5 M C03 /HC03 

buffer, pH 9.5, overnight at 4°C. 

5. The covalent coupling was achieved by adding 10.0 mg of human 

IgG to the same buffer and stirring the solution gently for 2-3 hours at 

room temperature. 

6. The Schiff Base formed between the two proteins was reduced by 

adding 5.0 mg NaBH4 and stirring the solution at 4°C for another 



2-3 hours. Excess NaBH4 was removed by dialysis in 0.01 M phosphate 

buffered saline, pH 7.0, overnight with 3 changes. 

7. All visible precipitates were removed by centrifugation at 
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13,000 g and the supernatant was stored at 4°C for further characteriza-

tion. 

Note: Two 50 pI portions of the solution from step 4 were used 

to run UV-VIS scans of the enzyme to determine the effect of NaI04 

activation on the activity of the enzyme. Enzyme activity was measured 

as previously described. 

Preparation of Radiolabelled Human IgG 

125 
Several methods are available which incorporate I on to the 

tyrosyl or histidine residues of protein molecules. In the present work 

the iodine monochloride method developed by Helmkamp, Contreras and Bale 

(1967) was employed, and is described below. 

1. A solution containing 0.200 ml of 10 mCi/ml Na12s1 (2 mCi) and 

1.60 ml of 0.5 mM ICI was mixed vigorously in a polyethylene tube in the 

dark. The ICI solution was freshly made in 2M NaCI before each iodina-

tion procedure. 

2. Another solution containing 100.0 mg of purified HIgG in 

1.0 ml of 0.1 M borate buffer, pH 8.5-9.0, was quickly added to the ICI 

solution and mixed well for about one minute. In all cases, the 

Na12s1 used was adjusted to 0.02 mCi/mg protein for optimum incorporation 

of the radiolabel. 



Step 1. 

Step 2. 

Step 3. 

Step 4. 

Step 5. 

Step 6. 

Step 7. 

Step 8. 

Figure 10. 

~A td 
20 p1 of 125I_protein 
+ 100p1 of 3% BSA + 
150p1 of saline .. 

20 p1 of 125I_protein 
+ 100p1 of 3% BSA + 
150p1 of 10% TCA 

t 
Contents of both tubes were mixed thoroughly 
and centrifuged for 3.0 minutes at 13,000 g. 

by swirling 

! 
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Add 100 I'll saline Add 100pl of 10% TCA to 
the supernatant without 
disturbing the precipitate 

~ 
If more precipitation occurred in tube B, it was 
centrifuged and step 3 was repeated until precipitation was 

complete. ~ 1 
. Both tubes were centrifuged and 100pl of the supernatant 
was pipetted in Tubes Kand B'respectively. Pellets in 
Tubes A and B were washed with 0.15M NaCl (200pl) and 
pipetted i[to appropriate tubes. J 

Tubes A and B lV'ere counted in a Gamma Well Counter which 
was calibrated with a standard 125-1 sample of known 
specific activity. Average background counts were 
subtracted from each measurement. 

J 
Extent of Labeling = (No. of counts/min. in A )/(No. of 
counts/min. in B') x 100%. 

! ~ 
Specific Activity = (Amt. of 1251 attached to protein in 
20p1, pCi)/(Amt. of protein in 20pl, mg) expressed in 
pCi/mg. 

Trichloroacetic acid (TCA) precipitation protocol for the 
determination of the extent of labeling and specific 
activity of radio-iodinated proteins. 
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3. The above mixture was purified immediately on a Sephadex G-25 

(medium) column (1.Ox20 cm) equilibrated with the same borate buffer (0.5 

ml/min)., The effluent was monitored with a Geiger Counter and the first 

fraction containing the iodinated protein was collected in about 1-2 ml. 

4. The column was washed continuously with the buffer until all the 

inorganic 125I was removed and discarded properly in the designated 

container. 

5. The extent of labelling of the radio-iodinated protein (amount 

of inorganic 125I attached to protein vs free 125I in solution), was 

determined by the trichloroacetic acid (TCA) precipitation method; the 

protocol is illustrated in Figure 10. The efficiency of the iodination 

was usually between 80-90%. The same data were also used to calculate 

the specific activity of the iodinated protein in mCi of 1251 attached/mg 

of protein. 

The 1251_IgG was stored in 12x75 mm test tubes in lead containers 

kept at 4°C. This preparation is often used within a week to prepare 

the conjugates, as described above,., It should be noted that the 

binding affinity of the 1251_1gG is considerably affected (auto-

radio lysis) when stored for long periods without a large excess of 

carrier proteins (e.g., bovine serum albumin). However, since the 

carrier proteins can interfere in the subsequent conjugation procedures, 

125 it was necessary to store the I-1gG in the purified form and use as 

soon as possible. All conjugates containing radio-labeled H1gG were 

also stored without carrier proteins and were discarded appropriately 

after 2-3 weeks. 



Characterization of Conjugates 

Purification and characterization of the IgG-GO conjugates 

was accomplished in several steps: 

a) Purification by ammonium sulfate precipitation 

b) Molecular weight determination 

i) Size exclusion chromatography 

ii) Light scattering measurements 

c) Enzyme activity measurements 

d) Immunological reactivity by rate nephelometry 

e) Determination of apparent binding constants 

f) Angular and concentration dependence of the scattered light 

intensities during antibody antigen reactions 
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Purification. Unpurified conjugates were precipitated initially 

with a half saturated ammonium sulfate solution made alkaline by 

adjusting the pH to 7.8 prior to use. Approximately 0.50 m1 of this 

solution was adequate for most conjugates which were concentrated to 

about 1-2 m1 after conjugation. The precipitate was centrifuged at 

13,000 g for 3-4 minutes and the supernatant was checked for complete

ness of precipitation with 2-3 drops of the half saturated ammonium 

sulfate solution. The supernatant was carefully aspirated and the 

precipitate was washed with 0.200 m1 portions of the (NH4)2S04 

solution twice to remove soluble protein. The precipitate which 

contains the conjugate and the unreacted HIgG ~vas re-dissolved in 1.0 ml 

PBS pH 7.2. It was dia1ysed against the same buffer at 4°C, with three 

changes. 
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Further purification of the conjugates was achieved on a 

Sephacryl S-300 (40-105 ~m, Pharmacia, Piscataway, New Jersey) or on a 

Biogel A 5m column (100-200 mesh, Bio-Rad Inc., Richmond, California) 

using a 50xl.5 cm bed. The set-up is shown in Figure 11. The same 

set-up was also used in the molecular weight calibration described 

below. 

Molecular Weight Determination. 

i) Size exclusion chromatography. Protein calibrators for 

molecular weight determination was obtained from Pharmacia, Piscataway, 

New Jersey. Calibrator properties and the chromatographic conditions 

for the size exclusion columns are listed in Table 3. In some cases 

Bovine serum albumin (Sigma Chemical Co., St. Louis, Missouri) 'which has 

a molecular weight of 60,000 daltons, was also used as one of the 

calibrators to ascertain the linearity of the calibration curve (log 

Molecular weight vs K ). However, it was found that the four proteins av 

shown on Table J gave acceptable linearity, eliminating the necessity to 

use albumin routinely. The average capacity factor, K ,was calculated av 

from the following expression: 

K av = 

where Ve = Elution volume of the protein 

V = Void volume of the column, and 
o 

Vt = Total bed volume of the column. 

(32 ) 
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Figure 11. Set-up for size exclusion chromatography for the purification and M. Wt. 
estimation of IgG-GO conjugates lJith Sephacryl S-300 or Biogel A SM. 
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Table 3. Properties of proteins used for molecular weight calibration. 
-- All runs were made on a Sephacry1 S-300 or a Bioge1 A Sm 
(SOx1.S cm) column equilibrated with PBS pH 7.2, containing 
0.01% NaN3. Detection: UV 280 nm, using 100 p1 flow cell; 
Flow rates = 0.15-0.50 m1/min. depending on the column (see 
also Table 4); Void volume was determined using Blue 
dextran, average M.W. = 2.0 x 106• 

Molecular Wt. Stokes Standard Vol. of std. used 
Protein (Da1tons) radius 

0 

(A) (mg/ml) per run (ml) 

Aldolase 158,000 48.1 5.0 0.050-0.100 

Catalase 232,000 52.2 5.0 0.050-0.100 

Ferritin 440,000 61.0 1.0 0.050 

Thyroglobulin 669,000 85.0 5.0 0.050-0.100 



The maximum flow rate achieved with a peristaltic pump was 

always less than the flow rate at gravity flow. This was essential to 

avoid bed compression which affects column performance. Table 4 

shows the maximum linear velocity and flow rates calculated for some 

common bed materials used in size exclusion chromatography. Sephacryl 

S-300 and Biogel A Sm were selected based on these parameters. 

ii) Light Scattering Measurements. The apparent weight-

average-molecular weight of macromolecules by static light scattering 

measurements is given by the following expression (Van Holde, 1971). 

k (1 + Bc) 
RS = M 

where K is an optical constant, c is the concentration of the 

scattering species in g/ml (protein), RS is the Rayleigh ratio for the 

-1 -
concentration c in cm ,M is the weight-average-molecular weight in 

g/mole and B is the second virial coefficient in ml/g. The optical 

constant K can be calculated as follows: 

2 (an/()c) 

N .;\4 
o 

(34) 

where no is the refractive index of the solvent, (an/ac) is the 

differential refractive index of the protein in ml/g, N is o 
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Avagadro's Number, and ;\ is the wavelength of the incident light in cm. 

A plot of Kc/R vs c gave a straight line with an intercept of s 

l/H from which the weight-aver age-molecular weight was estimated for 



Table 4. Maximum linear flow rates and column flow rates of some c.ommon size exclusion column 
packing materials. -- Data applicable to 50 x 1.5 cm bed dimension and were computed 
from manufacturer's literature. 

Packing material 
(particle size, um) 

Sephadex G-200 
(129-388) 

Sephacry1 S-200 
(40-105) 

Sephacryl 8-300 
(40-105) 

Biogel A 5m 
(74-149) 

Exclusion 
limit (D) 

6 x 105 

5.0 x 10 3 

2.5 x 105 

1.0 x 10 4 

1.5 x 106-

5.0 x 10 6 

Optimum resolution of all High speed separation of 
molecules molecules with large 6 M. wt. 
max. linear max. column max. linear max. column 
flow rate flow rate flow rate flow rate 
(em/hour) (ml/minute) (em/hour) (ml/minute) 

12 0.35 

30 0.89 

25 0.74 

10 0.30 26.5 0.79 

..... 
o 
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the conjugates. The following steps describe the light scattering 

measurements in detail. 

1. At the beginning of each experiment, the light scattering photo-

meter was calibrated with Ludox HS-40. Ludox HS-40 (E. I. DuPont De 

Nemours & Co·., Wilmington, DE) is a standard latex polymer suspension 
I 

consisting of Rayleigh scatterers of uniform size and molecular weight 

distribution. It is used routinely to calibrate light scattering 

instruments and measure optical constants (Herbert and Carlson, 1971). 

A 1:140 dilution of the Ludox made with 0.1 M KC1/0.01 M HC1 solution. 

This solution was centrifuged at 30,000 g for one hour and the super-

natant was carefully aspirated and stored in a dust free container. The 

Rayleigh ratio, R , of the Ludox was determined on Cary 219 using a c 

1.0 cm path length cuvette by employing the Herbert and Carlson (1971) 

relationship: 

R = ~--:-",-3 ......;(=O~D )~_ 
c 8'11'(10g e) b 

(35 ) 

where OD = optical density of the Ludox minus the optical density of 

0.1 M KC1/0.01 M HC1 solvent at the laser wavelength, and 

b = path1ength of the cuvette used (em). 

2. Various dilutions of the conjugates were filtered directly into 

the cuvette through 0.2 ~m Hillipore filter and the scatter signals were 

measured. The Rayleigh ratio, R , for the proteins were calculated s 

using the following relationship, also given by Herbert and Carlson 

(1971) : 



R = R s c 

A 
s 

A c 
(36 ) 

where A is the scattered intensity of the protein solution minus the 
s 
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buffer scattering, and A is the scattered intensity of Ludox minus the c 

Ludox solvent. The scatter intensities were measured using a 1.0 cm 

path1ength cuvette at 90 0 to the incident laser line; the laser 

intensity and the photomultiplier dynode voltage were the same for both 

the sample and the Ludox. 

3. Concentration of protein solutions employed for light scattering 

experiments were measured on Cary 219, assuming that the molar 

-1 -1 absorptivity of the conjugates were approximately 3.21(mg/ml) em at 

280 nm. This value was obtained by adding the molar absorptivities of 

human IgG, 1.39 (mg/ml)-lcm-1, and that of GO which is 1.82 (mg/ml-1cm-1 

at the same wavelength. Even though this value may not be accurate, it 

is a reasonable estimate for the present work, since several attempts 

to re-disso1ve lyophilized conjugates were not successful. 

4. The optical constant K (equation 34) was calculated using a 

value of 0.2079 m./g for (dn/dc) which was obtained for cardiac 

myosin subfragment-1 with a molecular weight of 115,000 da1tons 

(F1amig and Cusanovich, 1980). This assumption is reasonable since 

very dilute solutions of the conjugates are used in this experiment 

-5 -5 (1.47x10 -4.42x10 g/ml). For example, if the change in refractive 

index was ten times higher then dn/dc = 2.079 ml/g for the same change 

in concentration of the protein. Therefore (dn/dc)2 in equation 34 will 

be approximately 4.322, which is still rather small to make any 

significant change in the value of K. 
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Enzyme Activity of Conjugates. 

i) Weibel and Bright Method (1971): In this procedure, the 

activity of GO is measured in terms of the catalytically active, bound 

FAD. The active flavin was measured spectrophotometrically as a change 

in absorbance at 450 nm, before and after saturating the enzyme solution 

with 0.100 ml of 1.0 M glucose. A differential molar extinction 

4 -1 -1 coefficient of 1.31 x 10 M em at 450 nm was used, as reported by 

the same authors. A typical procedure is described below: 

1. All measurements were made in the automatic base-line correction 

mode on the Cary 219, with 0.01 M acetate buffer (pH 5.6) in both 

sample and reference cell. 

2. A 0.050 ml portion of the conjugate was pipetted accurately into 

the sample cuvette and two scans were made at the beginning: one from 

600-250 nm (Figure 12a)and a second scan from 600-340 nm (Figure 12b). 

The absorbance measured at 280 nm was used to calculate the total 

protein content, while the measurement at 450 nm is proportional to the 

oxidized FAD in the enzyme active site. 

3. In the next step, 0.100 m1 of 1.0 M glucose was added to both 

cuvettes, mixed thoroughly after sealing the cuvettes with Teflon caps 

and replaced quickly into the spectrophotometer. It is important that 

a large excess of glucose was added and the cuvette was sealed to 

prevent further O2 contamination from the air. Under these conditions 

the enzyme remains almost entirely in the reduced form throughout the 

next scan. 



b. 

0, 041 
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a. I 

O,0041 
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Figure 12. Weibel and Bright method for the enzyme activity deter
mination of glucose oxidase (GO) solutions. -- a) 0.1 AUFS 
Scan 1: Pure GO solution (1.28 mg/ml); Scan 2: Same solution 
with 100ul of 1.0 M glucose. b) Typical UV-VIS scan of pure 
GO solution 1.28 mg/ml, 0.5 AUFS. 
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4. A third scan was then made between 600-340 nm as in step 2. 

The absorbance at 450 nm in this scan is that of the reduced enzyme 

(GO-FADH2). The difference in absorbance measured at 450 nm can now be 

utilized to calculate the active enzyme concentration as shown below: 

(37 ) 

where c = concentration of the active enzyme 

b = path1ength of the cell (1.0 cm) 

AA450 = change in absorbance at 450 nm 

~E450 = differential molar absorptivity 

From the above information it was possible to determine the 

amount of active enzyme as a percent of the total protein (for the pure 

enzyme) prior to conjugation. This allowed estimation of the effect of 

the treatment with the coupling agents (glutaraldehyde, p-Benzoquinone, 

etc.) on the activity of the enzyme. Such information was very valuable 

in evaluating the suitability of the coupling agent in use, and will be 

discussed in detail in the next chapter. An absorptivity of 1.82 

-1 -1 (mg/ml) ~ was determined for the pure enzyme at 280 nm, using 

lyophilized GO in a separate experiment. 

ii) Peroxidase method. This is the standard procedure for the 

determination of GO activity recommended by the manufacturer (Sigma), 

and was used as a reference method to compare with the Weibel and 

Bright procedure. Briefly, the H202,generated in the presence of 

GO,glucose and 02' oxidizes O-dianisidine to a colored product. This 
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reaction was catalyzed by peroxidase in solution. The oxidation 

product was measured as the change in absorbance at 500 nm, and the 

activity of the GO was calculated using the following equation: 

(AA
500) x (dilution factor 

=--:...-=--::-:;.;;:==;;..;;..;;;;....;;;;.;;;..;:;..;;;.;;..;;;.. = Units of OO/ml of conjugate 
a;OO 

"(38) 

where 500 -1 -1 a = absorptivity of o-dianisidine at 500 nm (units/ml) cm 

AA500 = change in absorbance/minute at 500 nm 

A typical procedure is described below: 

1. A 1.0 ml portion of 0.0021 M O-dianisidine (13.2 mg/2.0 ml of 

water) was diluted with 0.05 M sodium acetate buffer, pH 5.1, at room 

temperature or at 35°C when proper thermostating is available. 

2. Exactly 2.40 ml of the above solution was pipetted into a glass 

cuvette (1 cm pathlength), along with 0.50 ml of 10% w/v a-n-glucose 

in water and 0.10 ml of 60 purpurogallin units/ml of peroxidase 

solution (1 unit of peroxidase = 0.1 purpurogallin unit) in the acetate 

buffer. 

3. The above mixture was equilibrated at room temperature (or at 

35°C) and the absorbance at 500 nm was monitored vs air until steady. 

4. At zero time, add 0.10 m1 of GO solution (0.5 units/ml) 

quickly, mix and record the absorbance at 500 nm for 2-4 minutes. The 

maximum linear rate (6A500) was used to calculate the standard activity 

of the GO solution. 



5. Repeat steps 1-5 with an appropriate dilution of the conjugate 

and determine the activity as above. 

Immunological Reactivities of Conjugates by Rate Nephelometry. 

The Beckman Rate Nephelometer measures the rate of increase in the 

intensity of the scattered light, from particles suspended in solution 

as a result of large complexes formed during antibody-antigen 

reactions. The theory and use of this technique to quantitate immuno

logical reactivities of the conjugates has been discussed in detail in 

the INTRODUCTION. The various experimental details are illustrated 

in Figure 13. 
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All rate measurements were made under the following conditions: 

1. Manual mode operation of the instrument: In this mode, 

calibration curves were generated using any antigen and antisera 

(usually purified antibody of choice). The four manual mode gain cards 

(MIl, M22, M33, M44) provided are programmed such that each successively 

increasing number results in a 4-fold increase in the sensitivity of 

the rate signal. As the sensitivity increases the electronic filtering 

also increases to prevent the amplification of the noise, which might 

otherwise affect the signal-to-noise ratio. The proper gain card was 

selected each time, after detailed experimentation with the desired 

antiserum dilution and antigen calibrator solutions (Human IgG). 

2. The optimum detection range of the instrument is between 

0.2-20 ~g/ml of antigen in the final reaction mixture. Therefore, all 

antigen calibrator solutions were made such that the concentration in 

the reaction cuvette was in the range of 1.16-14.5 ~g/ml. Table 5 shows 



78 

I START/ 

• Make stock solution rtake antiserum 
for antigen calibrator 

}fake borate bUfter l / 
PEG 6000, pH 8.5 (antibdy) dilutions 

1000 pg/ml 1:10, 1:20, 1:30, 
J.:40 and 1:50 

Make calibrator dilutions I 
See Tabl~ III I 

Repeat calibration 
with suitable gain ----card 

Dilute antiserum; 
concentrate 
conjugate 

Signal A = ° 
Signal B = ° 
Further dilution, 
no rate signal 

'---

*~·teasure rate siRIlals ~~ith 
MIl, M22, M33, M44 and 
each antiserum dilution 

Generate calibration curves; 
choose appropriate antiserum 
dilution and gain card. 

Repeat calibration curve in 
the antibody excess region 
only 

Measure rate signal for 
undiluted conjugate with 
same conditions - Si~al A 

Heasure rate signal of 1:2 
dilution of the con~ugate -
Si~al B 

• CONTINUED 

Figure 13. Flow chart describing the various steps in the rate 
nephelometric experiment for the measurement of 
immunological reactivity. 



yes 

Antibody Excess 

Continue serial 
dilutions until 5 or 
6 sets of Signal B 
were measured 

If------l Repea t Signal B 

Continue with the 
~--------------------~ next conjugate 

* 

No 

Yes 

For a particular lot of anti-serum this step can be omitted when 
the proper dilution and the gain card has been selected during 
the first experiment. 

Figure 13. Flow chart--Continued. 
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Table 5. Dilution scheme for the preparation of standard human IgG 
(globulin fraction) calibrator solutions. -- Stock solution 
used: 1000 ~g/ml human IgG in 0.15 M NaC1, filtered through 
0.2 ~m mil1ipore filter. All dilutions were made with 

Calibrator 
Dilution 

1:4 

1:5 

1:6 

1:8 

1:12 

1:15 

1:20 

1:25 

1:30 

1:35 

1:40 

1:50 

0.15 M NaCl pre-filtered with 0.2 ~m mi11ipore filter, to 
remove dust contamination. 

Diluted Calibrator Concentration 

Before injection into cuvette After injection into cuvettea 

llg/ml llg/ml 

250 14.5 

200 11.6 

166 9.66 

125 7.23 

83.3 4.80 

66.7 3.87 

50.0 2.89 

40.0 2.34 

33.3 1.91 

28.6 1.65 

25.0 1.45 

20.0 1.16 

a The concentration in the cuvette was calculated on the basis of a 
total volume of 0.726 m1 consisting of 0.600 m1 of buffer solution, 
0.084 m1 of antiserum and 0.042 m1 of the diluted calibrator solution. 
Antiserum dilutions were chosen such that the rate signals of at 
least the first 8 solutions were in the antibody excess region, to 
generate the calibration curve. 
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the antigen calibrator solutions made using a 1000 ~g/ml stock human 

IgG in 0.15 M NaCl, and their concentrations after injecting appropriate 

amounts into the reaction cuvette. 

3. The dilution of the antiserum was chosen such that an antibody 

excess condition always existed in the reaction cuvette (see also 

INTRODUCTION). All antisera manufacturers provide a guideline for the 

proper dilution of their sera to be employed in nephelometry, radial 

immunodiffusion, and immunoelectrohporesis. A suitable Ab:Ag ratio in 

the antibody excess region was established by experimenting with 

recommended dilutions, at the antigen concentrations mentioned above. 

To avoid such repeated and time consuming optimization, antisera from 

the same manufacturer were used in all experiments. In these experi

ments, Atlantic Antibodies goat antisera were used without 

further purification. Preliminary experiments with various dilutions 

indicated that the best rate signals were obtained whtn 1:30 and 1:40 

dilutions were used with either M22 or M33 gain cards. All 

measurements were made under the above conditions, and all but the 

last three calibrator solutions (1:35, 1:40 and 1:50) produced rate 

signals in the antibody excess region. 

4. The borate buffer, 0.1 M pH 8.5, was made with 40 gil of poly

ethylene glycol 6000 (PEG 6000) which enhances precipitin formation. 

This effect has been studied extensively and was discussed in the 

INTRODUCTION. 

5. The cuvette holder geometry demands that the reaction cell 

should contain at least 0.600 ml of solution for the proper detection 



of the scatter signal. Thus, the following quantities of solutions 

were pipet ted into the reaction cell in the order indicated below: 

(i) Borate buffer/PEG 6000, pH 8.5 = 0.600 m1 

(ii) Antiserum solution (diluted) = 0.084 m1 

(iii) Antigen calibrator or sample = 0.042 ml 
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Solutions (i) and (ii) were added, along with a stainless steel magnetic 

stir bar, into the cuvette before placing it in the cuvette holder. 

The antibody-antigen reaction was now triggered by pipetting solution 

(iii) directly into the cuvette in place. The magnetic stirrer, which 

was started automatically when the cuvette was introduced, helps in 

mixing the solutions; it also suspends the complexes uniformly in the 

solution during the measurement of the scattered light. 

6. Finally, the rate signals of the conjugates were measured at an 

appropriate dilution such that an antibody excess prevailed in solution. 

Active HIgG content was then calculated by direct extrapolation on the 

calibration curve. 

If repeated dilution of the conjugates produces no measurable 

rate signal, it is possible that either the antiserum dilution selected 

is too concentrated or the original conjugate was too dilute. It is 

also possible that both conditions may exist, and further dilution of 

the antiserum and concentration of the conjugate by pressure dialysis is 

recommended. If no rate signals are observed even at this stage, it is 

safe to conclude that the conjugate is immunologically inactive. 
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Determination of Apparent Binding Constants. A solid phase 

radioimmunoassay (RIA) technique was used throughout these experiments. 

Both competitive and direct binding modes were employed depending on 

the type of conjugates being studied. Figure 14 illustrates the 

salient features of these two modes, and in all measurements 1251 HIgG 

was used as the labelled antigen. Immunosorbent used in this assay 

consisted of dio1-bonded CPG to which antihuman-IgG was attached by a 

periodate activation procedure. Preparation and the properties of the 

dio1-bonded CPG has been discussed elsewhere (Sportsman, 1982). 

Three types of conjugates were studied: 

a) 1251 HlgG-GO made by p-BQ procedure (Fraction II) 

b) HlgG-GO made by GA procedure (Fraction II) 

c) HlgG-HlgG made by p-BQ procedure (Fraction II) 

Direct binding protocol was employed with conjugate (a) 

125 because of the I label on HIgG; the other two conjugates and the 

unlabelled antigen were studied via the competitive procedure. 

Immunosorbent Preparation (Sportsman, 1982). To 20.0 ml of 

6.0 g/l HI04 in 80% acetic acid, 0.3 g of dio1-bonded CPG was added; 

the mixture was degassed and dispersed uniformly by u1trasonication. 

The reaction was allowed to proceed at room temperature with occasional 

stirring which generates active aldehyde groups on CPG. After 30 

minutes, the mixture was filtered through a buchner funnel (fine frit) 

and washed 5 times with 10 m1 a1iquots of distilled deionized water. 

Finally, it was washed with 10 m1 of 0.5 M carbonate buffer, pH 9.5, 

and transferred to a test tube containing 5.0 mg goat antihuman-IgG in 
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1.0 ml of the same buffer. The tube was tightly stoppered and was 

mixed thoroughly by end-over-end rotation, overnight at 4°C. The 

Schiff base formed between the free-NH2 groups of the protein and 

active aldehyde groups was reduced by adding 0.5 mg NaBH4 every 10 

minutes for approximately 40 minutes. The ~\1be was then centrifuged 

and the supernatant was collected in a 25.0 ml volume~~ic flask. 

Washing was repeated five times with 2.0 ml portion of pH 9.5 

carbonate buffer and all the wash solutions were pooled in the volumetric 

flask. The immunosorbent was then diluted with 3.0 ml of the same buffer 

so that the final concentration was 100 mg/ml, and stored in a tightly 

stoppered polyethylene tube at 4°C. 

The supernatant collected in the volumetric flask was made up 

to 25.0 ml; the protein concentration was then determined by measuring 

the absorbance at 280 nm (6 = 1.39 (mg/ml)-lcm-l ) of a 2.50 ml aliquot 

of the solution. Protein covalently coupled to the CPG was then 

calculated by subtracting the total protein in the supernatant from the 

5.0 mg protein used in the initial mixture. The attached protein can 

also be measured directly by hydrolysing a CPG sample with 6N HCl at 

o 
100 Cfor 2 hours and then analyzing the supernatant by Folin-Lowry 

protein assay. Since previous work has shown good agreement between the 

two methods (Sportsman, 1982), the former simpler procedure was used in 

this work. 
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Titerinl of Immunosorbent. The optimum dilution of the tmmuDo-

sorbent to generate a dose-response curve over a given range of antigen 

concentration was determined by a titering experiment. The best 

dilution i8 that which gives approximately 30% biDding of labelled 

antigen at the highest concentration of unlabelled antigen to be 

studied. A method developed in our laboratory was used and i8 described 

elsewhere (Sportsman, 1982). 

Competitive Bindins Experiments. In this expertment the antigen 

(conjugate or HIgG) competes with 125IHIgG for a limited number of 

antigen binding sites on the tmmunosorbent. All dilutions were 

accomplished with PBS pH 7.4 containing 0.2% (w/v) RIA Brade BSA (nBSA 

buffera ). A typic;a1 procedure is described below: 

1. lIighest anUgen CODcentraUon was progressively diluted with the 

BSA buffer into 5-10 microcentrifuge tubes to cover the desired COD-

centration ranges. Dilutions were such that each tube contained 

0.10 ml of the desired antigen concentraLion. Two blank tubes with 

0.10 ml of BSA buffer wp.re also prepared. 

2. To each tube, 0.25 ml of the predetermined immunosorbent 

dilution was added followed by 0.10 ml of 125IHIgG. The tubes are 

capped, mixed thoroughly, and equilibrated at room temperature for 

12-16 hours, with occasional shaking. Care was taken to adjust all 

dilutions such that the total reaction volume in each tube was exactly 

0.45 ml; this was the total volume in the titering experiment. TIiis 

precaution was essential to ensure that the competitive binding took 
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place in the tmmunosorbent dilution determined by the titering expari-

mente 

4. After equilibration the tmmunosorbent was separated by 

centrifugation at 13,000 g and the supernatant was aspirated into 

separate tubes numbered accordingly. Both sets of tubes were counted on 

a Nuclear Chicago Model 4454 Gamma well counter equipped with NaI/Tl 

Scintillation detector. Counts from the immunosorbent were due to 

antigen-bound (B) whereas the supernatant represented the unbound or 

free (F) antigen at equilibrium. 

S. Scatchard plots were generated by plotting B/F ratio versus 

[B], the bound antigen concentration at equilibrium. An estimate of 

the total antigen binding sites concentration ([A]), on the tmmuno-

sorbent can be obta.ined from these plots. From these data a 

Sips plot may be constructed to determine the heterogeneity index and 

average apparent binding constant for the antibody-antigen reaction. 

Direct Binding Experiments. All experimental details were 

identical to the procedure described above except that the addition of 

125 IHIgG was omitted in step 2. Instead, 0.10 ml BSA buffer was added 

to maintain the total reaction volume at 0.45 ml. 

Angu~ar and Concentration Dependence of Scattered Light 

Intensities during Antibody-Antigen Reactions. Rate nephelometric 

measurements described earlier assumed that the light scattering 

properties of complexes formed by pure and enzyme-labelled antigens are 

not significantly different. This assumption allowed the ge~eration of 



calibration curves us ins pure antisen, from which the ~olosica1 

reactivities of the conjusatee can be determined (aee Chapter 1). 

AlthouSh theae .. asurellant. Save reasonable values for the iauno-

losica1 reactivities, only indirect evidence was available in the 

literature to justify such an assumption (Tenserdy, 1967; Marrack 

et a1., 1971: Ward, 1978). Therefore, it was decided to estimate the 

molecular size parameters of the light acattering complexes formed 
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during the antibody-antigen reaction. Comparison of the size parameter 

estimated for the reactions of pure and enzyme-labeled antigen should 

therefore clarify the validity of the assumption. 

All antibody-antigan complexes behave as Rayleigh-Debye 

scatterers in solution, and the expression describing their scattering 

behavior was derived earlier (see Chapter 1). Rewriting the equation, 

where the symbols have the usual meaning. Thus, one has to extrapolate 

KC/Re to zero angle and zero concentration to obtain M.· In the present 

experiments, these measurements were made as a function of time from 

which the molecular parameters can be estimated at various stages of the 

antibody-antigen reaction. 

The set-up shown in Figure 9 was used in these measurements and 

was described elsewhere • The details of this experiment are as 

fo110' ... 5 : 
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1. All scatter measurements vere .ade at rooa te.perature (23t2-C) 

in a specially made cell shown in FigUTe 15 (Phoenix Precision 

Instruments. Gardiner. tiew York. Cat. no. C-10S). The cylindrical cell 

has flat entrance and nit windows for the laser beall, aud vaa 

fabricated with all Pyrex glass. metl No.1, without ce.ented joints 

(W:l.tnauer et aI., 1952). Cell aeasureunts vere 75x26 .. I .D •• and 

required at least 10.0 ml of solution to avoid meniscus interference of 

the laser beam in this set-up_ 

2. Conditions were optimized such that all measurements vere 

identical to the rate nephelometric experiments. The reaction buffer 

was borate buffer saline with PEG 6000 (BBS/PEG 6000), pH 8.3, and a 

constant 10.50 ml was used in all experiments. Stock IgG solution 

(1.0 mg/ml) was diluted 1:5 with 0.15 M NaCl and appropriate amounts 

were added to 10.50 ml buffer in the cell so that the final concentration 

during scatter measurements varied between 3.8%10-7-18.8%10-7 g/ml in 

five equal increments. Preliminary experiments showed the optL~ 

antibody dilution to be 1:5 with lot no. tGG-IGG-047-4 (Atlantic 

Antibodies, Scarborough, Maine), to maintain antibody excess in the 

above antigen concentration range. A constant 50 ~1 quantity of the 

diluted antiserum was used in all experiments. All solutions (buffer 

diluents t stock antigen, antibody and conjugates) were filtered twice 

through 0.2 ~m Millipore filter. The cell was washed with deionized 

distilled water (0.45 and 0.2 ~m filtered) three times between each 

measurement. 
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Figure 15. Pyrex cell for the measurement of. angular and concentration 
dependence of the scattered light in the visible region 
(400-800 run). -- Adapted from Hitnauer and Scherr, 1952. 
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l. At each antigen· concentration, scatter mea.urements were made 

at 60, 75, 90, 105 and 120 degree angles in duplicate. In a typical 

procedure, 10.50 m1 of BBS/pF.G 6000 buffer (pH 8.3) was pipetted into 

the cell followed by 5u ~1 of the diluted antibody solution. Background 

scatter was then measured in this solution which was stirred slowly 

with a 6x2 mm Teflon stir bar. Stirring should be carefully controlled 

to avoid undesirable swirling and air bubbles in solution. Scatter 

signal of this solution usually stabilized in 30-90 seconds after the 

stirring was commenced. The required amount of antigen (RIgG or 

the conjugate) was now added at a predetermined time and the change in 

scatter signal was recorded 30 seconds after addition. From that point. 

scatter signal can be recorded at either 30 or 60 second intervals 

until maximum scatter is reached~ Under the conditions described 

maximum scatter level was approached in about 2-3 minutes and after 6 

minutes very little change in scatter was observed (see Chapter 9), 

If the stirring is stopped at this point, it is 

possible to observe a slight decrease in the maximum scatter level 

(1-2%). This was probably due to the settling of larger particles 

formed in solution to the bottom of the cell. After another 20-25 

minutes without stirring a considerable decrease (20-25%) in the 

maximum scatte~ level was observed. Stirring the solution once again 

would resto!'e the scatter level to a slightly higher r.ta:d.r.1UI!l (5-10~~), 

indicating the formation of very large particles. These observations 

indicate that the scattering particles grow very rapiuly in 0-3 minutes 

after the addition of the antigen and after that the rate is considerably 



92 

slower. The region of interest was the initial growth period 

and the maximum scatter levels reached at about 6-8 minutes would be 

discussed in detail later (Chapter 9).., 

4 .• A set of four calibrated neutral density filters on the photo-

meter was used to attenuate the incident laser beam so that the scattered 

intensities at the photomultiplier tube were approximately equal for all 

samples,. This procedure avoided problems of non-linear amplification by 

the PM tube over a wide range of scatter intensities observed in thie ex-

periment. Appropriate corrections were applied in the final calculations 

for the use of these filters (Flamig and Cusanovich, 1980) .• 

5. Scatter intensities of 1:140 dilution of Ludox 

was also measured using the same filters, at all angles, in the same 

buffer solution; the final volume was always 10.50 m!. This allowed 

calculation of the Rayleigh ratios eRe) of the samples according to 

the method of Herbert and Carlson (1971). 

6. The optimum dynode voltage for the PM tube was found to be 

approximately 0.5 KV. At this voltage, scatter values of the diluted 

Ludox was in the same range as the maximum scatter values observed in 

the antibody-antigen reactions, using the same set of neutral density 

filters. All measurements were made at this dynode voltage. 

7. Two types of conjugates were studied; HIgG-HIgG and HIgG-GO 

were both used as antigens with the same antibody dilution mentioned 

above. In both cases, the concentration ranges were exactly the same 

-7 -7 as in the case of pure antigen (3.8xI0 -18.8xI0 glml in five equal 

increments) • HIgG-GO concentrations were based on the l25I label 
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on HIgG portion of the conjugate; for the homoconjugate it was based on 

spectrophotometric measurements at 280 nm, using an extinction 

-1 -1 
coefficient was 1.39 (mg/ml) em • It was assumed that the extinction 

coefficient of HlgG did not change significantly when conjugated. All 

other conditions were identical to the experiments with pure antigen. 

8·., The optical constant K was calculated using equation 34 .• , A 

plot of KC/Ra as function of Sin2(~) + kC was generated in all cases 

according to the method of Zimm (1948).. These Zimm plots will be 

analyzed in chapter 9·. 



CHAPTER 3 

ENZYME ACTIVITY MEASUREMENTS 

Enzymes have long been used as immunochemica1 labels 

in histochemical studies (Nakane et a1.>, 1966; Boutelle et al., 1967) 

and in enzyme immunoassays (Engvall et al., 1971; Van Wieman et al., 

1971). In all these applications enzymes were coupled covalently to a 

hapten,antigen or even an antibody depending on the nature of the 

subsequent use. Covalent coupling was usually accomplished by chemically 

derivatizing the enzyme by a suitable bifunctional reagent; the antigen 

or hapten was then reacted with the derivatized enzyme, after removing 

the excess unreacted coupling reagent. This process can result in 

considerable loss of activity either during the initial derivatization 

(see Chapter 4) or even after coupling has occurred. Therefore the 

enzyme activity should be carefully monitored at each stage of the 

production of these conjugates. This is critical because conjugates 

with low enzyme activities cause a considerable loss of sensitivity in 

enzyme immunoassays (Van Weeman et a1., 1971; Ford et al., 1978). 

In our model system glucose oxidase (GO) was coupled to human 

IgG using four different coupling reagents. During the preparation of 

these conjugates activity of GO was measured, at all stages, by the 

Weibel and Bri.ght (1971) procedure. In this method the enzyme activity 

is expressed in terms of the amount of catalytically active flavin 

bound to the active site of the enzyme. In the native enzyme the 
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flavin molecule is always in the oxidized form (FAD) especially in the 

presence of disolved O2 , Therefore a spectrum of the enzyme solution 

obtained by scanning from 600-250 nm (Fi.gure 12) shows absorption maxima 

at 450 nm, 360 nm and at 280 nm. The first two maxima are due to the 

FAD, l-lhereas the 280 nm peak is due to the total protein in solution. 

When glucose is added to this solution the following reaction occurs: 

GO-FAD +j9-D-glucose pH = 4.5-7.2, 
< 

GO-FADH2 + Gluconic acid 

In a typical experiment, a large excess of glucose was added 

to the cuvette containing the enzyme, after the first scan. The cuvette 

was immediately sealed with a Teflon stopper or parafilm and the solution 

was thoroughly mixed.. Under these conditions all the O2 will be consumed, 

and if the cuvette was sealed properly the O2 replacement would be 

negligible., Since large amounts of glucose are still present in the 

solution, all the enzyme will be in the reduced form (GO-FADH2). 

At this stage one can observe that the initially yellow solution is now 

colorless. Another scan was now run between 600-340 nm to record the 

decrease in absorbance at 450 nm,., It was shown by Weibel and Bright that 

this AA450 measured is directly proportional to the catalytically 

active FAD content of the enzyme., They estimated that the differential 

molar extinction coefficient was 1.31 x 104 M-lcm-l , which was in good 

agreement with the molar extinction coefficient reported for the 

4 -1 -1 oxidized enzyme (1-.4 x 10 M cm ) by Swoboda and Massey (1965). 
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This procedure is quite different from the conventional methods 

available for enzyme activity measurements·. In conventional procedures, 

the formation of one of the products or the disappearance of the sub

strates is monitored as a measure of the activity.. Such procedures 

usually require additional reaction steps involving the products or 

the substrates. For example, the standard peroxidase (POD) assay 

suggested by the vendor for glucose oxidase involves reacting the H202 

generated with o-dianisidine reagent,. This oxidation reaction was 

catalyzed by peroxidase added to the solution which results in a 

colored product, the absorbance of which was monitored at 500 nm. The 

enzyme activity was then determined by a simple calculation as described 

in Chapter 2:. This method is therefore, rather cumbersome as it requires 

additional reagents and time.· Compared to this the Weibel and Bright 

procedure measures the amount of catalytically active enzyme directly 

and requires only a 1.0 M glucose solution. Furthermore, we found the 

latter method to be simple, rapid and reproducible (:1:5%) .• 

To establish the reliability of the Weibel and Bright procedure 

it was necessary to compare it to the standard peroxidase (POn) assay 

(Chapter 2) .• A stock glucose oxidase solution was made and the enzyme 

activities were measured at various dilutions by both methods. Figure 16 

shows an excellent agreement with a correlation coefficient of 0 •. 99 and a 

slope of 0·.001·.· The Weibel and Bright procedure was therefore adopted 

for all future measurements of enzyme activities, both for the derivatized 

enzymes as well as for the conjugates. 
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Figure 16. Correlation between Weibel and Bright and Peroxidase methods 
for glucosp 0xidase (GO) assay. -- Details are given in the 
text. Pure GO stock solution was made from a dialyzed 
sample. Specific activity for Weibel and Bright method = 
0.017 mg/ml FAD/unit of GO activity. 
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One of the major advantages of the Weibel and Bright procedure 

is that the amount of catalytically active FAD per total protein can be 

determined in a single measurement. This is because the spectrum 

obtained between 600-250 nm has an absorption maximum at 280 nm, which 

is due to the total protein content in the sample.. From this measure-

ment one could obtain the total protein concentration in a solution of 

GO, if the molar extinction coefficient is known. This value was found 

to be 1 .• 28 (to·.lO) x 105 H-lcm -1, determined in a separate experiment, 

and was in good agreement with the published spectra (Massey et aL, 

1964). It is interesting to note that this ratio of active FAD to 

total protein clearly distinguishes between the loss of enzyme activity 

due to handling from that of the deactivating effects of coupling 

reagents.. In handling losses this ratio would remain fairly constant 

whereas the effects of coupling reagents will show up as a decrease in 

this ratio,. This procedure was utilized successfully in investigating 

the harsh effects of various coupling reagents on GO, as demonstrated 

in Chapter 4. 

However, this ratio cannot be calculated as conveniently for 

HIgG-GO conjugates, because the absorbance at 280 nm is now due to both 

GO and HIgG.. Hence a decrease in the ratio of FAD to total protein 

after the coupling reaction can be due to a loss in enzyme activity or 

450 increase in the total protein content or both. But, the AA measure-

ment can still be used to quantitate the amount of catalytically active 

FAD present in the purified fractions of conjugates .• , 

Table 6 summarizes the enzyme activities measured for three 

different batches of HlgG-GO conjugates.. The glutaraldehyde conjugates 
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Table 6. Comparison of enzyme activities of conjugates by the Weibel 
and Bright (1971) method .• · -- For details see Chapter 2, 

1·.· 

2 .• · 

All measurements were done on Cary 219 Spectro-
photometeK' Differential molar extinction coefficient = 
1-.31 x 10 H-l cm-1 .• at 450 run. 

Enzyme Activity apercent total active 
Active FAD in mg/ml (±5%) enzyme recovered 

Conjugate FI FIr FIII after coupling (±10%) 

Glutaraldehyde 

HIgG-GO-1 0.070 0·.274 0·.320 77.9 
HIgG-GO-2 0.·166 0,.,329 0 .• 244 85.6 

Benzoquinone 

HIgG-GO-lb 0, •. 435 4·.23 2 •. 18 78 .• ,0 

a Percent total active enzyme recovered 

= Total active enzyme recovered in three fractions(mg) x 100 
Total active enzyme used in the coupling procedure(mg) 

b After separation on a Sephacryl-S300SF column, all three fractions 
were concentrated to approximately 0·,50 m1 in a Pro-Dicon 
Concentrator/Dialyzer Unit.· This accounts for the higher activities 
observed in these fractions,. 
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retain roughly the same amount of enzyme activity in fractions II and 

III.. The fraction I, however, showed considerable difference in enzyme 

activity from batch to batch.· The total active enzyme recovered varied 

between 75-85% indicating that the handling and other losses were less 

than 25%, but it was difficult to distinguish between these losses 

with the information available., The BQ-l fractions.also 

retained approximately 78% total activity which is in good 

agreement with the glutaraldehyde conjugates., The individual fractions 

of BQ-l show much higher enzyme activity than glutaraldehyde conjugates 

because they were concentrated in a Pro-Dicon Concentrator/Dialyzer Unit 

after purification by size exclusion chromatography. Also, a closer 

inspection reveals that the fraction II conjugates generally retained the 

highest enzyme activities. This appeared to be a common trend in all 

p-BQ conjugates whereas in glutaraldehyde conjugates it was more erratic 

and unpredictable. 

These results indicate that the individual differences in 

enzyme activity measured probably depend on the type of conjugation 

procedure employed,. The effect of various coupling agents on GO and HlgG 

seems to confirm this conclusion (Chapter 4). However, the present 

work also established the Weibel and Bright procedure as a simple, 

rapid and convenient method to measure the enzyme activities of 

conjugates., Such a procedure was a welcome change in our work where 

several batches (and fractions) of conjugates were compared routinely. 



CHAPTER 4 

REACTIONS OF GLUCOSE OXIDASE AND HUMAN IMMUNOGLOBULIN G 
WITH SELECTED COUPLING REAGENTS 

Optimization of the protein-protein coupling reactions is a 

necessary step for the successful preparation of conjugates with optimal 

properties (Chapter 1).· To achieve such an end, one has to 

control the reactions of coupling reagents with individual proteins. It 

is, however, well known that each protein reacts very differently with 

each coupling reagent (Vallee and Riordan, 1969; Means and Feeney, 1971). 

Furthermore, the effect of such a reaction on the activities of proteins 

vary considerably complicating the issue at hand (Kennedy et al •. , 1976; 

Kabakoff, 1980). These observations, along with the fact that glucose 

oxidase has not been extensively utilized in EIA applications convinced 

us that selected coupling reactions should be studied in detail in our 

system~ The following reagents were examined with respect to their 

reactivity toward glucose oxidase (GO) and human immunoglobulin G (HlgG): 

a) p-Benzoquinone 

b) Glutaraldehyde 

c) Sodium m-periodate 

d) N-Succinimidyl-3-(2-pyridyldithio)propionate (SPDP) 

The choice of these particular reagents has been discussed in Chapter 1. 

All HlgG-GO conjugates studied during the course of this research 

were characterized with respect to both enzymatic activity and immuno-

logical reactivity retained.· The immunological reactivities of these 

conjugates were quantitated by rate nephelometry. During this work it 
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became clear that a comparison of the properties of HlgG-GO 

conjugates with homopolymer of HlgG (HlgG-HlgG) by the same method, 

would not only give some insight into rate nephelometric measurements, 

but also provide information on the nature of the conjugation procedure. 

At the beginning it appeared that the preparation of HlgG-HlgG 

conjugates would be rather trivial, since it was known that antibody 

molecules had a great tendency to self-couple in one-step coupling pro-

cedures (Ford et al., 1978). However, it turned out that not only the 

antibody molecules react rapidly with coupling reagents, but the polymer-

ization proceeds at a rapid rate that large insolublE:! .protein precipitates 

form resulting in total denaturation of HlgG .• The only. excep-

tion was SPDP which produced soluble conjugates but the precipitin 

reaction was inhibited when reacted with antihuman HlgG. This probably 

indicated reduced immunological reactivity and the details will be 

discussed below.· 

Reactions with p-Benzoquinone (p-BQ) 

Human IgG 

Ternynck and Avrameas (1976) described a procedure for coupling 

rabbit anti-IgG to peroxidase enzyme by first activating the antibody 

molecules with p-BQ. The procedure calls for the incubation of 3 mg of 

-3 antibody in 0.7 ml of 0.15 M NaCl and 0.1 ml P04 buffer pH 6 with 0.2 ml 

of ethanol containing 6 mg of p-BQ. Our experiments show'ed that at the end 

of a one hour incubation period (in the dark.), all HlgG was founa to 

have completely precipitated indicating total denaturation. The 
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precipitate was insoluble in all common aqueous buffers and the super

natant did not show the characteristic 278-280 nm protein peak when a 

UV-spectrum was run. Repeated attempts to reproduce the published 

procedure failed miserably. 

A survey of the literature showed that in a subsequent detailed 

publication the same authors have resorted to activating the enzyme in 

the first step instead of the antibody (Avrameas and Ternynck, 1977). 

The excess p-BQ was then removed by dialysis and sheep antibody was 

coupled to the derivatized enzyme. No explanation was offered for the 

change in strategy.. This indirectly confirmed the observation with human 

IgG, but still left the problem of preparing HlgG;"HlgG conjugates. 

Fortunately, careful and extensive experimentation with p-BQ 

showed that HlgG can indeed be derivatized with this reagent without pre

cipitation and denaturation, if the reaction conditions are controlled 

via a modified procedure described in detail in Chapter 2·. Briefly, it loJ'as 

found that a reduction in incubation time and the amount of p-BQ added 

was adequate to slow the reaction and prevent denaturation (see also 

Table 8). Obviously, it appears that under these conditions the rate of 

the reaction between p-BQ and HlgG was considerably reduced which pre

vented extensive polymerization that, leads to denaturation·. The 

experiment was also performed at 40 C which further slowed down the reac

tion as indicated by the pale yellow color of the solution; it would 

have been orange red if the reaction proceeded at room temperature. How

ever, no significant differences in the amount or nature of the 

conjugates were observed when made at 4°C. 
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The evidence for derivatization of HlgG was obtained by comparing 

the UV-VIS spectrum of p-BQ and pBQ-treated HlgG, as shown in Figure 17. 

The 278 nm peak was due to the protein, whereas the 349 and 480 nm were 

that of substituted pBQ; this corresponds to a shift of approximately 

57 nm compared to the spectrum of pure pBQ .• - Initially colorless HlgG 

solution was now yellow-orange or pink in color (even after dialysis) 

and it was clear that HlgG has been derivatized with p-BQ .• -

Size exclusion chromatograms of p-BQ derivatized HlgG 

(HlgG-pBQ) revealed that self-coupling has taken place even under 

controlled conditions described above (Figure 18) •. Three fractions were 

obtained with acceptable resolution. The most interesting feature, 

however, was the change observed on the chromatograms when HlgG-pBQ was 

o stored for about 24-48 hours at 4 C-., As seen in Figure 18, one observes 

a gradual decrease in fractions II and III with a corresponding increase 

in fraction 1-. This strongly suggests that self-coupling of HlgG-pBQ 

continues slowly even at low temperatures and at low pH values of 7.2. 

We may have been able to minimize or even completely prevent this self-

coupling by storing at lower pH values between 4 and 6. This seems 

reasonable since it is well known that the second substitution (at 

position 4) in the 1,4 addition reaction of p-BQ occurs at pH 8-9 (l~ebb, 

1966; Morrison et al-o, 1969). How-ever, since our original intention was 

to make such conjugates it seemed reasonable to allow the self-coupling 

to proceed as described above. Furthermore, after 48 hours no changes 

were observed in the chromatograms (Figure18b) indicating that all 

reactive groups have been utilized and stable conjugates corresponding 

to fractions I, II and III can now be studied in detail. 
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Figure 17. UV-VIS spectrum of p-benzoquinone (p-BQ) and p-BQ treated 

HIgG. -- a) Pure p-BQ in EtOH 30 mg/ml, 2.0 AUFS, 
b) p-BQ treated HIgG in 0.15 M saline (1 mg/ml), 1.0 AUFS. 
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The Fractions I, II and III were then collected and 

rechromatographed on the same column under identical conditions. This 

produced single peaks with retention times corresponding to fractions 

I-III in Figure 18b. This further confirmed that stable conjugates have 

been formed and that no artifacts due to the column were responsible for 

the observations made above. 

Molecsular weight calibration on the same size exclusion column 

(see also Chapter 5) showed only fractions I and II to be polymers of 

HlgG. Fraction III was essentially unconjugated but p-BQ derivatized 

HlgG, since it eluted close to pure HlgG and the UV-VIS spectrum clearly 

confirmed the presence of p-BQ. Comparison of the UV-VIS spectra of all 

three fractions revealed that the ratio of the absorbances at 278 nm to 

that of 349 nm was approximately the same. However, the area under 

fraction III peak in Figure lSb was less than 15% of the total area of 

all three peaks combined. Therefore, approximately 15% of the p-BQ 

derivatized HlgG does not form conjugates and it is hard to explain 

such behavior. Considerable evidence, however, exists showing that the 

polymerization of p-BQ is accelerated in aqueous buffers at pH 6.5 

(Webb, 1966; Morrison et al., 1969). Thus, it is possible that HlgG 

molecules substituted with such polymerization products to be less 

reactive, resulting in decreased self-coupling. Alternatively, a 

monosubstituted protein molecule can react with these polymerization 

products instead of a second protein moleucle leading to the same 

result. Fraction III was, therefore, discarded and all subsequent 

studies were done with fractions I and II. 
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Glucose Oxidase 

The reaction of p-BQ with GO was considerably slower and did not 

result in homoconjugates of GO, since the chromatograms before and after 

treatment with the reagent showed peaks with identical retention times. 

No changes in retention time were observed even after the pBQ-treated GO 

o was stored at 4 C for several weeks at pH 7.2., The fact that derivatiza-

tion had taken place was confirmed by UV-VIS spectra and the orange-red 

color of pBQ-treated GO solution after dialysis. This is a classic 

example of the wide differences in reactivity exhibited by the same 

reagent (under identical conditions) with two different proteins. 

Figure 19 shows a comparison of the UV-VIS spectra of pure GO 

and p-BQ treated GO.· Broad absorption bands seen near 350 nm and 450 nm 

regions are due to a combination of p-BQ spectrum and that of the FAD 

moiety in GO. This is inevitable since the ~max values for FAD falls 

at 365 nm and 450 nm (Lehninger, 1975), whereas for the substituted p-BQ 

the values are at 349 and 480 nm as demonstrated earlier (Figure 18) .• 

Therefore, it is difficult to estimate the substitution of p-BQ on GO 

via absorbance measurements. 

Contrary to common belief that the catalytic activity of most 

enzymes treated with p-BQ showed little or no attenuation (Ternynck 

et al., 1977; Avrameas et al., 1978), we found that 20-35% of the catalytic 

activity was lost as shown in Taole 8... It is also evident from 

Table 7 that the existing method (procedure I) for activating GO is 

very much better than procedure II in which a longer incubation time was 

used. 



109 
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Figure 19. Chromatograms of a HIgG-GO conjugate on a) Biogel A 5M, 
flow rate 0.093 ml/min using PBS pH 7.2 and b) Sephacryl 
8300 at a flow rate of 0.180 ml/min, using the same buffer. 
__ 280 nm UV detection and 150 pI of the sample (conjugate) 
was used in both cases. (Not drawn to scale.) 
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Table 7. Comparison of the activation of human immunoglobulin G and 
glucose oxidase (GO) by p-benzoquinone (p-BQ) 0' -- Both 
reactions were carried out in 0 0.5-1.0 ml of 0.1 M P043 
buffer pH 6.,1. p-BQ 'vas purified by crystallizing twice 
from absolute ethanol (EtOH), melting point = 112oC. 

Amount of 
Protein (mg) a Procedure 

Form of b 
p-BQ used 

Incubation 
timec 

Precipitation 
on incubation 

Human IgG 

20 
20 

GO enzyme 

4.,0 
4,.0 

I 
II 

I 
II 

10 mg in EtOH 
6 mg solid 

15 mg in EtOH 
4 mg solid 

1 hr 
10 minutes 

lhr 
12 hr 

a Procedure I: Described in Chapter 2, based on Avrameas 
et aL (1978) 0' 

Yes 
No 

No 
No 

b Addition of solid p-BQ was followed by 10 jd of absolute EtOH which 
catalyzes the reaction. 

c Incubation was carried out in the dark at room temperature 0' 
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Table 8. Effect of p-benzoquinone treatment on the activity of glucose 
oxidase. -- Activity was measured in O.lM Po43 buffer pH 7.2 
containing 1.0 mg/ml enzyme on Cary 219 UV-VIS spectro
photometer. 100 ~l of 1.OM glucose was added to the cuvette 
to measure AA450 (see Chapter 2 ) .•. 

a p-BQ reaction procedure 
Percent enzyme activity retained (±5%)b 

Before p-BQ After p-BQ 

a 

b 

I 100 81.1 

II 100 67.5 

Procedure I: Described in Chapter 2, based on Avrameas 
et a1.. (1978). Procedure II: The modified procedure, see Chapter 2, 
Also see Table 7. 

Percent enzyme activity was calculated according to the Weibel and 
Bright (1971) procedure: 

Active FAD calculated from A450 
Activity = Total protein calculated from A 

This ratio was assumed to represent 100% activity for the pure 
enzyme. Extinction for GO at 280 nm = 0.802 (mg/ml)-lcm-l and 
at 450 nm = 0.082 (mg/ml)-lcm-1 •. 
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Table 7 shows the details of various derivatization procedures 

attempted with both GO, and human IgG. Interestingly, the increased 

incubation time and not the concentration of p-BQ employed appeared to 

affect the catalytic activity of the enzyme., But for HIgG both these 

factors were critical and had to be controlled more precisely. The 

adverse effects of the incubation time probably indicate that the rate of 

the reaction between p-BQ and a site on the enzyme related to its 

activity, is considerably slower than that of the other sites. Alter

nately, it is also possible that as the degree of substitution of p-BQ 

increases with incubation time, small but significant conformational 

changes may be induced causing inactivation. tfhatever the case may be, 

there is no doubt that the p-BQ/GO reactions are very slow and can be 

easily controlled., 

When p-BQ derivatized GO was mixed with HIgG at pH 9.0 and 

stirred overnight at 40 C, conjugates were formed which resolved into 

three fractions as in Figure18b, but with slightly different molecular 

weights (see ,Chapter '5).. Thus, the monofunctional quinones on GO 

molecules appear to react according to the two-step p-BQ 

reaction (Nason, 1955; Morrison et al., 1969) (see also Chapter 1). 

The mechanism may be slightly different for the reaction between 

p-BQ and HIgG so that it occurs at lower pH values (pH 7.,2). 

From all these data one could easily arrive at the following 

conclusions. 

1. Reactivity of p-BQ seems to vary considerablY with individual 

proteins and should be carefully optimized prior to coupling. 
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2. The best route for the preparation of HIgG-GO conjugates is via 

p-BQ treated GO, which is coupled to HIgG in the second step. This is 

bescause the activation of HIgG with p-BQ generates homo conjugates of 

HlgG directly in the first step,. 

3. The only method to prepare homoconjugates of HIgG appears to be 

via p-BQ activation. As pointed out earlier, the reactivity of 

other reagents seems quite high and generally unsuitable for such purposes,. 

4. Observed loss in catalytic activity is minimal in p-BQ 

derivatized GO and the conjugates made subsequently are stable for 

several months. 

Reactions with Glutaraldehyde (GA) 

Human IgG 

This is probably the most widely used coupling reagent in the 

field of immunoenzymatic techniques (Kabakoff,1980). It was first 

described by Avrameas (1969) for coupling a variety of enzymes to 

antibodies via a one-step procedure. During subsequent years, Avarmeas 

and Ternynck (1971) observed that gammaglobulins react very much faster 

with GA than peroxidase enzyme. Such a difference in reactivity produced 

conjugates with poor enzyme activity and were less sensitive in immuno

assays., To overcome this problem the same authors proposed a two-step 

protocol that involved activating the enzyme with GA, removing the excess 

reagent, and then reacting the derivatized enzyme with an antibody. No 

mention ~-las made in this or any of the subsequent work on the extensive 

denaturation of HIgG by GA. 
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All our attempts to react HIgG with GA produced com~letely 

denatured protein which precipitated out. Addition of a 0.1% GA 

to the HIgG solution produced a yellow solution, and within few minutes 

a thick yellOlv precipitate was seen. The supernatant left when centri-

fuged showed no protein absorption band at 280 nm and the precipitate 

was insoluble in all aqueous buffers.- Attempts were also made to control 

the reaction by using lower concentrations of GA (0.01%), shorter incuba

tion times and lower temperatures (40 C); none of these measures prevented 

the ultimate denaturation of the protein·. At this point we abandoned our 

attempts to prepare HIgG-HIgG conjugates using GA. 

Glucose Oxidase 

Activating GO with GA is a routine procedure (Avrameas et al., 

1978; Kabakof f, 1980; Kennedy et al., 1976) and we found it to be as mild 

as the p-BQ treatment. Typically, the enzyme loses about 10-15% of its 

catalytic activity after GA treatment·.· Both the derivatized enzyme and 

o 
the conjugates made subsequently were stable for several months at 4 C 

with minimal loss of activity. 

In many respects the reaction of GO with GA was similar to that 

~vith p-BQ·. The reaction ~vas much slower than with HIgG and no polymeriza-

tion of the enzyme was observed as evidenced by the same retention times 

seen on the chromatograms before and after GA treatment. Approximately 

85% of the original enzyme activity was retained and the UV-VIS spectra 

of the derivatized enzyme ana pure enzyme were identical as in Figure 12 

in the experimental section. This indicates that the derivatization pro-

cedure produces minir.lal changes in structure of the protein. The 
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conjugates made with GA showed three fractions on a size exclusion column 

with similar molecular weight distribution and will be discussed later 

(Chapter 5)., This confirmed that GO was indeed derivatized by GA during 

the activation step. 

Only a few improvements were made in the existing coupling pro

cedure using GA; the enzyme activity was determined before and after GA 

treatment to assess any loss of activity. Size exclusion chromatograms 

were also run with the same samples to detect any self-coupling during 

activation procedure. These modifications were in fact incorporated 

into all coupling procedures in the latter stages of our work. We 

believe that this should be a standard practice in all coupling pro

cedures, even though a literature survey shows that it is not popular 

with most workers in the field. 

Our data on the activation of GO with GA agreed well with the 

existing literature and the conjugates made were used in a comparative 

study with p-BQ conjugates. Finally it should be emphasized that all 

conclusions made in the p-BQ activation procedure are true for 

GA, except that this reagent cannot be used to prepare homoconjugates of 

HlgG. 

Reactions with Sodium m-Periodate (NaIOL1l 

This procedure was originally described by Nakane and Kawaoi 

(1974) for the preparation of peroxidase-antibody conjugates. Vicinal 

glycols of carbohydrate moieties of an FDNB protected glycoprotein are 

cleaved with periodate to generate dialdehydes" which can then be coupled 

to -NH2 groups on a second protein by reductive alkylation (see Chapter 1). 
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Even though the procedure requires at least one glycoprotein, the most 

attractive feature is the activation of the carbohydrate moiety which 

is invariably away from the active sites in most proteins. Thus it is 

possible to retain maximum activity of the protein in the activation 

step. Unfortunately, our experiments clearly showed that this was not 

the case with either GO of HIgG. 

Another striking aspect was the confusion that existed in the 

literature regarding the properties of the peroxidase-antibody conjuga~es 

made by this method. For instance, in their original paper, Nakane and 

Kawaoi (1974) reported that under optimal conditions 68% of the enzyme 

activity and 99% of the IgG were incorporated into the conjugate. They 

also indicated that periodate oxidation caused temporary inhibition of 

enzyme activity which was recovered after dialysis overnight in 0.01 M 

Na2C03 buffer, pH 9.5. In contrast, Adams and Wisdom (1979) found only 

8% of the total enzyme activity and 5.6% of the total antibody activity 

used in coupling were incorporated into the conjugates. O'Sullivan and 

co-workers (1979), however, recovered 30% of the enzyme activity bound 

to immunoreactive antibody. Adding more to the confusion was the work 

of Saunders (1979) in which he found that the NaBH4 step resulted in the 

loss of 50-60% of the antibody activity, although 80% of the peroxidase 

activity was retained in the conjugate. We became convinced that these 

problems may be related to the use of rather drastic protein modifying 

agents such as FDNB, NaI04 and NaBH4 in this particular procedure. The 

results presented below appear to support our view. 



Human IgG 

A sample of HlgG was first treated with FDNB to protect all free

NH2 groups so that self-coupling could be prevented., Addition of 1.5 m1 of 

0.16 M NaI04 in distilled water to approximately 16.5 mg of FDNB-treated 

HIgG in pH 8.5 carbonate buffer, resulted in a pale yellow or cream 

colored precipitate within a few minutes. The supernatant did not show 

any protein absorption at 280 run and the precipitate was insoluble in 

all common aqueous buffers indicating denaturation' of HIgG. 

In the second attempt, a lower concentration of NaI04 (0.08 H) 

was used and the mixture was stirred at 40 C for 30 minutes. No 

immediate precipitation was detected,. However, l"hen the required amount 

of GO was added and the mixture stirred gently at 40 C overnight, once 

again a cream colored precipitate was formed in the test tube. The 

supernatant was yellow in color and showed the typical GO spectrum, while 

it was impossible to dissolve the centrifuged precipitate. 

These observations indicate that NaI04 treatment denatures HlgG 

either by extensive cross linking or by some other mechanism, even though 

all free-NH2 groups have been protected with FDNB. Boorsma and 

Streefkerk (1976) have sholoJn that FDNB blocked, periodate-activated 

peroxidase enzyme does indeed dimerize, contrary to popular belief. 

Other workers (Kabakoff, 1980) have suggested that such self-coupling may 

occur through other mechanisms involving aldol condensations of the 

active dia1dehyde groups generated by NaI04 • Whatever the process may be, 

activation of HIgG by NaI04 seems impossible. This is in indirect agree

ment l"ith our findings since ~ periodate procedures described in the 

literature entails the activation of the enzyme with NaI04 for subsequent 

coupling to antibodies and not vice versa. 
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Glucose O~idase 

The?eriodate method has been used by several workers to couple GO 

to antibodies and insulin (Masseyeff et al., 1976; Mattiasson et al., 

1977; Johnson et al-., 1980). During the initial stages of this work, 

o however, we observed that HIgG-GO conjugates stored at 4 C prior to 

dialysis, turned greenish yellow overnight. On dialysis against PBS 

pH 7.4 a yellow dialysate was obtained which gave a UV-VIS spectrum with 

~max values at 445 and 365 nanometers. This resembled a typical FAD 

spectrum and led us to suspect that the enzyme was losing activity due to 

removal of FAD from its active site. In addition, we found that the 

conjugate had lost approximately 50-60% of its original catalytic 

activity, as measured by the Weibel and Bright procedure (1971). 

Therefore, loJ'e decided to investigate the effect of FDNB NaI04 and 

NaBH4 on the activity of the enzyme to identify the reagent causing 

problems. 

Table 9 summarizes the ~max values measured for various chemical 

species involved in this coupling procedure, and that of the dialysates 

obtained after FDNB treatment of GO. Without .question, these data 

demonstrate the presence of FAD and/or derivatives of FAD in the 

dialysates. On the other hand, neither NaI04 nor NaBH4 treatment of GO 

produced any significant loss in enzyme activity as shown in Table 10. 

A closer look at the data on Table 9 shows that the treatment of 

the enzyme with 0.5% FDNB was probably removing intact FAD from GO. In 

fact, after dialysis, the protein solution left behind was colorless 

mereas the dialysate was visibly yellow. A 3% FDNB treatment, however, 

indicates the presence of riboflavin ~max = 395 rum) or possibly FDNB 
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Table 9·. Comparison of absorbance maxima (itmax) measured for 
dialysates (0 .• 5 H carbonate buffer pH 9.5) obtained after 
treatement of glucose oxidase (GO) with 0·.5 and 3·.0% FDNll·.· 

a 

-- ~ max values of pure GO, FAD, riboflavin and FDNB were 
compared to identify species in dialysates .• · All measurements 
were made on Cary 219 UV-VIS spectrophotometer with 
appropriate solvents as reference standards·.· 

Species in solution 
a 

Measured ;unax (nm) 

Pure GO 450, 360, 280 

FAD 450, 365 

Riboflavin 395 

FDNB 230 

Dialysate (3% FDNB) 395, 350, 250, 220 

Dialysate (0.·5% FDNB) 445, 365 

GO spectrum was measured in 0 .• -5 M carbonate buffer pH 9.5 
containing 1.,0 mg/ml enzyme. The .1max values for FAD was from 
the literature (Lehninger, 1975); riboflavin (3.76Ag/ml in 
50% HN03), FDNB (0 .• ,6 mg/ml is absolute ethanol) were used to 
obtain ",max values·.· 2.50 ml of the dialysates ~vere scanned 
without any dilution.-
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Table 10.. Effects of various reagents employed in sodiwn periodate 
coupling procedure on the activity of glucose oxidase (GO) 
enzyme.· -- All enzyme activities were measured by Weibel and 
Bright (1971) procedure. Percent activity retained was 
calculated as in Table 8 .• · 

a Reagent treatment 

Untreated GO 

FDNB 0·.5% 
3 .• ·0% 

NaBH4' 5·.·0 mg 

NaI04 0.·02 M 
0·.08 M 

Percent activity retained 
by enzyme (±5%) 

100 

No activity 
23.·0 

91.6 

102 
101 

a In all cases approximately 5.0 mg of GO (Sigma Product no. G-6125) 
in 0.050 m1 of appropriate buffer was treated with required amounts 
of the reagent .• , Details in Chapter 2 • 
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derivatized riboflavin in the dialysate. At present we are unable to 

explain such curious differences in the effects observed, except to say 

that FDNB causes inactivation of the enzyme by FAD removal. 

Johnson et al., (1980) have compared GO and horseradish peroxidase 

(HRP) as labels in an enzyme immunoassay for human IgG. Both enzymes 

were attached to goat antihuman IgG via periodate activation. They came 

to the conclusion that GO was a better label than HRP, since the 

conjugate made with the former enzyme was able to generate much more 

sensitive EIA calibration curves. Their results, however, showed that 

the catalytic activity of the GO conjugate was ~ times less than that 

of the HRP conjugate. This seems to substantiate our observations which 

clearly showed the detrimental effects of FDNB on GO. In our opinion, 

this loss in catalytic activity was more than compensated by the higher 

conjugate antibody titer of the GO conjugate (approximately 80% original), 

thus generating the sensitive EIA calibration curves observed by these 

authors. 

Based on this information, we decided not to use this procedure 

and avoid its unpredictable effects on GO activity. Our attempts to 

eliminate the FDNB step was unsuccessful due to the formation of 

homoconjugates of GO on reaction with NaI04• These conjugates were 

large with molecular weights >106 da1tons, as estimated by size exc1u-

sion chromatography on Sephacry1 S-300 columns. It ~·TOu1d be interesting 

however, to investigate the effects of reagents other than FDNB for 

blocking the amino groups on GO and will be discussed in Chapter 10. 
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Reactions with SPDP 

SPDP is a heterobifunctional reagent recently introduced by 

Carlsson et ale (1978) for protein-protein coupling via thiolation. As 

shown in Figure 4, the procedure introduces 2-pyridyl disulfide 

structures into both proteins in separate reactions. After removing 

excess SPDP, thiol groups were generated in one protein by reducing with 

dithiothreitol. The thiolated protein was then mixed with the second 

protein containing 2-pyridyl disulfide and coupling occurs via thiol 

disulfide exchange at a slightly alkaline pH (7-8). Since 2-pyridyl 

disulfide bonds are more stable, thiolation was done just prior to 

coupling in all cases. 

The advantage of such a three-step procedure is the possibility 

of controlling th~ coupling reaction by limiting the number of controlling 

2-pyridyl disulfide substitution on each protein. As it turned out, our 

results showed that this reagent is unsuitable for conjugating HlgG to 

GO, for several reasons: 

1. The conjugates showed very little or no immunological reactivity 

in rate nephelometric measurements. This result was not surprising since 

we have modified HIgG by introducing 2-pyridyl disulfide groups into the 

molecule. SPDP reacts specifically with protein amino groups and it is 

well known that HIgG has approximately 84 lysine residues with E~NH2 

groups (Porter, 1959; Crumpton and Wilkinson, 1963). Assuming then that 

all these amino groups were derivatized, it is reasonable to expect at 

least some, if not considerable alterations of the antigenic determinant. 

This obviously was not the case ,.ith other HlgG-GO conjugates since they 

were made by activating the enzyme and not the antibody. 
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2. Estimation of the degree of SPDP substitution on glucose 

oxidase by the recommended method (Carlsson et al., 1978) gave unreliable 

results. Table 11 sunnnarizes the results where the molar ratio of SPDP: 

enzyme measured was much higher than the initial ratio in which they were 

mixed. That such behavior was not observed with SPDP-HIgG ratios 

shows that the problem lies with the absorbance measurement at 343 nm to 

quantitate the amount of 2-pyri4yl thione released (Figure 4) •. 

Taking into consideration that the FAD group in the enzyme also 

absorbs at about 365 nm, an empirical correction was made for all 

measurements at 343 nm. In spite of such corrections the ratio is far 

too high for the enzyme. 

3. Conjugate yield was low and was not stable for more than a few 

o days when stored at 4 C. Precipitates were seen after a few days which 

did not dissolve in any aqueous buffer. Size exclusion chromatography 

on Biogel A 5M columns showed that these conjugates were very large with 

a molecular weight of approximately 2.2xl06 daltons and was independent 

of the molar ratio of SPDP:protein initially employed. Therefore 

the reaction evidently . cannot be controlled as easily as predicted .• 

In conclusion, it appears that p-BQ is the best reagent to pre-

pare both HIgG-HIgG and HIgG-GO conjugates. The reagent is mild and the 

reactions are more controllable as demonstrated by the preparation of 

HIgG-HIgG conjugates. As will be seen later (Chapter 6), . 

these conjugates retain maximum immunological reactivity (~90%) and at 

the same time preserving 80% of the original enzyme activity. In the 

following sections p-BQ conjugates will be studied in detail. Comparison 
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Table 1~ Substitution of SPDP on human immunoglobulin G (HlgG) and 
glucose oxidase (GO). -- Activation procedure is described 
in the text; all absorbance measurements were made on 
Cary 219 UV-VIS spectrophotometer.· 

Protein 

HlgG 

GO 

Molar ratio (moles SPDP/mo1e protein) 

Initia1a Fina1b 

3'00 
10.,0 

3,.·0 
10,.0 

1.0 
6.2 

a Molar ratio in which SPDP and protein were mixed. 

b Molar ratio determined spectrophotometrica11y according 
to Carlsson et a1. (1978). 
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will be made, whenever possible, to GA conjugates made via a two-step 

procedure., It is hoped that this would highlight some of the desirable 

features of conjugates made using p-BQ. 
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PURIFICATION AND MOLECULAR WEIGHT ESTIMATION OF CONJUGATES 

Preliminary experiments showed that in all conjugation proce

dures a certain amount of unconjugated protein. was left in solution. 

Unlabeled antibody (or antigen) will cause decreased sensitivity in 

immunoassays by competing for the same binding sites (Ford et al·., 1978; 

Arends, 1981)~ Unreacted enzyme molecules, however, will not be a 

problem in most solid-phase enzyme immunoassays (EIA) in which a 

washing step precedes the final measurement of enzyme activity. But in 

homogenous EIA both the unreacted enzyme and antibody (or antigen) 

should be removed; this is because the immunochemical reaction as 

well as the subsequent measurement of the extent of that reaction via 

enzyme activity is usually performed in the same homogeneous solution. 

Therefore, in all conjugate preparations unconjugated proteins were 

routinely removed so that the conjugates can be used in all types of 

immunoassays (Arends, 1981). 

Initial Purification 

At the beginning, saturated (NH4)2S04 solution was employed to 

precipitate HlgG-GO conjugates from all conjugate preparations. Along 

1.ith the conjugate, unreacted HlgG was also precipitated and was later 

removed by size exclusion chromatography (see discussion below). The 

pale yellow supernatant containing the unreacted enzyme was aspirated and 

the precipitates were washed twice with saturated (NH4)2S04 solution to 
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remove all traces of soluble enzyme. The precipitates were then re

dissolved in PBS pH 7.4 and dialysed against the same buffer before 

further purification., 
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Occasionally, a small amount of the precipitate did not re

dissolve in PBS and was pale yellow in color·., Further investigation 

showed that this was probably unconjugated GO which has been denatured 

by saturated (NH4)2S04' To avoid such problems half-saturated (NH4)2S04 

(50%) was used in all later purifications and was adopted from the work 

of Philpott et ale (1973) .• , This solution does not precipitate GO from 

either crude conjugate preparations or pure enzyme solutions. 

Purification by Size Exclusion Chromatography 

For a long time conjugates were purified by size exclusion 

chromatography on Sephadex G-200 columns (Avrameas et al.-, 1971; 

Nakane et al.-, 1974; Boorsma et al-., 1975; Ford et al-.-, 1978). The 

molecular weight exclusion limit for G-200 SF was approximately 6.0xlOS 

daltons and all conjugates (usually with MW > 3.0 x 105 daltons) eluted 

at or near the void volume,. Recently, Boorsma and Streefkerk (1976) 

showed that a polyacrylamide-agarose gel (Ultrogel R AcA-44, H. t~,. exclusion 

limit 500,000 daltons) was superior to Sephadex G200SF in the purifica-

tion of peroxidase-rabbit IgG conjugates., They also found that the 

former column was efficient in purifying GA conjugates whereas with 

periodate conjugates both columns gave comparable separations (also 

Johnson et al., 1980). These observations indicate that both the 

nature of the conjugates in solution as well as the properties of the 

column would considerably influence purification.-
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Sephacry1 gels, made by cross-linking allyl dextran with N,N'

methylene bisacry1amide was evaluated in detail recently (Belew, Porath 

and Foh1man, 1978; Haff and Easterday, 1978)'0, To our knowledge these 

gels (S-200SF and S-300SG) have not been used in the purification of 

conjugates to date-. Furthermore, several features of these gels were 

especially attractive as discussed in Chapter 2. Therefore 

in all our experiments Sephacryl gels were preferred to other soft gels 

available for size exclusion chromatography,.- Samples were also run on 

Biogel A 5m columns with similar dimensions and solvent conditions to 

compare performance.· 

Figure 20 compares ch-romatograms of a glutaraldehyde conjugate 

on these columns; it is clear that the separation on Biogel column was 

considerably longer ( 12 hours) since very low flow rates (0 .• 075-

0.093 ml/min) were necessary for adequate resolution·. Even at 0.·093 

ml/min the resolution of fractions II and III was poor as shown in 

Figure 20~. Sephacry1 S-300SF column, however,showed much better 

resolution even at 0 •. 180 ml/min, and therefore the separations were 

faster .• · Figure 21 shows a similar sample run at a lower flow rate 

(0.075 m1/min) on the sephacryl column in an attempt to improve the 

resolution·.· Fraction I gives at least three partially resolved peaks 

whereas fractions II and III were unchanged,.· Therefore lower flow rates 

have no significant advantage in Sephacry1 S-300SF at least for these 

conjugates·. Individual fractions in Figure 21 were collected and re

chromatographed on the same column separately, under identical conditions. 

Chromatograms obtained in each case showed single peaks for fractions II 
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Figure 20. Chromatograms of an HlgG-GO (glutaraldehyde conjugated) conjugate on a) Biogel 
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Figure 21. Chromatogram of HIgG-GO conjugate made with glutaraldehyde on Sephacryl S-300 
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and III whereas fraction I showed the same three partially-resolved 

peaks. The retention times were unchanged and all these observations 

indicate that no column artifacts were involved in the separations., 

Results in Figures 20 and 21 were obtained on a SO x 1.5 em 

bed volume. Packing in such long columns can be uneven especially at 

the head of the column.. Separations on two successive 25 x 1.5 em 

columns did not improve resolution indicating such problems were absent 

or minimal in the larger column. 

From these observations we l.ere convinced that the hetero

geneity of the conjugate preparation was responsible for the behavior 

seen and not the efficiency of the column,., Each fraction appears to 

have a multitude of conjugates with molecular weights distributed in an 

approximately gaussian fashion around a central value, which is pro

portional to the overall retention time. Thus improving column 

efficiencies without controlling the coupling reactions would further 

complicate the separation and we decided to continue under the optimized 

conditions shOlin in figure 20. 

Molecular Weight Estimation 

All molecular weight estimations were performed on the 

sephacryl S-300SF (SOxl.5 cm) columns equilibrated with 0 .• 01 M PBS 

pH 7.2, unless otherwise stated,. Figure 22 shows a typical calibration 

plot using aldolase, catalase, ferritin, thyroglobulin and IgM,. Table 

12 summarizes the estimated molecular weights and Stokes' radii of 

several conjugate fractions made in our laboratory, as well as 

preparations purchased from commercial manufacturers. The choice of 
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Figure 22. Calibration plot for molecular weight (~~) determination using 50xl.5 cm bed 
Sephacryl S-300 column equilibrated with O.OlM PBS pH 7.2. -- 1) Ald~ase = 
158,000 daltons, 2) Catalase = 232,000 daltons, 3) Ferritin 440,000 daltons, 
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IgM are from ~ standards purchased from Pharmacia. IgM was obtained from 
globulin standards purchased from Kallestad. Flow rate = 0.180 ml/min. 
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Table 12. Estimated molecular weights of a variety of conjugates on 
SOx1.S cm Sephacry1 S-300SF equilibrated with O.OIM 
PBS pH 7.2. -- Flow rate = 0.180 m1/minute M.W. exclusion 
limit = 1.5x106 da1tons. Void volume estimated with blue 
dextran (Average MoWo = 200x106). 
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Molecular weight a Stokes' Radii (nm) b -:l:1.2nm 

Protein (Da1tons) -:l:500x10 4 Method I Method II 

Glucose oxidase 1.6x10 5 4.0 5.0 

HIgG-HlgGc 

:1.1X10~ Fraction I 707 :::'13.4 
Fraction II -1.0x10

S 
7.4 :::'1009 

Fraction III 2.2x10 4.5 5.2 

HIgG-GOc 

:::'1.2x10~ Fraction I 7.9 :::'13.4 
Fraction II 803x10S 700 90S 
Fraction III 202x10 4.5 502 

HIgG-GOd 

:::'1.2X10~ Fraction I 7.9 :::'13.4 
Fraction II 404x10

5 
507 6.6 

Fraction III 203x10 4.6 5.2 

Anti-rabbit IgG- e Alkaline phosphatase 6 Fraction I 1.2x10 7.9 :::'13.4 

a Precision applicable to fractions 11,111 and unconjugated protein, 
including calibrators; 

b Method I refers to values obtained via equation 39 in the text whereas in 
Method II a plot of log(-Kav}1!2 vs Stokes' radii of calibrator proteins 
was employed; 

c p-benzoquinone conjugates. 
d Glutaraldehyde conjugates. 
e Commercial preparation, only one fraction was observed to elute near the 

void volume. 
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Sephacryl S-300SF for molecular weight calibration was also influenced by 

the greater precision obtained (~sxl04) compared to Biogel A Sm. 

Half and Easterday (1978) have reported good resolution between proteins 

with a molecular weight difference of approximately 3xl04 (on a Sephacryl 

S-200SF), indicating that the precision observed in our separations is 

reasonable. Experiments with Biogel A sm at comparable flow rates 

showed poor precision (sxlOs-1X106 daltons), especially for large 

proteins eluting near the void volume~ This is probably because it is a 

relatively soft gel prone to bed compression at higher flow rates 

(Fisher, 1971). 

Fraction I conjugates were eluted very close to the void volume 

and the estimated molecular parameters are not very accurate. Usefulness 

of these conjugates in EIA is questionable, although considerable enzyme 

activity was retained. This is because the immunological reactivities of 

these fractions were unpredictable from batch-to-batch, being totally 

inactive in some and retaining activity in others, as shown in Table 15, 

in Chapter 6. Furthermore Ford et al. (1978) have observed loss of sen

sitivity in EIAs performed with high molecular weight conjugates, 

suggesting that the immunological reactivities of fraction I conjugates 

may have been considerably affected. 

Properties of fraction II conjugates varied significantly 

depending on the type of conjugate-preparations. HIgG-HIgG preparations 

show high molecular weights and Stokes' radii for fraction II compared 

to HIgG-GO conjugates. This is probably due to increased reactivity of 

p-benzoquinone (p-BQ) toward HIgG as discussed in the previous section. 
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A similar trend seems to be true for fraction II conjugates of HIgG-GO 

p-BQ. The molecular weight of this fraction was approximately twice 

(8.3xlOS daltons) that of fraction II HIgG-GO conjugates made with 

glutaraldehyde (GA).. From tliis one may conclude that at least some 

p-BQ-derivatized GO molecules may react more rapidly with HIgG forming 

large conjugates. If this is true, the apparent decrease in reactivity 

of GA-derivatized GO toward HIgG molecules seems contradictory to the 

results in Chapter 4. There it was shown that GA reacts much more 

rapidly with HIgG causing denaturation and precipitation. However, we 

feel that the reactivity of pure reagents (p-BQ and GA) are considerably 

different from the reagent derivatized enzyme, as suggested by the 

evidence discussed above, We also feel that such differences in 

reactivity further serve to illustrate the complexity of the protein-

protein coupling reactions~ 

Fraction III consists mainly of unconjugated HlgG and some 

derivatized GO left in solution·.. This fraction, therefore, is not 

useful in EIAs and will be characterized only for comparison with 

fractions I and II. Since both GO and HlgG have approximately the same 

molecular weight (l.6xlOS daltons) they were eluted together in frac

tion III. The slightly higher molecular weights observed were most 

probably due to the reagent-derivatized enzyme molecules, some of which 

may have reacted with polymerized products of the reagent. This may 

also explain its lack of reactivity toward HIgG which was added sub

sequently. The presence of enzyme in this fraction was observed only 

when saturated (NH4)2S04 was used to precipitate conjugate preparations. 



Therefore, it appears that at least part of the precipitated but 

unreacted GO was not denatured as concluded earlier. 
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It is l-lorth noting at this point that one of the conunercial 

preparations (goat antirabbit IgG/alkaline phosphatase conjugate con

sisted of a single fraction with an estimated molecular weight of 

;:;; 1,.2xl06 daltons (Table 12). According to the manufacturer it was made 

via a two-step GA conjugation procedure (Avrameas et al·., 1971), similar 

to the slightly modified one used in our experiments.. Our results, 

however, show that both fractions I and II would have had conjugated 

proteins and it is not clear why fraction I should be the preferred 

conjugate. In fact, we found that fraction II is probably the ideal 

conjugate with higher enzyme activity and/or inununological reactivity 

(Chapter 6). This lack of attention to the nature of the 

conjugate employed in EIA seems widespread both among the pioneers in 

this field (Avrameas et al., 1971; Engvall and Perlmann, 1972; Engvall, 

1980), as we11 as in some recent publications (Mi11an et al., 1981).. In 

spite of this, several other authors have stressed and demonstrated the 

importance of purifying the conjugates carefully, to enhance sensitivity 

in EIA applications (Boorsma et al., 1976; Ford et al.·, 1978; Arends, 

1981). Therefore, in this project we have attempted the latter approach 

with stronger controls on protein-protein coupling reactions and careful 

purification of the resulting conjugate-preparations. 

Stokes' radii were estimated by two semi-independent methods 

(Table 12),. Method I utilizes the molecular weights estimated by size 

exclusion in an equation derived by Edsall (1953) from Stokes' Law. 

£Or a spherical protein) 
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Stokes' radius, r 
3;:-A~ 1/3 1/3 

= ( ur') (1 + ~ ) L;;N D 
( 39 ) 

where, 

M = weight-average - molecular weight 

~ = partial specific volume :s.: 0.749 (Edsall, 1953) 

W = water of hydration = 0 .• ·3 g H20/g protein (Edsall, 1953) 

and N = Avogadro' s number·.· 

In Method II, Stokes' radii of various fractions were obtained from a 

plot of log(K )1/2 vs Stokes' radii of the calibration proteins. K av av 

is the average capacity factor calculated from the elution volumes of 

the proteins determined experimentally (see equation 32). 

Comparison of these values show that method II over-estimates the 

Stokes' radii for all proteins in Table 12. The discrepancy is con-

siderably higher for fraction I conjugates, and the trend appears to 

indicate that it becomes more pronounced as the molecular weight 

increases. Two reasons can be envisioned for such a behavior: 

1. Method I utilizing equation 39 assumes that the proteins are 

spherical or globular. However, the Stokes' radii determined from the 

experimentally determined K values would reflect the true behavior of av 

these conjugates in solution. Therefore, if these high molecular 

weight proteins were not spherical, then the estimated Stokes' radii by 

method II would be different·. Ford et al .• (1978) observed such 

behavior lvith high molecular lveight lactoperoxidase-goat IgG 

conjugates. They showed that even though Stokes.' radii increased with 
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molecular weights, the sedimentation velocities determined in sucrose 

density gradient experiments changed very slowly.. This is a charac

teristic behavior one would expect for extended chains, and it appears 

as a discrepancy between Stokes' radii determined by methods I' and II 

in the present work .. 

2. It is also possible that as the proteins become less spherical 

the restrictions imposed by pore geometry of the colwnn material l-lould 

become amplified. Properties such as frictional coefficients and net 

ionic charge will also be different (Van Holde, 1971; Tanford, 1961) 

resulting in altered transport properties in a given solvent .• 

These effects may contribute in a rather complex manner to the observed 

behavior of the Stokes' radii estimated by method II. 

With fractionsIL and III these effects , .. ere minimal and within 

experimental error the Stokes' radii calculated agree quite well,. The 

conjugates, therefore, can be assumed to be spherical, and the values 

can be designated as maximum and minimum possible Stokes' radii for these 

proteins,. 

That the observed effects are due to the interaction of these 

proteins with the Sephacry1 matrix can be ruled out, since Haff and 

Easterday (1978) have shown that sephacryl gels have less than 0.1 p 

equivalents of charged groups per m1 of gel. This makes ion eXChange, 

ion exclusion or Donnan effects less probable. In the same year, Belew 

et ale (1978) have shown that there is virtually no adsorption of pro

teins on to Sephacryl between pH 5.6-7.5, even at low ionic strengths. 

This was confirmed by using proteins with low, neutral and high PI values. 
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At pH 8 and above they observed approximately 20% adsorption when 1 mg 

protein was chromatographed on 1 ml Sephacryl S-200SF columns. All our 

runs, however, were below pH 7.5 'and the recovery was between 95-98%g 

125 as measured with conjugates containing I labelled HIgG. Thus it 

appears that Sephacryl S-300 SF is an excellent column material for the 

size exclusion chromatography of these conjugates. 

Correlation of Estimated Molecular Weights by 
Light Scattering Measurements 

Light scattering is a standard physical method for determining 

weight-average molecular weights of a variety of polymers including 

proteins (Smith and Sheffer, 1950; Flarnig and Cusanovich, 1980). These 

measurements are rather complex and are not employed routinely. 

However, the method is more accurate and usually considered a reference 

method for comparing values obtained by other techniques such as 

sedimentation velocity, diffusion and dielectric dispersion (Doty and 

Bunce, 1952). Therefore light scattering measurements were made to 

confirm the data obtained by size exclusion chromatography on Sephacryl 

S-300SF. 

Experimental details have been described in Chapter 2. Briefly, 

Rayleigh ratios (R ) were measured at various concentrations of 
s 

the conjugates in solutions which were carefully filtered to remove 

dust particles. According to equation 33, a plot of KC/R vs s 

concentration in g/ml is a straight line, which when extrapolated to 

C = 0 would give lIM as the intercept on y-axis. Figure 23 shows such a 

plot for a fraction I conjugate and Table 13 summarizes M values 
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Table 13.._ Comparison of molecular weight estimates by size exclusion 
chromatography and light scattering measurements at 90 
angle·. -- SOxl'llS cm Sephacryl S-300SF equilibrated with O .• ·OlH 
PBS, pH 7 ... 2 at a flow rate of 0, •. 180 ml/min., Light scattering 
measurements were done in O .• lM Borate buffer saline, pH 8 .• ·5 
using an Argon-i~n laser at 476 .. 5 lllIlr. For details see text. 

Molecular wei~ht (daltons) 

Protein Fraction Size exclusion a 
Light scatte'rin~ 

(±SX10S) 4 (+S .. OxlO ) 

HlgG-GO-I I :::t,.2xlO 6 1·.6xlO 6 

HIgG-GO-II I ~lr •. 2xl06 LOxlO 6 

a Prescision estimated from the reproducibility of retention time 
was poor because the uncertainties in the latter value was high 
near the void voltune .• , 

b Value obtained from 3-5% precLsLon of the scatter intensity 
measurement (in duplicate) at each concentration),. 

b 



determined by both size exclusion chromatography and light scattering 

measurements. 
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The correlation between values obtained by light scattering and 

size exclusion chromatography is good within experimental error. This 

shows that size exclusion provides reliable estimates of the molecular 

weights of these conjugates. Therefore, we employed size exclusion 

chromatography on Sephacryl S-300SF on a routine basis to estimate 

molecular weights of all conjugates made during this project. 



CHAPTER 6 

MEASUREMENT OF APPARENT I~lliruNOLOGICAL REACTIVITIES BY RATE NEPHELOMETRY 

Apparent immunological reactivity of an enzyme-labeled conjugate 

was defined as the fraction of the antigen or antibody in the conjugate 

that is capable of binding to the corresponding antibody or antigen 

(Chapter 1·). It has been known for some time that the covalent 

attachment of a label to an antigen or hapten can decrease the reactivity 

of the conjugates considerably (Comaglio and Celade, 1976; Gros et al., 

1976; Rajkm.ski et al·., 1977; Exley and ABuknesha, 1978; Kabakoff, 1980) .•. 

Recently, Sportsman (1982) has also shown that fluorescent-labeled 

insulin loses its binding ability with anti-insulin antibodies coupled to 

an agarose matrix (depending on the type of fluorescent label employed). 

Therefore, the measurement of apparent immunological reactivities should 

be an integral part of the characterization and standardization, so that 

consistent comparisons can be made between different batches of conjugates. 

As discussed in Chapter 1, the apparent immunological reactivity 

has been an elusive parameter mainly because of the lack of a suitable 

analytical technique for quantitation:.· Workers developing EMIT 

protocols have used the enzyme acitvity of the purified conjugate that 

binds to excess solid-phase antibody or antigen, as a measure of the 

"immunoreactivity" (Kabakoff, 1980). This enzyme activity which was 

correlated to the extent of immune reaction will depend on the 

stoichiometry of the conjugate, which in turn depends on the 

143 
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conjugation procedures employed·.· Such procedures are difficult to use 

when comparing various types or batches of conjugates, and in addition, 

non-specific adsorption on solid-phase matrices can cause problems. 

Conventional techniques such as radial immunodiffusion (RID) 

and immunoelectrophoresis (IEP) are also unsuitable because they depend 

on the diffusional migration of standards and samples in a gel matrix. 

Suitable standards with comparable hydrodynamic properties and ionic 

mobilities are not available so that comparison of diffusional or 

electrical migration is impossible.· Thus, 1-le have explored rate 

nephelometry in some detail which measures immunological reactivities of 

multivalent antigens via immunoprecipitin formation, and is independent 

of the limitations mentioned above (Sittampalam, Wilson and Byers, 1982). 

Rate nephelometry originally described by Anderson and Sternberg 

(1978), measures the scattered light as a function of time during the 

precipitin reaction ( equation 5): 

Step 1: Ab + Ag ~ AbAg (Fast) 

Step 2: nAbAg ~ (AbAg)n (seconds-minutes) 

Step 3: (AbAg) ~ precipitate (several minutes-hours). 
n 

In these experiments the formation of soluble (AbAg) complexes 
n 

were responsible for the increase in light scatter; the instrument not 

only measures total scatter, but also measures the rate of change by 

digitally differentiating the former·. Figure 6 in Chapter 1 shm-ls a 

typical trace of the total scatter and rate signals·.. In addition, the 

instrument also displays the maximum rate of change in scatter or the 

peak rate corresponding to each antigen concentration. 
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In a typical experiment, calibration curves lvere generated by 

measuring the peak rates (RU) as a function of antigen concentration at 

a fixed antibody excess (Figure 24),., The optimal dilution to maintain 

an antibody excess throughout the c~libration range, was determined in 

preliminary experiments,. Figure 24 also shows several calibration plots 

obtained at five different antibody dilutions, still maintaining anti

body excess,. This demonstrates that the "linear region" of the curve 

can be conveniently changed to suit the desired antigen concentration 

range by increasing or decreasing antibody dilution. In the next step, 

an appropriate dilution of the conjugate was added to a fresh aliquot 

of the same antibody solution and a peak rate value was measured. This 

value can now be correlated to an apparent "reactive" antigen concentra

tion via the calibration curve·., For example, let us assume that a 

particular conjugate at an appropriate dilution gives a peak rate value 

corresponding to 0,.·4 mg/dL of HIgG on the x-axis.. Therefore the 

diluted conjugate contains antigen equivalent to 0·.·4 mg/dL of unconjugated 

HIgG·. With appropriate dilution correction the original "reactive" HIgG 

concentration of the conjugate can be determined.· In triplicate measure

ments,the precision was approximately 5~7% indicating that these values 

are quite reproducible. 

Optimization of Conjugate Dilution 

There is,however, an important condition to be met in this 

simple measurement,. All conjugate fractions obtained in size exclusion 

chromatography were concentrated by pressure dialysis for storage. 

Since the calibration curves lvere generated in antibody excess, the 
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concentrated conjugates should therefore be diluted to measure peak rate 

values under identical conditions., The appropriate dilution was deter:

mined by using a number ,of different dilutions of the conjug::l,tes. 

Figure 25 shows a typical plot of peak rate values vs conjugate dilu

tion at two different antiserum dilutions·., These are somewhat ::;imi1ar 

to the Heidelberger plots (Figure 24) indicating that at lower dilutions 

antigen excess conditions exist which gives unreliable peak rate values 

(Anderson and Sternberg, 1978),. As the dilution increases the 

measured values go through a maximum corresponding to an equivalence 

zone and finally decrease with further dilution in the antibody excess 

zone,. These peak rate values were converted to apparent reactive HIgG 

concentrations by extrapolation on the calibration curve (Figure 24) .• 

The apparent reactivities were then re-plotted against conjugate dilution 

as shown in Figure 26., It is apparent that 1:80 dilution gives the 

maximum conjugate reactivity and the most reliable value for this 

particular conjugate .• : In addition, Figures 25 and 26 also show that 

the 1:20 and 1:30 dilutions of the conjugates are definitely in the anti

gen excess zone, whereas 1:40-1:60 dilutions are very close to the equiv-

alence zone. All these values were, however, lower than that of the 

apparent reactivity measured at 1:80 dilution. Therefore, the maximum 

apparent immunological reactivity measured with 1:80 dilution was 

utilized to calculate the original activity and the same procedure was 

followed with all the other conjugates. 

It is important to note that optimal dilutions for each 

conjugate may vary l.ith the initial concentration of the antigen in the 



1500 

-:::> 
Q: -
w 
l
e::( 
Q: 

~ 
e::( 
W 
Q.. 

750 

ANTIBODY 
EXCESS 

&. IA 

~;E~C', 
EQUIVALENCE 

ZONE 

KINETIC 
EQUIVALENCE 

ZONE 

" " 

ANTIG 
EXCES 

" , 

ANTIGEN 
EXCESS 

G 1:40 ANTISERUM 

8 1:30 ANTISERUM 

0' , , I .' I I 
100 90 80 70 60 50 40 30 20 10 u 

.. CONJ. DILUTION FACTOR 
Figure 25. Peak rates measured for conjugates as a function of the dilution factor. 

Antiserum used was purchased from Atlantic Antibodies, Maine, Lot # IGG-IGG-
043-1. Conjugate used HlgG-Go-BQ2 fraction II. U = undiluted conjugate. 

t-' 
J::
C1J 



Figure 26. Reactive HIgG (mg/ml) calculated from calibration curve 
as a function of conjugate dilution. 

Reactive HIgG = 
(mg/ml) 

[HIgG] mg/dl calculated from calibration plot x 726 
42 x 100 

x Dilution factor 

Protocol: 42 pI of final conjugate dilution was added to 684 ~l 
of buffer containing antiserum (total volume = 726 pI) 
to measure peak rate values. 
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conjugate preparations-.- Furthermore, the quality and the dilution of 

the antisera or antibody preparations will also affect the ideal con

jugate dilution. Therefore, care' was taken to measure the peak rate 

values of the calibrators and the conjugates under identical reaction 

conditions·. For example, the apparent reactivities obtained '-lith dif

ferent lots of antisera are shown in Table 14 for a HIgG-GO conjugate 

(fraction II) and it is apparent that different lots give slightly dif

ferent values for the immunological reactivity with reasonable within-lot 

precision,.- This is probably due to inherent differences in the affinity 

of the antibody populations present in the different antiseras indicating 

that it is preferable to use the same polyclonal antiserum lot for a 

particular set of measurements-.- Hence when the same antiserum or anti

body lot is used only the conjugate dilution needs to be optimized to 

avoid excess conditions. 

In cases where the conjugates were not concentrated by pressure 

dialysis care should be taken to avoid extreme antibody-excess-. Under 

such conditions very small or no rate signal may be seen, erroneously 

suggesting very little or no immunological reactivity. We found that 

the conjugate and/or the antiserum should be concentrated and the experi

ment re-run as described above.- If no signal is still observed, one can 

safely conclude that the conjugate preparation is inactive,. 

Apparent Immunological Reactivities of Various Conjugates 

Two types of conjugates were made to evaluate the performance 

of the rate nephelometric procedure. In one batch, the enzyme (GO) 

was conjugated to l25IHIgG of known specific activity. The total 
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Table 14. The apparent reactive HIgG concentration of HlgG-GO conjugate, 
fraction II, measured using two different lots of antisera 
purchased from Atlantic Antibodies, Scarborough, Maine. -
Antigen dilutions were such that antibody excess condition 
was maintained in solution for both calibrator and conjugate 
solutions. All peak rate measurements were at room 
temperature. See Chapter 2 for details. All measurements 
were made at 1:80 dilution of the conjugates. 

Antiserum 
lot munber 

IGG-IGG-043-1 

IGG-IGG-047-2 

Antiserum 
Dilution 

1:30 

1:40 

1:30 

1:35 

1:40 

aApparent reactive (HIgG) 
mg/ml (to.07 mg/ml) 

2.86 

2.77 

2.56 

2.63 

2.60 

aA1l values listed are the original reactivity of the 
conjugate after dilution correction. 
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globulin content of each conjugate fraction was determined via the 125I 

label whereas the immunological reactivity was measured by rate 

nephelometry. The homoconjugates of HIgG (HIgG-HIgG), however, were 

Inade without a radiolabel since the absorbance at 280 nm measures the 

total globulin content. It ~"as assumed that the extinction coefficient 

of the conjugate was the same as that for unconjugated HIgG 

-1 -1 (:::: 1-.39 (mg/ml) em ),., 

Table15 summarizes the apparent reactivities and the total 

globulin content of these conjugates; several important features can 

be observed: 

1.- The apparent reactive HIgG concentration measured via rate 

nephelometry was never greater than the total globulin content in each 

fraction., Although this does not directly confirm the validity of the 

rate method, one could safely state that no artifacts associated with 

precipitin reactions are prevalent in this system. Furthermore, this 

strongly suggests that the covalent attachment of GO is indeed affecting 

the reactivity of the conjugated HIgG molecules,. 

2. Homoconjugates of HIgG appear to lose considerable activity 

compared to HIgG-GO conjugates.. This seems reasonable since they were 

made by reacting HIgG directly '"ith p-benzoquinone (p-BQ) ~"hich may 

have extensively modified some of the antigenic determinants. It is 

useful to recall at this point that the reaction of HIgG with p-BQ was 

carefully controlled to prevent denaturation of the protein (Chapter 4). 

However, it appears that even under such controlled conditions extensive 

substitution of the protein may be occurring since the colorless protein 

solution (HIgG) retains the deep red or pink color even after dialysis. 



Table 15. Comparison of the total globulin content (Method I) and the apparent ~mmunologica1 
reactivities (Nethod II) of various conjugates,. -- All conjugates were purified by 
(NH4)2So.6 purification, dialysis and size exclusion chromatography on Sephacryl S-3o.o.SF 
(50. x 1,.5 cm) columns as described in the text .• 

b------ - ---- - -~~-------
_ Apparent-Immunological ~Percent Reactivity 

Conjugate Fraction aTota1 [HIgG] mg/ml :reactivity [HIgG]mg/m1 retained (apparent) 

1r• 

2. 

r-BQ conjugates 
251 HIgGGo.-1 I 

II 

1251 HIgG-Go.-2 I 
II 

HIgG-HIgG I 
II 

GA conjugate 
1251 HIgG-Go. I 

II 

0.-.0.44 
0.,.184 

0. .• 30.6 
3:.0.1 

0.·.162 
0.·.225 

0..-0.24 
0.·.-0.61 

0.-.0.40. 
0.·.169 

2 .• 82 

0.,.0.80. 
0.,.151 

0. .• 0.41 

90. .• 9 
91,.8 

93·.7 

49·.4 
67 .• 6 

67 .• 2 

a 125 
Calculated from the number of counts due to I label on HIgG portion of the 

b 

conjugate. Specific activity of the label was determined prior to conjugation.
For t~e HIgG-HIgG conjugat?s, ~bsorbance at 28D_nm ~rs used to determine total 
proteln content (molar extlnctlon = 1'39 (mg/m1) 1CJll' ). 

Rate nephelometric measurement.-

c - .. _ (HIgG) by Method II 
Percent apparent reactlvlty - (HIgG) by Method I x 10.0.. 

.... 
U1 
W 
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Therefore the chemical modification of the antigenic determinants should 

be responsible, at least in part, for the observed loss of reactivity of 

HIgG-HIgG conjugates ~ 

The kinetic light scattering behavior of these conjugates during 

angular and concentration dependence measurements (Chapter 9) also 

showed considerably reduced rates of reaction. Obviously these reduced 

rates were manifested as smaller peak rate values in rate nephelometry, 

resulting in the low immunological reactivities measured. However, the 

apparent binding constants (K ) estimated via Sip's plots (Chapter 7) o 

were comparable for both HIgG-GO and HIgG-HIgG conjugates indicating 

that the observed differences in rates do not affect the equilibrium 

binding measurements. This seems reasonable since the rate of formation 

of (AbAg) and therefore the measured light scatter is a function of the 
n 

forward reaction rates in steps 1 and 2, which should be more sensitive 

to chemical modifications ~han the equilibrium binding measurements. 

3. HIgG-GO conjugates made with p-BQ retain higher apparent 

reactivities than the glutaraldehyde (GA) conjugates. Although the 

reasons for such a behavior are not clear, one could speculate that p-BQ-

derivatized GO reacts with HIgG molecules at sites which are somewhat 

remote from the conformational determinants involved in the precipitin 

reactions. Clearly, the direct p-BQ modification of HIgG appears to be 

milder than GA and the effects appear to be even less when HIgG reacts 

with p-BQ-derivatized GO during conjugate preparation. 

4. Fraction II conjugates retained more immunochemical reactivity 

than fraction I conjugates in all preparations. The latter, however, 

showed an unpredictable behavior by being reactive in some batches and 



unreactive in others (Table 15 ),.. Recalling that the fraction I 

represents the highest molecular l_eight conjugates (Chapter 5), 

and it is probable that they were derived from highly reactive sites 
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on the HIgG molecule. If this is so, the rapid conjugation reaction 

may have initiated erratic -conformational changes in each batch 

producing conjugates with unpredictable inununological reactivities,. 

Also, results of the enzyme activity measurements (Chapter 3) show 

that the fraction II retains more activity than fraction I, in both 

p-BQ and GA conjugates,. All this evidence serves to demonstrate the 

superiority of the fraction II conjugates which would probably be more 

useful in designing sensitive enzyme immunoassays-.· 

The inununological reactivity measured by rate nephelometry is, 

therefore, a useful parameter for comparing different types of conjugates. 

It should be emphasized that the success of this technique was mainly 

due to the fact that the Ab-Ag or the Ab-conjugate reaction occurs in a 

homogeneous solution-. This method avoids problems with non-specific 

adsorption and at the same time lacks hydrodynamic or ionic mobility 

dependence in contrast to RID or IEP. But an important question, however, 

remains to be answered regarding the validity of using the unconjugated 

antigens to generate calibration curves. As discussed in Chapter 1, the 

intensity of the scattered light depends on the weight-average-molecular 

weight of the scattering species formed in solution (Step 2). Hence, 

the question arises as to whether the peak rate signals measured for 

(AbAg)n and (AbAg-Enzyme)n at "equivalent" antigen concentrations are 

also equal within experimental error (or vice versa). Our experiments on 

the angular and concentration dependence of the light scatter have shown 



without any doubt that this is indeed the case for these conjugates, 

and will be discussed in detail in Chapter 9 •. 
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A survey of the literature also shows that rate nephelometry 

and automated immunoprecipitin assays are the most reliable techniques 

to measure IgM in pathological sera (Hard, 1978; Narayan, 1982),. These 

sera contain a mixture 7S and 26S forms of IgM in high quantities 

and it was found that RID or IEP consistently give unreliable results 

because they are diffusion related techniques .• , Similarly polymeric 

IgA and IgA-a1bumin complexes were grossly underestimated by RID 

whereas rate nephelometry gave more reliable values (Blanchard et aL, 

1980)..· Another example is the existence of three haptoglobin pheno~ 

types designated 1-1 (M •. H 100,000 da1tons) 2~1 (M.ll 220,000 da1tons) and 

2-2 (N-.,tV' 400,000 da1tons),. tfuen these three types "ere present serum 

samples the nephelometric procedure was not affected by the phenotypic

dependent molecular sizes (Deaton, 1978).. All this evidence clearly 

demonstrates the advantages of rate nephelometry when molecular size 

differences exist·. 

A more fundamental question was raised when no immunological 

reactivities were observed for some conjugate fractions (Anderson, 

1982). Light scattering experiments require that both steps 1 and 2 of 

the precipitin reaction go to completion before a signal can be 

measured. Thus if a scatter signal was not detected in an antibody 

conjugate mixture, it was intepreted to show that only the step 2 

reaction has been considerably inhibited. Hence, the primary antibody

conjugate binding reaction (Step 1) can still take place to an 

appreciable extent without being detected via light scattering 

, 
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measurements in rate nephelometry.. If this is true, one could argue 

that the conjugates can still be useful in practically all solid

phase enzyme immunoassays where only the primary binding reaction is 

required to go to completion. This argument, however, is based on the 

assumption that steps 1 and 2 are totally independent reactions and 

there is no evidence to substantiate such a sweeping assumption. In 

fact, considerable evidence exists to the contrary and it has been 

shown that the primary binding reaction induces conformational changes 

on the antibody molecule triggering steps 2 and 3 (Marrack, 1938, 1971; 

Henney and Stanworth, 1966). Any inhibition of the aggregation step, 

therefore, reflects some alteration in step 1 which may not produce 

the required conformational changes. In other words, the precipitin 

reaction rates measured in light scattering experiments are also a 

measure of the primary binding reaction and the immunological 

reactivities measured are fundamental parameters of the antibody

conjugate interactions. 

In conclusion, one cannot totally discount the possibility 

that some primary binding may occur even if the conjugates were immuno

logically inactive in rate nephelometric measurements. Although these 

conjugates can be used in enzyme immunoassays, their binding 

characteristics cannot be compared with others on a consistent basis. 

We, therefore, believe that this teChnique is of tremendous utility 

only when conjugates exhibit immunoprecipitin reactions. This requires 

that the antigenic portion of the conjugate retains maximum integrity 

during the initial coupling procedures, which is also essential to 

preserve the bio-specificity of the conjugate-antibody interaction. 
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Since all two-step coupling procedures rely on the activation of the 

enzyme, chemical modification of the antigenic prot ion of the 

conjugate is comparatively less (Chapter 4). Thus, for the first time 

rate nephelometry has been established as a reliable technique to 

compare the immunological reactivities of these conjugates-. 



CHAPTER 7 

APPARENT BINDING PARAMETERS OF CONJUGATES BY 
SOLID-PHASE RADIOIMMUNOASSAY 

The use of particulate immunosorbents in radioimmunoassay (RIA) 

has been successfully demonstrated by several workers in the past (Wide 

et al., 1967; Line et al., 1973; Wide, 1982). Recent work in our 

laboratory utilized an immunosorbent made by covalent coupling of anti-

human. IgG to diol-bonded silica (Sportsman and Wilson, 1980). The 

binding parameters of an anti-HIgG-HIgG reaction was then determined 

with this immunosorbent via a competitive binding protocol employed in a 

batch mode., 

In our experiments, similar immunosorbents were made and the 

binding parameters of HIgG-GO, and HIgG-HIgG conjugates were determined. 

All experiments were done in a batch mode using either a competitive or 

direct binding protocol; the details have been described in Chapter 2. 

Briefly, in the competitive mode, various concentrations of the conjugates 

competed with trace' quantities of l25I HIgG for a limited number of 

antigen binding sites on the immunosorbent. The direct-binding protocol 

was used only for conjugates containing the 125~ ~abel on the-H~gG po~tion 
125 (eg'. I HlgG-GO); in this case various concentrations of the conjugate 

in excess competed for a 4 ',mited number of antigen-binding sites on the 

immunosorbent,. Data obtained from these experiments were used to 

generate Scatchard plots from which the total concentration of antigen-

binding sites (or reactive antibody sites) was determined,. A Sips 

159 
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transformation was then employed to obtain the average apparent binding 

constant, K , and the heterogeneity index 'a' for these binding reaco 

tions (Nisonoff and Pressman, 1958). 

A typical Scatchard plot obtained for HlgG-GO conjugate 

(Fraction II) is shown in Figure 27. The hyperbolic nature of the curve 

indicates a heterogeneous interaction between the conjugate and t~e 

immobilized polyclonal antibody (Nisonoff, Hopper and Spring, 1975). 

Similar curves were obtained for HIgG-HIgG conjugates as well as for 

l25I HIgG-GO conjugates.. Control experiments run with unconjugated HIgG 

in the same concentration range once again exhibited similar Scatchard 

plots, indicating for the first time that the antibody-conjugate and 

antibo.dy-HIgG reactions have comparable equilibrium binding character-

istics under conditions defined in these experiments .• , 

Table 16 summarizes the binding parameters obtained for variotls 

conjugates using the first batch of immunosorbent made (Immunosorbent-I). 

The apparent binding constants estimated from Sips plot were remarkably 

similar for both conjugates and unlabeled HIgG.. l25I HIgG-GO conjugates 

show slightly higher Ko' the reasons for which are not clear at present. 

The interesting feature, however, was the high heterogeneity indices 

observed for all conjugates and it was a totally unexpected result. The 

·implication is that the immunosorbent has a more "homogeneous population" of 

antibodies for each type of conjugate in solution·. In other words, the 

number of antigenic determinants recognized by the active antibody 

molecules appear to be restricted, resulting in an apparent increase in the 

heterogeneity indices observed. However, the heterogeneity index for 



Figure 27. Scatchard plot for a p-BQ conjugate (125I HIgG-GO) 
(fraction II). -- Concentration ~ange 5020-1506 ng 
with respect to HIgG based on l25I counts. 
Immunosorbent: Goat AIgG coupled to CPG-Diol. All 
dilutions in PBS pH 7.4 buffer with 0.2% BSA. 
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unlabeled HIgG was 0,.57 under identical conditions, and is in good 

agreement with the values obtained previously for the same system 

(Sportsman and Wilson, 1980)., This seems to indicate that the observed 

differences are at least partly due to some alterations to the antigenic 

determinants on the HIgG molecule caused by the covalent attachment of 

the enzyme. 

Total concentration of binding sites calculated via Scatchard 

plots are also shown in Table 16.. Hith HIgG-GO conjugates one observes 

a slight decrease whereas HIgG-HIgG conjugates show the opposite trend. 

It is difficult to predict whether these trends are associated with those 

observed for the heterogeneity indices. Sela et al,. (1967) have clearly 

demonstrated that all native proteins as antigens produce antibodies 

mostly against conformational rather than sequential determinants. If 

this is so, the attachment of enzyme molecules to antibodies may induce 

steric restrictions at least near some of the conformational antigenic 

sites, effectively reducing the number and type sites recognized by 

the immunosorbent. The marked increase in the concentration of binding 

sites recognized by HIgG-HIgG can still be rationalized by arguing that 

these conjugates are polymeric species of similar antigenic sites. 

A second batch of the same immunosorbent t-las made containing 

approximately the same amount of total protein attached. Results are 

shown in Table 17. One immediately observes that K' values are o 

slightly higher whereas the heterogeneity indices are smaller than in 

Table 16., However, 'a' values are still higher for the conjugates even 

though the differences are smalL Total concentration of binding sites 



Table 16,.. Equilibrium binding data measured by solid~phase radioimmunoassay with Immunosorbent I .•. 
-- 6,.6 mg of A HlgG/g of CPG attached by periodate activation procedure,. Final immuno
sorbent dilution in the assay is 1:25; total reaction volume = 0,.45 ml:., All dilutions 
were made with 0,.·01 H PBS pH 7,.·4 containing 0,.2% BSA,. 

Protein 

HlgG 

HlgG-GO a 

1251 HlgG-GOb,c 

HlgG-HlgG b 

Concentration 
Range (ng) 

10,000-1,000 

3,600-800 

5,020-1,506. 
4,016-753 

5,940-1,320 
3,300-990 

Sips Plot Data 
Apparent Binding -7 Heterogeneity 
Constant, K~ x 10 Index (a) 

6,. ° (:1:0..6) 0.57 (;1;0.03) 

5-.·1 (*0-.8) 0:.89 (±0,.01) 

9,.5 (±1,.·5) 0 .• ·80 (:1:0,.04) 
20,.-0 (:1:1-0·0) 0,.·75 (:1:0 .• 03) 

2,.,4 (:1:0,.1) 0,.92 (:1:0,.02) 
6,.-9 (±l:.4) 1,.0 C±O. 06) 

a Glutaraldehyde conjugate, fraction II-.

b p-Benzoquinone conjugate, fraction IIr. 

Scatchard Plot Data 
Total Binding Site - 8 
Concentration, H x 10 

3.6 (:1:0.4) 

2:.·4 (:1:0.5) 

2 .• ·4 (:1:0.-1) 
2r.·l GO .1) 

10·. ° (:1:0. •. 6) 
6.4 (:1:0,.7) 

c Direct binding assay was employed since conjugate was made with 1251 labelled HIgG,. 

.... 
0\ 
tJ,) 



Table 17,. Equilibrium binding data measured by solid-phase radioinununoassay with Inununo
sorbent-IL, 7-.6 mg A HIgG/g of CPG attached by periodate activation procedure. 
-- Final inununosorbent dilution :- 1:25, total reaction volume = 0:.45 mlr. All 
dilutions were made with OroOl N PBS, pH 7,.6 containing 0 .• .2% BSA., 

Concentration SiEs Plot Data Scatchard Plot Data 
Concentration Apparent Binding -7 Heterogeneity Total Binding Site 8 

Protein Range (~g) Constant, K/ x 10 Index (a) Concentration, H x 10 
0 

HIgG 5000-1000 1...3 (to .• l) 0,.60 (±0,.01) 4:.3 (±0'·.i1) 

1251 HIgG-GOa 
5020-1507 1-.3 (±0 .•. 3) 0, •. 68 (±O,.O2) 4.1 (±0: • .5) 

HIgG-HIgG 
a 

3300-990 2!.-7 ( ±0,.4 ) 0, •. 78 (±O,.·02) 16,.,7 (:;1;1,.3) 

a Both conjugates l-lere made by p-Benzoquinone coupling procedure and fraction II lfas employed 
in these experiments,.· 

...... 
0\ 
.t::-
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on the immunosorbent are of the same order of magnitude but slightly 

higher., HIgG-HIgG conjugates once again recognize a higher concentra-

tion of binding sites on the immunosorbent. While these trends appear 

to be consistent, the differences in the absolute values indicate some 

intrinsic differences in the properties of the two inununosorbents,., 

These results clearly demonstrate our inability to prepare two batches 

of the same immunosorbent having exactly the same binding properties 

since coupling proteins to silica cannot be controlled precisely,. Thus 

one has to rely more on the trends observed rather than on the absolute 

values measured., 

Tables 16 and 17 indicate that the apparent binding constants 

increase with decrease in the antigen concentration range employed in 

equilibrium binding measurements. This is consistent with the hyper-

bolic Scatchard plots (Figure 27) exhibited by antisera containing a 

continuous distribution of antibody populations (polyclonal) with 
, 

respect to free energy of interaction or ln K. In such plots the 
o 

slope ( K~) increases at lower antigen concentrations giving rise to 

larger K'., Furthermore, in Table 16 one can observe a two-to-three fold 
o 

increase in K~ in the 8016-753 ng range with a heterogenei~y index of 

0·.75. Using Sip's distribution function Nisonoff and Pressman (1958) 

have shown that a heterogeneity index of 0~80 corresponds to an antibody 

population in which 75% of the binding sites have intrinsic affinity 

constants in the range of 0.27 to 3·.7 K '. Hence the observed variation o 

is within this range indicating that the immunosorbent behavior is 

similar to an antibody population in solution, •. 
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It is well known that the coupling procedure results in the loss 

of antibody activity so that only about 10-12% of the original acitivty 

is retained by the immunosorbent (Line et al., 1973).. For inununo-

sorbent-II (Table 17), the amount of antibody activity calculated was 

approximately 0.30 mg/g of glass, based on the total concentration of 

antigen-binding sites determined via Scatchard plot.. According to the 

manufacturer about 30% of the protein supplied as "IgG fraction" 

consisted of active antibody,. Therefore, of the 7.6 mg/g total protein 

coupled to glass only 2,.3 mg/g should have been active anti HIgG,. This 

shows that only 13% of the coupled antibody is active on the immuno-

sorbent,. Similar calculations with Inununosorbent-I demonstrated 

approximately 10% of the coupled antibody to be active. These results 

are in excellent agreement with the 11% antibody activity calculated for 

a similar immunosorbent but with different antibody preparations 

(Sportsman and Wilson, 1980). 

Non-specific adsorption, if significant, would have complicated 

these measurements since the Scatchard and Sip's plot equations were 

derived for specific antibody-antigen interactions (for derivations 

see Steward, 1974),. 125 To evaluate this aspect, I-labelled glucose 

oxidase was incubated with the immunosorbent under identical conditions; 

the same dilution of the immunosorbent was incubated with radiolabelled 

enzyme in the same concentration range (5000-1000 mg)., Counting the 

centrifuged immunosorbent and supernatant showed that less than 5% of 

the radio label was bound to the CPG, irrespective of the original amount 

added·. This demonstrates that non-specific adsorption was negligible 

under these conditions·., In a similar experiment, Sportsman (1982) has 
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shown that the binding of 125I HIgG to a "dummy" imrnunosorbent cpmsisting 

of bovine serum albumin coupled to the same CPG, is very low,. There

fore, it is probably safe -to concl~de that the contribution from 

non-specific adsorption to the imrnunosorbent-conjugate binding is also 

negligible .• , 

For the first time we have demonstrated that antigen-enzyme 

conjugates exhibit equilibrium binding properties which are very 

similar to unconjugated antigen, at least with respect to this imrnuno

sorbent,. To our knowledge, such information has not been reported in 

the literature although implicitly assumed in competitive assays. The 

fundamental significance of this approach is that it can be used to 

compare various conjugate-imrnunosorbent systems on a consistent basis .• 

It is expected that such information will prove useful in designing 

sensitive and selective EIAs·., At present, however, one should avoid 

generalizing these trends since the information available is minimal., 

Extensive investigations should be carried out with different types of 

imrnunosorbents made with a variety of matrices,., In addition, a number 

of different antibody-conjugate systems should be studied to isolate 

the peculiarities of the matrix from that of the bio-specific inter

actions., Excellent possibilities exist and will be dealt with in 

Chapter 10 .• 



CHAPTER 8 

COOPERATIVE PROCESSES IN PRECIPITIN REACTIONS 

Cooperative effects, either positive or negative, are common in 

biochemical systems (Metzler, 1977). The most popular system studied 

so far was the binding of O2 to hemoglobin. Deoxyhemoglobin has low 

affinity for O2 but after one OT more subunits have'beco~e oxygenated the 

affinity of the remaining subunits increase several hundred fold 

(Waxman, 1971). In such systems, when the rate of binding is measured 

as a function of the concentration of the binding. species (eg., O2) a 

typical sigmoidal curve will result, if positively cooperative effects 

are in operation .• 

The precipitin curves obtained in rate nephelometry (Figure 24), 

show similar sigmoida1~ehavior as the antigen concentration 

changes in the antibody-excess region. Although after the equivalence 

zone the behavior is different, there is good evidence to indicate that 

positively cooperative effects may be involved in the antibody excess 

zone up to equivalence. For instance, Marrack and Richards (1971) have 

shown that the aggregation of antibody-antigen complexes was "acceler

ated" by conformational changes on the antibody molecule due to antigen 

binding in the first step.. Imura et al·. (1976) observed positive 

cooperativity in the binding of adrenocorticotrophic hormone to its 

antibody·. Such effects have also been observed in the bonding of 

growth hormone, insulin and enkephalin with their respective antibodies 
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(Rodbard, 1981). Therefore, the rate nephelometric data analyzed via 

Hill plots (Chapter 1 ) .. should· give valuable information about 

the nature of the precipitin reaction at least in the antibody excess 

region·. 

The Hill plot expression (equation 9) can be re-cast 

for the precipitin reaction reaction as·, 

log[y/l-y] = nlogK + nlog [Ag] 
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where n is the number of binding sites, K is the average intrinsic 

binding constant, [Ag] is the antigen concentration and y is the ratio of 

the scatter intensity changes at any [Ag] to the maximum change at 

equivalence zone, as described in Chapter 1-. A plot of logG / (l-y)] 

vs log[Ag] in the antibody excess region should give a straight line 

from which nand K can be obtained.. Such a plot is shown in Figure 28. 

The expected straight line behavior is seen in the antibody excess 

region but not near the equivalence zone; it strongly suggests that some 

kind of cooperative effect does indeed operate in the antibody excess 

region. Deviation from linearity decreases with increase in antibody 

concentration, i.e., as the dilution decreases from 1:50 to 1:30 

(Figure 28). The reasons for such behavior are not clear. However, from 

the linear portion of the line both K and n were calculated and are 

summarized in Table 18 for two different antiserum lots at various 

dilutions. 

Several important features of the antibody antigen reactions 

become apparent from this data: (i) The values of nand nlogK are quite 

reproducible for both antisera at all dilutions. (ii) The value 
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Figure 28. Hill plots for human IgG-antihuman IgG binding obtained 
from Rate Nephelometric data. 
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Table 18. Hill plot data for antiserum lot numbers IGG-IGG-043-1 and 
IGG-IGG-OS4-1 (Atlantic Antibodies, Maine). -- All values 
for nand R were calculated by linear least square analysis 
of Hill plots (see Figure 28) ,generated from rate nephelo
metric calibration plots (Figure 24). 

Set I Set II 

Antiserum Dilution n nlog R h nlog K 

1. IGG-IGG-043-1 

1:30 1.96 15.0 2.16 16.5 
1:40 2.17 16.7 2.16 16.9 

2. IGG-IGG-054-1 

1:20 1.98 14.8 
1:30 2.12 16.1 
1:35 2.08 15.9 
1:40 2.08 16.1 2.16 16.9 
1:50 2.33 18.1 2.39 18.9 

Slope = n and Intercept = n10gK according to equation 9. 
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of n ~ 2 indicates that there are two important binding steps (or sites) 

which control the cooperative binding leading to precipitin formation •. 

This feature has never been demonstrated for antibody-antigen reactions. 
!: 

(iii) If n = 2 then K = (KiK2)2. Substituting values from Table 18 it 

is possible to show that ~Kz can vary between 1014_1018 , Most probably 

Kl is considerably smaller than K2 and these values are associated with 

two conformational antigenic determinants of HIgG which control the 

precipitin reaction •. 

These observations, if generalized, will have profound imp1ica-

tions especially with regards to a possible mechanism for the precipitin 

reactions. The pioneering work on these react:ions by Heidelberger 

and Kendall (1935) and later by Marrack (1938), concentrated mainly on 

the composition of the precipitates formed. Shortly afterwards, 

Goldberg (1952) developed a theory and an equation to unify the pre-

cipitation reaction both in the antibody and antigen excess regions. It 

was a distribution equation which takes into account at any point in 

composition the number of every kind of antigen-antibody combination as 

well as free antigen and antibody .• · The major drawback was its inability 

to describe adequately or accurately the two-phase system in the anti-

body excess region.. However, in the antigen excess region lvhich was 

essentially a single phase system of soluble homogeneous complexes in 

equilibrium, it has proven to be a powerful tool. Singer (1965) derived 

another equation based on Goldberg's theory to calculate very reliably 

the intrinsic equilibrium constant for the antibody-antigen reaction in 
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the antigen excess zone. None of these, however, suggested a reasonable 

mechanism for the precipitin reaction. 

With the advent of modern light scattering and fluorescence 

polarization techniques more interest was again shown in these reactions. 

Tengerdy (1967) utilized these techniques and suggested a mechanism for 

both the antibody and antigen excess regions,. In the antibody excess 

region a three-step reaction scheme was proposed 

k 
Ag + Ab ~ 

V 
1 

(AgAb) (AbAg) ~ 
n 

Precipitate 

Thus in mixing Ab and Ag a soluble primary AbAg complex was produced 

which forms larger soluble complexes, (AbAg). Given enough time the 
n 

aggregation proceeds slowly resulting in a precipitate., In the far 

antigen excess region the reaction was conceived as a single step 

reaction: 

Ab + 2Ag 

preventing the extended lattice «AbAg)n) fb~ation which ultimately 

produced the precipitates. This was essentially the same view Harrack 

(1938) had especially about the antigen excess region, and is also the 

generally accepted mechanism to date .' 

With this background, one could clearly see the significance of 

two binding steps (or sites) associated with precipitin reaction, as 

predicted by the Hill plots. This appears to confirm at least part of 

Tengerdy' s mechanism mentioned above,. lfuen a large multivalent antigen 

like HlgG reacts with its antibody of similar size, considerable pos-

sibility exists that the second binding site may become sterically 
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hindered for the approach of another antigen molecule,., In fact, in 

solid-phase immunoassays anti-human IgG is generally considered to be 

univalent (Sportsman, 1982), and in this situation, additional restric

tions exist due to the antibody being bound to a solid phase... However, 

in solution phase, the primary binding may induce conformational changes 

on the AbAg complex which probably expose the second binding site to 

another AbAg complex, resulting in the extended lattice formation 

(Marrack, 1938,1971),.. Therefore the two binding s~eps may involve the 

primary antigen-antibody binding and the subsequent formation of (AbAg)n 

as illustrated in Figure 29-.· Furthermore if we assume that Kl = 107 for 

the primary binding reaction based on solid phase assays (Chapter 7) 

then K2 -- 107_1011 giving credibility to the presence of positive 

cooperati vi ty .• · 

Recently Deverill and coworkers (1981) have shown that the immuno

precipitin reactions between mixtures of monoclonal antibodies and the . 

corresponding antigen is 5 to 6 times slower than when polyclonal anti

sera were employed,.- Since monoclonal antibodies are specific for a 

single antigenic determinant steric constraints may not be removed by 

conformational changes on the antibody molecule as shown in Figure 29·. 

This strongly supports the two-site cooperative binding hypothesis 

described above,- and it appears that monoclonal antibodies might 

become ideal probes to study the immunopreicpitin reactions in detaiL 

With the information available at present, it is difficult to 

predict the nature of the antigenic sites involved in the precipitin 

reaction .• - Detailed studies using chemically modified antigens may 

prove useful (Sela et al .•. , 1962; Habeeb, 1967). Habeeb (1967) studied 



Step 1 

Ab + Ag AbAg 

y + y .... 

Anti HlgG HIgG 

Step 2 
nAbAg :;.===~ho (AbAb)n 

n 

Figure 29. Illustration of a possible mechanism of precipitin formation. -- Assumes 
that the conformational change induces the specificity of the 2nd binding 
site to a different antigenLc determinant. 
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the antigenicity of a variety of chemically modified bovine serum 

albumin preparation by tedious precipitin tests and double diffusion in 

agar·. Rate nephelometric measurement would be considerably simpler 

while Hill plots may provide information on the number of binding sites 

(n) on the modified antigen.. These values coupled with controlled 

modification of the antigen should prove useful in antigen mapping 

studies .• , 



GRAPTER 9 

ANGULAR AND CONCENTRATION DEPENDENCE OF SCATTERING BY 
ANTIBODY-CONJUGATE COMPLEXES IN SOLUTION 

The measurement of apparent immunological reactivities of 

various conjugates was accomplished by rate nephelometry, as described 

in Chapter 6. In this method maximum change in the intensity of 

scattered light (peak rate values) can be measured for any antibody-

antigen reaction in which the primary complex aggregates rapidly to form 

molecular species of increasing size and weight. These peak rate values 

were shown to be proportional to the initial antigen concentration when 

measured at a fixed antibody excess in the solution (Kusnetz and 

Mansberg, 1978; Anderson and Sternberg, 1978). Calibration curves can, 

therefore, be generated by plotting the peak rate values vs concentra-

tion of the antigen; the amount of the same antigen in an unknown sample 

was then determined by simply measuring the peak rate value under 

identical conditions and extrapolating on the calibration curve 

(Figure 24). 

In our experiments, calibration curves were constructed with the 

peak rate values obtained at various standard HIgG concentrations. Ant i-

body excess was maintained in all measurements and the peak rates were 

monitored at a fixed forward angle of 700 in the Beckman res Rate 

Nephelometer. The conjugate fractions were diluted appropriately and the 

peak rates were measured under the same conditions. The apparent 

immunological reactivities of these fractions were then expressed in 
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terms of the unconjugated HIgG concentration obtained by extrapolation 

of the measured peak rate value on the calibration curve., It was 

assumed implicitly that the peak rate values obtained for the conjugates 

at optimal dilutions were identical to those measured for equivalent 

amounts of standard HIgG. However, such an assumption is valid, only 

if the scattering properties of the complexes formed by the conjugates 

and HIgG (with the same antibody preparations) are identical under the 

present experimental conditions. Experiments show that these properties 

are indeed comparable, especially in the early stages of aggregation during 

which the ,peak rate values were measured. In addition, theoretical 

calculations show that the experimentally determined molecular size 

parameters are reasonable and the details of these findings will be 

discussed in this chapter. 

The scattering properties of any species in solution is a 

function of molecular size, provided other measurement conditions such 

as concentration (C), wavelength of incident light (A), angle (e) 

distance (r) at which scatter is measured, and the refractive index 

dn) changes (dC' are kept constant (Mie, 1908; Tanford, 1961; Van Holde, 

1971) (see also Chapter 1). It has also been shown that the antibody-

antigen complexes which scatter light in solution are Rayleigh-Debye 

scatterers, since their molecular size (0: diameter, d) is comparable to 

the incident A such that A ~ d> 0,.1 A (Rayleigh, 1910; Debye, 1915; 

Kusnetz and Mansberg, 1978). Under these conditions, the distribution 

of the scattered light around the scattering particle is no longer 

symmetrical, with the forward scattering becoming more pronounced 

(Figures 7, and 8)., Therefore the dissymmetry ratio 
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(IS/Ilso_e) will be greater than 1 and is routinely measured to elucidate 

the nature of the scattering species.. Even more useful information can 

be obtained by measuring the angular and concentration dependence of the 

scattered intensities under these conditions, as demonstrated by', 

Zimm (194S) in his classic paper on light scattering. A method. was 

devi~ed ~o extract the weight-average-molecular weight (M) of the 

scattering species from equation 31 (Chapter 1) 

!£ = 1 + 16 1T R G 
[ 

2 2 

Re 31.2 

by extrapolating KC/Re to zero angle and zero concentration. Hence, to 

justify our assumption in rate nephelometric measurements, angular and 

concentration dependence of the scatter intensities during complex 

formation was measured, as a function of time. The experiment was 

carried out using a laser light scattering instrument. The set-up and 

experimental details are described in Chapter 2. 

Briefly, a predetermined amount of H1gG or the conjugate was 

added to a stirred solution of the antibody in an appropriate cuvette. 

The scatter intensities were measured at 30-60 second intervals beginning 

immediately after the addition of the antigen. This measurement was 

repeated at five different concentrations and angles for both the 

conjugates and H1gG. The concentrations ranged between 3.S x 10-7_ 

lS.S x 10-7 g/ml, so that the light scattering measurements were made 

in dilute, ideal solutions in which each particle could be assumed to 

scatter independently. The concentrations of the 1251 H1gG-GO 

conjugates were calculated based on the total H1gG determined via 
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125I label, whereas for the HIgG-HIgG conjugates and the unconjugated 

antigen it was based on spectrophotometric measurements at 280 nm 

-1 -1 
(€ = 1.39 (mg/m1) cm ). These concentrations represent the total 

HIgG content in each sample and were directly substituted in the equation 

above. 000 0 0 . The scattering angles used were 60 , 75 , 90 , 105 and 120 ~n 

all measurements. 

Before proceeding further, it is important to comment on the 

use of total HIgG concentration in place of "C" in the Ray1eigh-Debye 

equation above. In the original derivation, the term C referred to the 

total weight concentration of the scattering solute in glm1 (Van Holde, 

1971).., In our experiments the scattering solute was continuously 

generated in solution when the antibody and antigen were mixed in the 

appropriate ratio,. Therefore it was clear that the true concentration 

of the scattering solute cannot be determined at any particular time of 

measurement." The only way out of this dilemma was to assume that the 

concentration of the solute was directly proportional to the total 

concentration of the antigen initially added to the antibody solution. 

Fortunately, the experimentally determined M values (Table 20) of the 

transient scattering species in solution agreed quite well with the 

values predicted by theory (Table 21) (Anderson 1982)., Thus the use of 

initial antigen concentration in equation 31 did not cause significant 

problems in the estimation of M via Zimm plots indicating that our 

assumption is reasonable at least in the early stages of aggregation. 

This direct and "linear" correlation between the initial antigen 

concentration and the concentration of the scattering solute in 
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solution probably indicates that the immunoprecipitin reaction is not a 

random process but rather a defined aggregation with a fixed stoichi

ometry. Although this unknown stoichiometry might change with the 

antibody-antigen ratio in the reaction mixture, it does not appear to 

have affected the results of our experiments significantly, at least in 

the antigen concentration range employed. 

Comparison of Scatter Intensity Curves 

Figure 30 illustrates several of the scatter intensity curves 

measured for HIgG and a HIgG-GO (p-BQ) conjugate. One innnediately 

observes that both sets of curves are identical in shape and in addition 

are similar to those obtained in rate nephelometric measurements,. 

However, the most striking feature is that the magnitude of the scatter 

values measured for the HIgG-GO conjugate and HIgG are also approxi

mately equal at the same total antigen concentration.· On the other hand, 

the scatter intensities measured for the HIgG-HIgG (p-BQ) conjugate were 

considerably lower (not shown in Figure 30).. These results are in good 

agreement with the data obtained in rate nephelometric studies .• · For 

example, in HIgG-GO (p-BQ) conjugates about 90% of HIgG was immuno

logically reactive (Table 15 Chapter 6 ),. Therefore at the same total 

antigen concentration levels both the conjugate and HIgG should have had 

approximately the same amount of reactive HIgG, as depicted by the 

resul ts above·.· But the homoconjugates of HIgG retained only about 

67 .•. 6% of immunological reactivity and consequently would not contain 

identical amounts of reactive HIgG under the same conditions. This. 

accounts for the lower scatter levels observed for the homoconjugates·., 



Figure 30. Comparison of scatter intensities versus time at 900 

of equivalent concentrations of HIgG and HIgG GO 
(Fraction II) conjugates. -- S~atter was monitored every 
minute for 6.0 minutes and the stirring was stopped. 
Dotted lines show a slight decrease for the next tw§ 
minutes. All concentrations in g/ml. CI = 3.SxI0- , 
C2 = 7.6XIO-S

7 C3 = 11.3xI0-7, C4 = IS.OxI0-7, and 
Cs = IS.SxIO- • 
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From the 'individual '~catter cur~es, it is apparent tbat the 

scatter intensities increase rapidly between 0-3 minutes after the 

addi tion of the antigen~. The maximum values were approached in , 
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3-4 minutes, after which scatter intensities changed very little with 

time... By directly comparing the magnitude of the scatter values it was 

estimated that the maximum rate of change of light scatter (or the peak 

rate) occurred at about 1-.5 minutes after the addition of the antigen·. 

In rate nephelometric experiments, however, the time for peak rate was 

between 15-40 seconds which was considerably faster·. This is because 

the final reaction volume in the latter experiments was 726 ~l whereas 

the cuvette geometry of the laser instrument requires at least 10,.5 ml 

of the solution to avoid meniscus interference of the laser be~. In 

addition this large volume was stirred slowly to avoid air bubbles and 

swirling effects that may interfere with the scattering measurements 

Hence longer mixing times were responsible for the increased time to 

reach peak rate,,, 

Figure 30 also shows that if the stirring was stopped at the 

maximum scatter level (around 6,.0 minutes) very little decrease in 

intensity was observed.. This shows that the scattering complexes are 

soluble, distributed uniformly in solution, and are not yet large 

enough to settle out or precipitate:.; Given enough time (20-25 minutes) 

the scattered intensity from the unstirred solution will begin to 

decrease showing signs of precipitation .• , When the stirring was resumed 

at this stage the intensity was restored almost to the same value but 

about 5% higher than'the original scatter level. Obviously one ~·lOuld 
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have expected the scatter intensity to be considerably higher since the 

complexes are large enough to precipitate from the solution;., This 

decreased scatter is probably due to considerable destructive inter

ference from larger complexes now present in solution (Van Holde, 1971) 

which even at this stage was clear without any signs of turbidity .• 

Hence the complexes scattering light during the peak rate measurement 

are considerably smaller than those which settle out in step 3 of the 

precipitin reaction, lending some credibility to the general mechanism 

proposed by Tengendy (1967) At the same time, they are much larger 

than Rayleigh scatterers justifying their classification in the Rayle'igh

Deby~:region. 

Rayleigh-Debye Nature of the Transient Scattering Complexes 

The ratio of the' intensity of the forward scattered light (Ie) 

to that scattered in the backward direction (I180- e) is known as the 

dissymmetry ratio... For a Rayleigh scatterer the dissymmetry ratio = 1,. 

since the scattered light is symmetrically distributed around the 

scattering particle (Figure 8) •. 'However, as the particle 

becomes larger the scattering is more pronounced in the forward direc

tion so that Ie /I180- e ratio is > l .• ~ 

It is well known that the antibody-antigen complexes formed in 

Step 2 are Rayleigh-Debye scatterers, whereas the individual antibody and 

antigen molecules (including conjugates) are Rayleigh scatterers 

Therefore as the reaction proceeds, the dissymmetry ratio 

should change rapidly for both the antibody-HlgG and antibody-conjugate 

reactions .• , Figure 31 shows such a plot in which the 1600/11200 ratio was 



Figure 31. Dissymmetry ratio changes as a function of time for 
reactions of HIgG, HIgGGO and HIgG-HIgG with the antibody. 
-- Antigen concentration in all cases were 11.3x10-7 g/ml 
and the absolute scatter intensities were measured under 
identical conditions~ 
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plotted as a function of time for both types of. reactions-.. Several 

features deserve mention: 

186 

1,., Up to 0 .• -25 minutes after the mixing of the antigen and antibody 

solutions the dissymmetry ratio ~ 1~. indicating that the initial 

scattering complexes are essentially Rayleigh-scatterers,., Thereafter, 

the ratio increases rapidly due to the formation of Rayleigh-Debye 

scatterers in solution, and reaches a maximum of 2, • .5-3· •. 0 in about 4.0 

minutes,., 

2,., A remarkable feature, however, is the identical shape of the 

dissymmetry curves obtained for the HlgG-GO (p-BQ) conjugates and the 

HlgG, reacting with the antibody,.- This confirms that the scattering 

properties of the complexes formed in solution are identical., For 

HlgG-HlgG conjugates the dissymmetry ratio was about 15-20% lower, 

showing that the scattering complexes are much smaller in size,., 

Therefore, the rate of aggregation should also be considerably slower 

as reflected by the slow increase in dissymmetry ratio,. The same trend 

was observed with the absolute scatter intensity curves and it appears 

that the rate at which scatter intensity changes is directly propor

tional to the amount of reactive HlgG in the sample:. 

3-., The dissymmetry ratios increase with antigen concentration as 

shown in Table 19,., The magnitude of the increase is approximately 

equal for both HlgG and HlgG-GO conjugates .• , However, at concentrations 

>11, • .3x10-7 glm1 the dissymmetry ratios of the conjugates are about 

12-15% higher and the differences become more pronounced between 

4-6 minutes,., This is probably because the conjugate complexes become 
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Table 19. Concentration dependence of dissymmetry ratio .• 

HI~G-AI~G SIstem 
Dissymmetry Ratio I607I120 

at concentration levels (~7m15 

Time (min) 3.8x10 -7 7.5x10-7 n.3x10-7 15.5x10 -7 18.8x10 -7 

0.25 0.·98 0.98 1.0 0.93 0.98. 
1.0 1,.1$ 1.52 1.85 1.89 2.15 
2.0 1.68 2.18 2.62 2.79 3.35 
3.0 .2;.14 2.46 2.86 3.27 3.66 
4.0 2·.33 2.61 2.90 3.44 3.72 
5.0 '2..52 2.68 2.95 3.49 3~74 
6.0 2.57 2·.69 2.92 3.51 3~78 

HI~G-GO-AIg~ SIstem 
Dissymmetry Ratio I607I120 

at concentration levels (~7m1) 
Time (min) -7 -7 -7 -7 -7 3.8x10 7.5x10 11..3x10 15.5x10 18.8x10 

0.25 1.12 1.08 1.01 1.13 1.12 
1.0 1.30 1.21 1.56 2.24 2.21 
2.0 ·1.86 1.90 2·.36 2.·94 3.04 
3.0 2.27 2.42 2.82 3.79 3.71 
4.0 2.49 2.74 2.94 3.97 4.00 
5 .• 0 2.61 2.79 2.98 4.01 4.05 
6.0 2.61 2.79 3.02 4.03 4.08 

All experimental conditions are described in Chapter 2. 
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considerably larger than that of HIgG with time and therefore scatter 

more in the forward directioTh. This region is not important in the rate 

measurements because maximum scatter level has already been reached at 

this stage·., If we consider the data between 1-2 minutes which cor-

responds to the region at which maximum rate occurs in rate 

nephelometry, one can clearly see that the dissymmetry values are 

identical for both systems,., Hence one can easily justify the use of 

HIgG to generate calibration curves for the measurement of immunological 

reactivities of these conjugates,., 

Figure 32 compares the distribution of absolute scatter intensi-

ties measured at various angles and the distribution was symmetrical on 

either side of the 900 angle for a standard HIgG solution in the absence 

of a precipitin reaction. During the precipitin reaction both the con-

jugate and HIgG show identical but unsymmetrical distribution of the 

scattered light, with enhanced forward scattering. Similar results have 

been reported in the literature which support the formation of the 

Rayleigh-Debye scatterers during all precipitin reactions (Buffone et 

al., 1975; Kusnetz and Mansberg, 1978). However, our results indicate 

that such behavior is shared by the precipitin reaction involving the 

conjugates as well, and more importantly, it demonstrates that the 

scatter values are of the same magnitude as those measured for the 

unconjugated HIgG. 

Molecular Weight Estimation of the Transient Scattering 
Species Via Zimm Plots 

Angular and concentration dependence of the scatter intensities 

measured for Rayleigh-Debye scatterers can be conveniently utilized via 
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Zimm plots (Zinun, 1948) to estimate their molecular size parameters, •. 

The scatter intensities were first converted to Rayleigh ratios (Re) 

. 2 I· 2(e) as described l.n Chapter '" and plots of KC Re vs Sl.n 2' + kC were 

constructed as shown in Figures 33,34,35 and 36,. By extrapolating'to 

zero angle and zero concentration weight-average-molecular weight of 

the scattering species can be det'ermined:., 

To our knowledge, this is the first time Zimm plots have been 

constructed from the scattering data obtained during immunoprecipitin 

reactions .• , In fact, we have enough information to calculate Ra values 

for every data point along the precipitin curve (Figure 30), so that 

individual Zimm plots can be constructed at each measurement interval·., 

However, for our purposes, molecular weight estimates in a region where 

the peak rate occurs would give ample information about the light 

scattering complexes of HIgG and the conjugates .• , From Figure 30 it 

was estimated that the maximum change in scatter occurred around 

1,..5 minutes and therefore Zimm plots were constructed with Re values 

measured at this time,., For comparison, such plots were also constructed 

from Re values obtained at maximum scatter levels (6,.0 minutes) on the 

precipitin curve-., 

Figures 33 and 34 show the Zimm plots obtained for the HIgG-

antibody reaction systems at L.5 and 6, •. 0 minutes respectively; similar 

plots for the HIgG-GO-antibody system are shown in Figures 3S and 36,. 

The vertical lines represent the Rayleigh ratios measured at various 

angles and at various concentrations Cl through C
S

'.' For example let 

us consider line C3 which was generated by plotting KC/Re values obtained 



Figure 33. Zinun plot for HlgG-AlgG reaction at 1.5 minutes. --
On x-axis sin2(6/2) + 106 C was plotted; 106 is an 
arbitrary constant selected for convenient scaling. 
All concentrations are

7
in g/m1.. C1 = 3.8x10-7; C2 = 

7.6x10-7; C3 = ll.x10- ; C4 = lS.0x10-7; Cs = 18.8x10-7• 
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Figure 34. Zimm plot for HlgG AlgG reaction at 6-.0 minutes-. -
On x-axis sin2(9/2) + 106C was plotted; 106 is an 
arbitrary coinstant selected for convenient scaling-. 
All concentrations are in g~ml as in Figure 33.-
Cl = 3-. 8xlO-7 , C2 = 7.6xlO- , C3 = 1l.3xlO-7, C4 = 
lS.OxlO-7 , Cs = 18.7xlO-7• 
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Figure 35. Zimm plot for HIgGGO-AIgG reaction at 1 .• 5 minutes. 
-- The conjugate (Fraction II) was made by p-BQ 
activation of GO. Signal was too unstable at the 
lowest concentration Cl and therefore only C2, C3. 
C4 and Cs data were used.. All concentrations are in 
g/ml~ Cl = 3.SxlO-7, C2 = 7.6xlO-7, C3 = 11.3xlO-7, 
C4 = 15 .• 0xlO-7, Cs = IS. 7xlO-7• X and y axes as in 
Flgures 33 and 34 .• 
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Figure 36. Zinun plot for HlgGGO-AlgG reaction at 6·.0 minutes. 
-- On x-axis sin2(0/2) + 106C was plotted; 106 is an 
arbitrary constant selected for convenient scaling·. 
All concentrations are in g/m1 as in Figures 33,34 and 
35. C1 = 3~8x10-7, Cz = 7.6x10-7, C3 = 11.3x10-7, 
C4 = 15~OxlO-7, Cs = 18.8xlO-7• 
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at a constant antigen concentration of 1l, •. 3xlO-7 g/ml.. When e = 0, 

Sin
2

( e/2) + 106C would be equal to l..·13 and therefore the line C3 was 

extrapolated to that point represented by a solid circle on Figure 33, •. 

Similar points were obtained for each vertical line representing other 

antigen concentrations .• · These points lie on a horizontal line and 

correspond to KC/R values when e = 0 .• · Following a similar procedure, e 
a vertical line corresponding to KC/Re values when C = 0 can also be 

generated as shown in Figure 33., These lines were then extrapolated to 

meet on the y-axis and the value of KC/R e obtained was inversely pro

portional to the weight-average-molecular weight of the scattering 

species (11M) .• , 

The estimated molecular weights at L 5 and 6, •. 0 minutes after 

initiating the precipitin reactions are summarized in Table 20., The 

Stokes' radii were calculated from the estimated molecular weights using 

equation 39. Several important conclusions can be obtained from these 

results: 

1.. Th~ size of the scatteri"ng complexes formed at 6.0 minutes were 

approximately twice as large as those formed at 1.5 minutes. Also 

these differences were more pronounced in the conjugate-antibody 

systems as expected,. These results were rather straightf.orward since' 

the absolute scatter intensities measured at 6 .•. 0 minutes were also twice 

as large as the values obtained at 1,.5 minutes,., 

2... At l..·5 minutes, the molecular weights estimated for the HlgG.-

antibody reaction and the HlgG-GO-antibody reaction were identical 

within experimental error,., Therefore one may conclude that the 



Table 20. Molecular weights of the transient scattering species formed during immunoprecipitin 
reactions estimated via Zimm plots. -- Unconjugated HIgG and the conjugates were 
reacted with the same goat antiHIgG (Atlantic Antibodies, lot #: IGG-IGG-047-4). 
Total anti,en concentrations (HIgG and conjugates) varied between 3.8 x 10-7-
18.8 x l~- g/ml in all experiments. 

aReaction 
syste!1! ~ 

HIgG-anti HIgG 

Weight-average-molecular weight 
(daltons) 

1.5 minutes 6.0 minutes 

11.0(*3.3) x 10 8 4.3(*0.5) x 10 

b Stokes' radii (nm) 
1.5 minutes 6.0 minutes 

9 76.8(:1:8.0) 121.0(*12.0) 
- - - - - - - - - - - - - - - - - - - - ~ - - - - - - - - - - ~ - - - - - - - - - - - - - -
125 IHIgG-GO-antiHIgG 8.7(*2.0) x 10 8 10.0(:1:2.0) x 109 

71. ° (:1:15.0) 160.0(:1:32.0) 

HIgG-HIgG-antiHIgG 2.8(*0.4) x 10 8 
1.6(*0.3) x 10 9 48.8(±-7.3) 87.0(:1:15.0) 

a Both conjugates were made by a p-benzoquinone coupling procedure; the fraction-II 
conjugates were used in these experiments. 

b 
Stokes' radii were calculated assuming that the conjugates were spherical according to 
the method of Edsall (1953). See Chapter 2 for details. 

....... 
1.0 
0'\ 
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scattering properties of complexes in solution are similar for HlgG 

and HlgG-GO conjugates, when peak rate values were measured during the 

early stages of the precipitin reaction,., This was also reflected in 

the dissymmetry ratio measurements discussed in the previous sectio~ •. 

The most interesting feature however, is the lower molecular size 

obtained for the homoconjugate-antibody system at L5 minutes, once 

again in accordance with the dissymmetry data., Furthermore, it should 

be recalled that care was taken to ensure that the total antigen concen

tration in each of these experiments was approximately the same, and 

the immunoprecipitin reactions were carried out under identical solution 

conditions in all three cases .• , Under such conditions, the observed 

differences in molecular size parameters can be accounted only by 

inherent differences in the aggregation rates~ Hence the lower moelcular 

size obtained for the homoconjugate directly reflects a slower aggrega

tion rate, which is also responsible for the lower peak rate values 

observed in rate nephelometric measurements... Based on this reasoning 

the HlgG-GO conjugates appear to have aggregation rates similar to the 

unconjugated antigen, which agrees well with the high immunological 

reactivities (>90%) measured also via rate nephelometry-•. 

Considering these facts, it is clear that the rate of aggrega

tion is a direct measure of the amount of reactive HlgG present in any 

sample including the conjugates, provided other conditions are kept 

constant., Therefore the peak rate values measured in rate nephelometry 

are valid representations of the immunological reactivity or the 

reactive antigen content .•. 
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3,., The question arises at this point as to what factors affect the 

rates of aggregation in an imrnunoprecipitin reaction shown below (equa-

tions): 

Step 1: Ab + Ag ~ AbAg (very fast) 

Step 2: nAbAg ---:. (AbAg)n (seconds-minutes) 
~ 

Step 3: (AbAg) ~ precipitate (Several minutes-hours) 
n 

As demonstrated earlier, peak rates measured in light 

scattering experiments represent the build-up of soluble (AbAb) 
n 

complexes in Step 2,., If the primary binding reaction in Step 1 was 

inhibited for some reason, then the subsequent reactions should be 

proportionally affected, resulting in reduced peak rate values measured 

in these experiments,., Considerable evidence exists to support the theory 

that the primary binding triggers a conformational change in the anti-

body molecule which is essential for the subsequent aggregation reactions 

(Marrack, 1938; Henney and Stanworth, 1966; Marrack and Richards, 1971),., 

Therefore any modifications of the antigenic determinants during 

conjugation procedures would definitely affect the aggregation via the 
I 

primary binding reactio11t., Since the homoconjugates were made by direct 

derivatization of HIgG by p~benzoquinone, the reduced aggregation rates 

were not surprising, and in fact, one should expect a rate technique to 

be extremely sensitive to chemical modification., Consequently, 

equilibrium binding techniques would be insenstiive to such treatments, 

as demonstrated in the measurement of binding constants via solid-phase 

assays (Chapter 7 )~.. Thus, a rate method is a far superior technique 

to measure the immunological reactivities of these conjugates, which are 

prone to chemical modification at their antigenic sites·., However, to 
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date, all measurement of "immunoreactivities" has been accomplished via 

indirect equilibrium binding methods based on solid phase assays 

(Kabakoff, 1980)·. The development of a method, such as rate nephelometry, 

was therefore long overdue. 

Finally, it is clear from the experimental evidence accumulated 

so far, that the immunological reactivities of conjugates can be 

conveniently determined from calibration curves generated with the 

unconjugated antigen. However, the molecular weights of conjugates 

5 6 employed in these experiments ranged between 4.0 x 10 -2.0 x 10 daltons 

(Chapter 5), indicating that the validity of these measurements must be 

restricted to that range. This is not a serious handicap since the 

molecular weights of most conjugates do not exceed that range. 

Theoretical Calculations Showing the Effects of M 
and P (9) on Scatter Intensities 

The intensity of light scattered, at an angle 9 , by a large 

particle meeting the Rayleigh-Debye criteria is given by the equation(25) 

where Ie 

It e 

= the intensity of light scattered under Rayleigh-Debye 

conditions 

~ = the intensity of light scattered by the same particle 

behaving as a Rayleigh scatterer, and 

P(6) = size and shape factor. 

In rate nephelometry, the signal measured represents the maximum rate at 

which Ie changes with time at various antigen concentrations. 
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Differentiating the above equation with respect to time, one obtains 

dI elI 
e e I dP(e) 
~ = pee) dt + e dt (40) 

Therefore the measured rate signal is a function of both Ie and p(e). 

For a Rayleigh scatterer, however, the scattered intensity is given by 

the relationship (equation 14), 

where i = 
I = 0 

r = 

A = 
N = 

n = 0 

dn/dc = 

M = 

the 

2ln2(dn/dc)2 M2 
o 

absolute scatter intensity 

intensity of the incident light 

average distance (em) from the scattering 

which i was measured 

wave length (in em) of the incident light 

Avogadro's number 

refractive index of the solvent 

change in refractive index in the solvent 

formation of scattering particles, and 

particle at 

due to the 

molecular weight of the scattering species. 

This expression shows that I depends on the molecular weight, M, of the e 
scattering particle in solution., The n for the buffer (BBS/PEG 6000) 

o 

in which scatter measurements were made, was found to be 1.3396 

(Chapter 2), whereas dn/dc was assumed to be 0.2079 ml/g. The latter 

value was measured by Cusanovich and Flamig (1980) for the bovine 
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cardiac subfragment -I which has a molecular weight of 115,000 daltons,. 

For human 19G and its complexes this value may be different, but should 

not vary much in dilute solutions,. Even if it was significantly dif

ferent, the magnitude of the square term (dn/dc)2 will not have much 

effect in the above equation where N and ~ are very large., The value 

for r was assumed to be 0 .. 4 em which is the radius of the cuvette used 

in Beckman ICS rate nephelometer,.. Since the photodiode was placed almost 

flush with the cuvette wall, it is reasonable to make such an assumption. 

o The wavelength, ~, was approximately 500 nm and a = 70 • 

Rewriting the above expression, 

I =K·'M2 e·'· 
21T 2n 0 (dn/dc)2 

.' . . .. 
o 

where K = ----~~~-----
A 4r

2N2 
2 (1 + Cos e). 

-30 The value of K was computed to be 4,.70 x 10 so that 

I e 
-30 2 = 4.70 x 10 x M ... .. '.' .. 

(41) 

(42) 

From this expression one can calculate Rayleigh intensities for particles 

with increasing molecular weights as shown in T~ble 21. Now, if peS) 

values were computed from these molecular weights, the Rayleigh-Debye 

intensities (Ie) can also be obtained from equation 25, representing 

the scattering by (AbAg) complexes formed during the immunoprecipitin 
n 

reaction. 

The size and shape factor pee) can be calculated from the 

following expression (Van Holde, 1971) (equation 28) 
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pea) = 1 -

if the radius of gyration, RG, is known·. Assuming that the scattering 

complexes are spherical, 

( 43 ) 

where R is the Stokes' radius which can be calculated from the molecular 

weights as described in Chapter 5 (Edsall, 1953). 

Through these exhaustive manipulations Ie, pea) and Ie were 

calculated for a series of hypothetical molecular aggregates of HIgG .• 

The results are summarized in Table 21, along with the estimated Stokes' 

radii. This is an excellent illustration of the effects of M and pea) 

on the intensity of scattered light in the Rayleigh, Rayleigh-Debye and 

Mie scattering regions·. 

Let us examine the data in detail: 

I.. Up to a particle size which contain SO HIgG units, the p(e) 

values remain greater than 0 .• .99 .• , This corresponds to a Rayleigh 

6 scatterer with a molecular weight of 8.,0 x 10 daltons,. Thus, all the 

conjugates discussed in the previous section are Rayleigh scatterers 

wi thout any doubt·.· 

2... Between the molecular weights of 1·.6 x 107-1 .•. 6 x 108 da1tons 

P(~ values begin to decrease slowly having appreciable effects on the 

Ie values. This is a cross-over region from Rayleigh to Rayleigh

Debye scattering conditions·. 

2.. As the aggregate size increases further, we enter the 

Rayleigh-Debye region in ~vhich the scattering particle is made up Of 



Table 21. Scattering intensities of a single HIgG aggregate as a function of molecular weight. 

a 

Number of HIgG 
units in 
aggregate 

1 
5 

50 

100 
500 

1000 

2000 
2500 
3000 
5000 
6875 

25625 

250,000 

Molecular weight 
(da1tons) 

5 
1.6 x 105 
8.0 x 106 8.0 x 10 
- - - - -7 1.6 x 10

7 8.0 x 10
8 1.6 x 10 

- - - - 8 
3.2 x 10

8 4.0 x 108 4.8 x 108 8.0 x 10
9 1.1 x 109 4.1 x 10 

1.0 x 1010 

a Rayleigh ratio 
(Ie) 

1.2 x 10-19 

3.0 x 10-18 

3.0 x 10-16 

1.2 x 10-15-
3.0 x 10-14 

1.2 x 10-13 

4.8 x-1~-13-
7.5 x 10-13 

1.1 x 10-12 

3.0 x 10-12 

5.7 x 10-12 

7.9 x 10-11 

4.7 x 10-10 

b Stokes' radii 
R (nrn) 

4.0 
6.9 

14.9 

18.7 
32.1 
40.4 

50.9 
54.8 
58.3 
69.1 
76.8 

119.0 

160.0 

c Size & shape 
Factor, pee) 

0.999 
0.998 
0.991 

0.985 
0.957 
0.932 

0.892 
0.875 
0.858 
0.802 
0.755 
0.412 

(-0.065) 

d Ray1eigh-Debye 
ratio (Ie) 

1.2 x 10-19 

3.0 x 10-18 

3.0 x 10-16 

1.2 x -1~-15-
2.9 x 10-14 

1.1 x 10-13 

- -4~3-x-1~-13-
6.6 x 10-13 

9.3 x 10-13 

2.4 x 10-12 

4.3 x 10-12 

4.7 x 10-11 

o 

i _ 
I = I -e 0 

2 2 -)2 2 
2n

2
No (dn/dc) (M (1 + Cos "a) = 

4 2N2 
4. 70x10-3°(ii)2 (a = 70°, A = 500 nrn) 

A r 

b Stokes' radii were determined according to equation 39 .. (Chapter 5)'0 
c 

d 

16n
2RG2 

pee) = 1 - ---=--
3A

2 
2 (Sin (e/2» (Van Holde, 1971, page 194). 

Ie = pee) Ie (Rayleigh-DeLye scatterer). 
N 
o 
w 
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more than 1000 HIgG units·. The p(e) values are beginning to decrease 

much more rapidly and the molecular weights are now between 3,.2 x 108 

9 and 4·.1 x 10 daltons. These values are in excellent agreement with the 

mollecular weights estimated by Zimm plots for the transient scattering 

species in solution·. 

4.. Although p(e) values continuously decrease from the beginning, 

the Ie values increase several orders of magnitude from 1·.2 x 10-19 to 

-11 
4·.7 x 10 scatter unit, the change in molecular weight during this 

period was 1·.6 x 105 to 4 .• -7 x lOll daltons.- This strongly suggests that 

the scatter intensities depend more on the molecular weights rather than 

on the size and shape factor·. Therefore it is reasonable to assume 

that, d p(e)/dt = 0 in equation 40, so that the differential equation 

for the rate signal can now be written as 

dI' dI e e 
Cit= Cit 

(44) 

This is in direct contradiction with our previous notion that the 

increase in the rate signal was mainly due to changes in p(e) values in 

the R~yleigh-Debye region.. It was argued that the change in refractive 

index was small during the formation of soluble (AbAg) complexes 
n 

(Step 2 Equation 5) so that (dn/dc)2 ~ 0 in equation 14. If this was 

true then dIe/dt = 0 in equation 40 predicting that dIe/dt changes are 

solely due to variation in p(e) values.· However, the data available 

at present do indeed support the dependence of this signal on molecular 

weight (via Ie)' as predicted by equation 44 above. 



5.. Finally, when the molecular weight is 1.0 x 1010 daltons the 

p(e) value becomes negative predicting a severe attenuation of the 

scattered light at this angle (9 = 700
).. At this point, the Stokes' 

diameter is approximately 320 nm and the particle is probably in the 

Mie scattering region. 
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These calculations clearly demonstrate the RAyleigh-Debye nature 

of the ,transient scattering species formed during the immunoprecipitin 

reaction. Furthermore it confirms the reliability of the weight-

average-molecular weights estimated via Zimm plots in the previous 

section. However, these calculations also indicate that the increase 

in scatter intensities are more dependent on the molecular weights than 

on P(O)... Still, it appears that the peak rate signals obtained for the 

conjugate under present conditions are a reliable measure of the immuno-

logical reactivities, as will be seen from the data discussed below. 

Comparison of Theoretical and Experimental 
Values of Rayleigh Ratios 

As described earlier, Rayleigh ratios (Ba) were measured for 

the transient scattering species formed during immunoprecipitin reactions, 

to construct Zimm plots,. Weight-average-molecular weights were then 

determined by extrapolation to zero angle and zero concentration. These 

molecular weights can now be used to calculate theoretical values of 

RQ for comparison with the experimental results r• 

For a Rayleigh-Debye scatterer, according to equation 29, 

R' = R .' p( e) 
G e ' 



where R' = Rayleigh ratio of the large particle 
9 

Re = Rayleigh ratio of the same particle when it behaves as 

Rayleigh scatterer, and 

pee) = size and shape factor,., 

This expression is similar to equation 25 and was derived from it as 

described in Chapter 1,. It can also be shown that for a Rayleigh 

scatterer (equation 15 and 17), 

i 
R = - '0' e I 

o 

2 
r 

2 
1 + cos e 

= KeM, 

where i, 1
0

, r, e , K, C and M have their usual meaning., Substituting 

for Rein equation 29 one obtains 
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RO = KCM .• p(e) , (45) 

where the molecular weight M is now replaced by the weight-average-

molecular weight (M) of the Rayleigh-Debye particle,., Since K, C, M and 

pee) are known, theoretical values of Re can be calculated at various 

antigen concentrations and at various times on the immunoprecipitin 

curve (by substituting the appropriate M values at each time interval) 

o 2 when e = 90 , cos e = 0, which' gives 

R = l.. · r2 = KCM e I 
o 

( 46) 

for a Rayleigh scatterer .• , Thus, when we calculate ~90 values no 

correction will be required for angular dependence and can be compared 

directly ,.ith the R~O values determined experimentally., o P(90 ) values 

were obtained from equation 28, using Re values calculated as described 

in the previous section. 
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Tables 22 and 23 summarize these comparisons for the immuno

precipitin reactions of the unconjugated and the conjugated antigens 

respectively,., The RgO values were calculated at L.5 and 6.0 minutes 

after initiation of the reaction, since M values were readily available 

for these periods from the Zimm plots,.· 

For the HlgG-antibody system (Table 22), the R90 values obtained 

at 1·.5 minutes do not agree quite well,., Horeover, at 6,.,0 minutes the 

calculated Re was an order of magnitude smaller than the experimental 

values, indicating that as the particles get bigger the agreement 

between experimentaland theoretical values become poorer. Therefore, 

the estimated molecular weight at 6.0 minutes appears to be an under-

estimate whereas at 1.5 minutes it is reasonably accurate·. Such behavior 

o suggests that the P(90 ) values may be smaller at 1.5 minutes and 

unusually larger at 6.0 minutes under experimental conditions·. In 

other words, the P(900
) values obtained via equation 28 for the theoretical 

calculations are considerably different reSUlting in observed dis-

crepancies·. It is also possible that the concentration of the scattering 

species (C) in solution at 6.0 minutes is no longer proportional to the 

initial antigen concentration, as assumed in the construction of Zimm 

plots·. The scattering behavior at this stage is too complex to introduce 

any reasonable correction for the theoretical calculations. 

In the conjugate-antibody reaction an opposite trend is seen, 

where the calculated RgO at 1·.5 minutes is an order of magnitude higher 

than the experimental values., Here the M determined at 1,.5 minutes 

appears to be an overestimate.· At 6 .• ·0 minutes the M values were so high 



Table 22. Comparison of theoretical and experimental Rayleigh ratios measured for the transient 
scattering species formed during the immunoprecipitin reaction of HlgG with goat 
anti-HlgG (Atlantic Antibodies, Lot # IGG-IGG-047-4). -- Theoretical values were 
calculated using equation 45 in the text; experimental values were obtained from Zimm 
plot data; e = 90°. 

7 (Antigen Concentration) x 10 
(g/ml) 

3.8 
7.6 

11.3 
15.0 
18.8 

a at 1.5 minutes 

(R~) x 10
4 

Theoretical Experimental 

1.0 0.54 
2.0 1.2 
2.9 1.8 
3.9 2,1 
4.9 2.8 

b at 6.0 minutes 

(R~) x 10
4 

Theoretical Experimental 

0.13 1.4 
0.26 2.3 
0.39 2.8 
0.52 3.8 
0.65 3.9 

a . 8 
Weight-average-molecular weight used to calculate the theoretical value was 11.8x19 ·daltons, 
as determined via Zimm plots; radius of gyration, RG = 59.5 nm; P(900) = 0.589. 

b Weight-average-molecular weight for the same calculation was 4.1 x 109 , determined via Zimm 
plots; RG = 92.1 nm P(900) = 0.021. 

N 
o 
co 



Table 23. Comparison of theoretical and experimental Rayleigh ratios measured for the transient 
scattering species formed during the immunoprecipitin reaction of a HlgG-GO conjugate 
(fraction II) with goat anti-humen IgG (Atlantic Antibodies, lot # IGG-IGG~047-4). -~ 
The conjugate was made by a p-benzoquinone coupling procedure. Theoretical values were 
calculated using equation 45 in the text; experimental values were obtained from Zimm 
plot data; e = 90 0

• 

7 (Antigen Concentration) x 10 

a at 1.5 minutes 
5 

(Re) x 10 

b at 6.0 minutes 
~- 5 

(Re) x 10 
(g/ml) Theoretical Experimental Theoretical Experimental 

3.8 
7.6 

11.3 
15.0 
18.8 

8.7 
17.4 
25.9 
34.4 
42.9 

0.9 
3.0 
5.0 
7.3 
9.3 

4.0 
7.8 

10.5 
13.1 
15.2 

a 8 Weight-average-molecular weight used to calculate the theoretical value was 8.7xlO 
daltons, as determined via Zimm plots; radius of gyration, RG = 55.0 nm, P (90°) = 0.649. 

b 9 Height-average-molecular weight for the same calculation was 4.3xlO , as determined via 
Zimm plots; RG = 123.9 nm; P(900

) = o. 

N 
o 
\0 



such that P(90~)= 0, and we were unable to calculate RgO according to 

equation 45,.· 

Although the reasons for these differences are not clear, one 
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observes that the Rayleigh ratios obtained for the conjugate system was 

~ than that of the unconjugated antigen, both experimentally and 

theoretically,.. Hence the concentration of the transient scattering 

species was probably lower in the conjugate system, which lends credence 

to our original conclusions that the aggregation rates are slower for 

the conjugated antigeIlt. Whatever the reasons may be,the overall 

agreement between the theoretical and experimental RgO values at 

-~.3minutes clearly substantiates the validity of the data obtained 

~_in-the---meaurement of angular and concentration dependence of the 

scattered light, at the early stages of aggregation. 

Effects of Aggregation on the Number of 
Scattering Particles in Solutions 

So far we have discussed the formation of transient scattering 

species in solution due to the aggregation of antibody-antigen complexes 

formed in the primary binding reaction·.· As the aggregation continues the 

number of scattering units in sotution decreases, which mayor may not 

affect the intensities of the scattered light during the immunoprecipitin 

reaction·.-

A simple calculation was made assuming a total antigen concentra

tion of 3.·8 x 107 g/ml, a concentration that was used in Zinun plot 

measurements,. Table 24 summarizes the results-., As the molecular weight 

5 8 of the scattering particles increase from 3, •. 2 x 10 -3 •. 2 x 10 g/mole due 

to aggregation, the number of scattering units at the same total antigen 



Table 24. Effects of aggregation on the number of scattering particles in solution and the total 
scatter intensity. -- Molecular weight of aggregating human 19G monomer was assumed to 
be 1.6 x 105 da1tons. -- Destructive interference of the scattered light was assumed 
to be negligible. 

Number of H1gG 
units in aggregate 

2 

2000 

a 

Molecular 
weight (da1tons) 

5 3.2 x 10 

8 3.2 x 10 

Total antigen 
cone. (g/m1) 

-7 3.8 x 10 

-7 3.8 x 10 

aNumber of 
scattering units/ml 

7.1 x 1011 

8 7.1 x 10 

23 
Number of scattering units/ml 

_ (cone. in g/ml) x (6.023 x 10 units/mole) 
- (Molecular weight g/mole) 

b Total scatter 
intensity 

(I70o / m1 ) 

-7 3.4 x 10 

-4 3.4 x 10 

b Total scatter represents Rayleigh-Debye intensity calculated at a 70° angle as follows: 

1700 [1700· P(700) x [number of scattering units/ml] 

N 
~ 
~ 



concentration decreases by the same order of magnitude (7, •. 1 x lOll to 

8 
7, •. 1 x 10 )... At the same time, the total intensity of the scattered 

( ) . 10-.7-4 light 1700 l.ncreases from 3,.,4 x to 3 .•. 4 x 10 scatter unitsr• 
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Therefore the decrease, in number of the scattering units has no effect 

on the total scatter intensity, even after the effects of the size and 

shape factor (P(700» were taken into consideration,., 

It should be pointed out that the molecular weight of 3,.2 x 108 

dalton corresponds to a Rayleigh-Debye scatterer at the very early 

stages of the build~up (Table 21) .• , The P(700) is still high (0 .• 892) 

with minimal effect on 1700'.' However, when the molecular weight 

increases beyond 4,.,1 x 10
9, the P(700) values decrease rapidly and the 

scatter intensity begins to ,be attenuated by the destructive inter-

ferences of the light (Van Holde, 1971), rather than due to the decrease 

in the number of scattering particles,. For example, when the molecular 

weight is 1,.·0 x 10
10

, the number of scattering units in solution will be 

2,.,3 x 107
/ml , based on the calculations in Table 24., But from Taole 21 

o 
one can see that the p(70 ) is negative and therefore 1700 = 0.. In 

other words, although there are twenty-three million scattering units/ml 

o 
in solution no scatter intensity will be detected at a 70 angle,. Hence 

the size of the scattering particles are more important than the total 

number in solution,.· 



Scatter Intensity Changes and 
Instrument Resolution at Peak Rates 
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The Beckman Rate Nephelometer measures the maximum change in the 

intensity of the scattered light, as shown in Figure 6 in Chapter I, Let 

us consider a hypothetical situation in which two samples A and B 

contain the same total concentration of an antigen." Sample A consists 

of an unconjugated form of the antigen whereas in B it is covalently 

coupled to an enzyme of equal size·., Let us also assume that the antigen 

in Sample B retains 100% immunological reactivity; this means that all 

the antigenic sites are free to react with the antibody, inspite of the 

presence of the enzyme,., Equal volumes of sample A and B were now added 

to an appropriate dilution of the antibody (in excess) and the rate 

signals were monitored in separate experiments,.. Although the peak rates 

should, in theory, be different, the observed signals would depend on 

a) the magnitude of the difference, in scatter intensities measured, 

and b) the maximum signal resolution achievable by the instrument. 

If the resolution of the instrument is low enough to tolerate 

the differences in the magnitude of the peak rates, then the observed 

rate signals would be identical-. Similarly, if the peak rate differences 

are small enough in the Rayleigh-Debye region, one would again observe 

identical signals for samples A and B.,· Ideally, both conditions should 

exist so that rate nephelometry can be conveniently employed to measure 

immunological reacti vi ties of conjugates:. 

The Beckman instrument uses an eight bit microprocessor for data 

processing and can detect a minimum change of 1 in the least significant 

bit.> Also at peak rates the processor was programmed to collect data 
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points at 1 KHz (Anderson, 1982). This translates into a maximum resolu

tion of 0 .•. 39% change in the total scatter intensity per millisecond. 

With this information and the weight~average-molecular weights deter

mined via Zimm plots, we had enough data to calculate the minimum 

scatter resolution of the instrument .• , In addition, we were able to 

compute the differences in peak rate intensities between a sample A type 

(HIgG-AntiIgG) and a sample B type (HIgG-GO~AntiIgG) systems,.. The 

detailed calculations are presented in the Appendix. 

From these calculations the maximum resolution of the instrument 

was found to be 3.5 x 10-6 scatter units/ml/millisecond.. Therefore, if 

the scatter intensity changes are less than this value the instrument 

will not record any change.. The molecular weight corresponding to the 

maximum resolution was found to be 6 .• 0 x 107 daltons, in which 215 units 

of HIgG-AntiHIgG units will be present after correcting for attenuation 

by p(a)., In other words, only when 215 units of HIgG-HIgG complex 

aggregate on a scattering particle will the instrument record a change 

in the scatter intensity... Since the conjugates were assumed to have 

retained 100% immunological reactivity, the same number of HIgG-GO-

AntiIgG units would aggregate on a large scattering particle in the 

same time period., For this aggregation of 215 units of the conjugates, 

the change in scatter would be 4.5 x 10-6 scatter units/ml/mi11isecond o g/ 

mole. As the microprocessor responds only to scatter intensity changes in 

multiples of 3.5 x 106 scatter units/ml/millisecond.g/mole, it will ~ 

distinguish between the aggregation of the unconjugated and conjugated 

antigen, •. 
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The calculation cited above was based on a conjugate containing 

one molecule of HlgG coupled to one molecule of glucose oxidase, each 

with a molecular weight of 1·.:6 x lOS daltons,., The primary complex of 

this conjugate with another antibody molecule (which is also IgG) 

would have a molecular weight 4,.,8 x lOS daltons;O' However, some 

conjugates made with p-benzoquinone had molecular weights of 8·.3 x lOS 

daltons so that the primary complex t..rould be as large as 9· •. 9 x lOS 

daltons... When the aggregation of these large primary complexes were 

considered the change in scatter intensity was found to be 9 •• 5 x 10-6 

scatter units/ml/millisecond .• g/mole .• This value was about 2·.7 times the 

resolution of the instrument indicating that the microprocessor would 

indeed see a difference between these conjugates and the unconjugated 

HlgG .• , But, in all these calculations it was assumed that the 

conjugates retained 100% immunological reactivity which implies that 

a) the primary binding was not affected by the label, and b) the 

subsequent aggregation in step 2 of the immunoprecipitin reaction was, 

therefore, not altered .• : Experimental evidence in the previous sections 

clearly demonstrate that the aggregation rates of all conjugates were 

reduced to various degrees by the conjugation procedure., Hence it is 

reasonable to assume that the instrument resolution was low enough to 

tolerate the differences in peak rates observed between the conjugates 

used in this particular study, and the unconjugated antigens:. This 

establishes rate nephelometry as a reliable technique for the 

measurement of immunological reactivities of antigen-enzyme and other 

conjugates. Considerable evidence exists in the literature to support 

this conclusion, and Ivere cited in Chapter 6 '.' 



CHAPTER 10 

FUTURE DIRECTIONS: PROBLEMS AND PROSPECTS 

The work described in the preceding chapters was aimed at 

establishing a systematic approach for the. characterization of enzyme

antigen or enzyme antibody conjugates. Much of the work centered 

around controlling the coupling chemistries, purifying the conjugates 

and developing analytical techniques to measure enzymatic activities 

and immunological reactivities .•. 

The rationale for such an approach was the conviction that a 

well-defined conjugate with known properties is a prerequisite for 

sensitive enzyme immunoassays,.. Although this aspect was recognized by 

several workers in the past (Van Weeman and Schuurs, 1971; Kennedy 

et aL, 1976; Ford et a1., 1978; Maggio, 1980), very little attempt was 

made to study the problem in detail (Arends, 1981)·. This preoccupation 

with the characteristics of the conjugates should not be taken to imply 

a lack of attention to the detection aspects, which are equally important 

to achieve maximal sensitivity·.. In fact, the interest in exploiting the 

exquisite sensitivities of electrochemical detection (at picomolar 

levels) was the major reason for using glucose oxidase as an enzyme label. 

In glucose oxidase reactions, one of the products of the enzymatic reac

tion is H202, which can be detected electrochemically to monitor the 

enzyme activity (Sittampalam and Wilson, 1982). Indeed several attempts 

have been made to employ electrochemical detection in solid-phase enzyme 
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immunoassays, but the sensitivities were low (Mattiasson and Nilsson, 

1977; Aizawa et al,.·, 1979; Ha.ga et al·., 1980),. It is believed that this 

poor sensitivity (in the ug/ml range) was mainly due to non-specific 

adsorption at the antibody-bound matrix used in these assays (Haga et 

al .• , 1980) .• - However, the properties of the enzyme-labelled antigen were 

totally ignored mainly because few immunoanalytical techniques were 

available to fully characterize them (Kabakoff, 1980). Hence, the 

present work was long overdue. 

During the course of this work many more questions were raised 

than were answered, regarding the fundrunental and analytical applica

tions of antigen-enzyme conjugates in general. They would have 

tremendous impact on the future of enzyme immunoassays itself and, 

therefore, should be discussed in detail~ 

Optimization of Coupling Procedures 

An ideal coupling procedure is one in which maximum activity of 

the coupled macromolecules could be retained in spite of the chemical 

modification. In the present studies, both the enzyme and the antigen 

(HIgG) were proteins, and invariably the enzyme was chemically modified 

for the covalent coupling. Of the protein-protein coupling reagents 

studied, p-benzoquinone(p-BQ) was found to give the best conjugates with 

maximal retention of enzyme activity and immunological reactivity 

(Chapters 3 and 6). 

It is well known that all protein coupling reagents react very 

differently with different proteins (Means and Feeney, 1971; Kennedy 

et aL-, 1976), under the same reaction conditions.· In the present study 
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the reaction of p-BQ with glucose oxidase (GO) and HIgG were indeed 

different, confirming this well-known behavior. In addition, all our 

attempts to couple GO to human Fab molecule (a portion of HIgG) using 

the same p-BQ procedure failed miserably. A survey of the literature 

reviews on enzyme immunoassays (Avrameas, 1978; Kabakoff, 1980) showed 

that p-BQ was not a popular coupling reagent, although, in theory, its 

reactions with proteins can be controlled more easily than in glutar

aldehyde. Therefore only limited information is available on the 

reactions of p-BQ with many protein and non-protein antigens.. This 

reagent should be investigated in detail if its full potential as a 

coupling agent is to be realized in enzyme immunoassays. 

Another reason to pursue the reactions of p-BQ in detail is the 

fact that it reacts not only with free amino groups in proteins, but 

also with other functional groups such as 1,2-diols and thiols. In fact, 

Brandt et ale (1975) have attached ribonuclease, chymotrypsin and serum 

albumin to water insoluble agarose and dextran matrices. Also Manecke 

and Vogt (1980) have suggested p-BQ for coupling proteins to insoluble 

polymeric polyvinyl supports. Hence, p-BQ is a potential reagent for the 

preparation of antigen or antibody coupled matrices for immunoaffinity 

chromatography. It should be recalled at this point that p-BQ was' used 

successfully to prepare HlgG-HlgG conjugates which retained considerable 

immunological reactivity (67.6%), even though the HIgG molecule was 

extensively derivatized during the process. This shows that it is a 

mild reagent compared to the more popular glutaraldehyde and NaI04, which 



makes it even more attractive as a coupling reagent in immunoana1ytical 

work·. 
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When the periodate procedure of Nakane and Kawoi (1974) was 

studied, we observed that the treatment of GO with 1-f1uoro, 

2,4-dinitrobenzene (FDNB) resulted in the loss of the FAD moiety from the 

active site of the enzyme,., This caused considerable loss of enzyme 

activity both in pure enzyme and conjugate samples·, The purpose of the 

FDNB treatment was to protect free-NH2 groups on the enzyme so that 

self~coup1ing of the enzyme molecules can be prevented in the sub

sequent activation by NaI04,. However, there are no reasons why reagents 

such as dansy1 chloride (1-dimethy1aminonaphtha1ene~5-sulfonyl chloride) 

or even pheny1isothiocyanates cannot be used to block the free amino 

groups on the enzyme., These reagents are commonly used in the identi

fication of N-terminal groups of proteins and peptides under controlled 

reaction conditions, without any adverse effects on the activities of 

the proteins (Lehninger, 1975)~ Dansyl chloride is highly fluorescent 

and can also be used as an independent probe on enzyme molecules to 

determine the stoichiometry of enzyme-antigen conjugates .. , This will be 

particularly useful for enzymes other than GO since the latter contains 

FAD moieties which are fluorescent as well" If these reagents prove 

harmless to GO then the periodate method could also be utilized in our 

project· •. 

A large number of coupling reagents have been used and the 

literature is full of contradicting reports on the coupling efficiencies 

of these reagents (Avrameas et al., 1978; Kennedy, 1976; Kabakoff, 1980),.· 
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The real problem is" therefore, to choose the proper reagent for one; s 

applications. This would depend mainly on' the individual' proteins to be 

coupled.. This is because almost all protein-reagent interactions are 

non-specific and cannot be controlled adequately to effect mild chemical 

modifications preserving protein acitivty~ The need for new reagents 

with high specificity for particular amino acids on the proteins are 

urgent and is a high priority in many industrial applications at present 

(Sternberg, 1982) .• , 

Another aspect that needs to be explored in detail is a strategy 

for carrying out the coupling reaction$. Pillai and Bachhawat (1977) 

coupled invertase to urease by solid-phase synthesis on a lectin matrix. 

Lectins such as concanavalin A bind to glycoproteins via the carbo

hydrate portion of the protein and can be dissociated using a suitable 

reagent.. Therefore this method requires that at least one of the 

proteins should be a glycoprotein., Invertase, which is a glycoprotein, 

was bound to succinyl concanavalin A-sepharose matrix and the derivatized 

with 1% glutaraldehyde,.- After washing out excess reagent, urease was 

passed through the column which couples to the derivatized invertase .• , 

On elution with~-methylglucoside the covalently coupled enzymes were 

eluted from the column and the authors estimated a 1:1 stoichiometry for 

the conjugates by measuring the enzyme activities·., Kennedy et al·., 

(1976) have utilized an elegant scheme in which albumin was first bound 

to an immunosorbent containing anti-albumin antibody., This complex was 

treated with FDNB to protect all reactive sites on the solid-phase anti

body that is not involved in albumin binding.- After dissociating the 

immune complex, a new albumin sample was applied to the column and 
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allowed to bind to the protected antibody.· This albwnin was then coupled 

to activated peroxidase which was subsequently passed through the 

columlh, However, the authors reported low yields and loss of binding 

capacity of the inununosorbent after the first blocking step,., 

Although these schemes are conceptually attractive, they are 

rather tedious and the final elution by chaotropic agents can affect the 

activity of the coupled proteins,., This is particularly true for glucose 

oxidase which loses the FAD from the active site at pH 1-0.4 (Morris et al., 

1981), the pH at which most inunune complexes are dissociated.. However, 

the Pillai and Bachhawat approach is still attractive since it employs 

~-methyl glucoside for elution,which is relatively harmless for all 

proteins·.. A potential problem is the intermolecular cross-linking that 

may occur between proteins bound to the concanavalin A, when derivatized 

by a bifunctional coupling agent such as glutaraldehyde·. Pillai and 

Bachhawat used excess glutaraldehyde to alleviate this problem which 

may not be satisfactory for some proteins (Kabakoff, 1980),. This 

problem can be taken care of in two different ways: 

a) Use of heterobifunctional reagents in which the two functional 

groups would react with proteins under different conditions; SPD~ is an 

example of such a reagent,., Even p-benzoquinone can be made to react 

under different conditions according to the proposed reaction mechanism 

(Chapter 1 ). 

b) The concanavalin A-sepharose matrix can be "diluted" with 

sepharose to which no lectin has been attached, after binding the 

glycoprotein,., This will "space out" the coupled glycoproteins, 

effectively reducing the probability intermolecular cross-linking when 
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derivatized by the bifunctional reagent... The proper "dilution" factor 

should be determined carefully to avoid intermolecular cross-link~ng 

between the proteins attached to the matrix,., It is suggested that this 

area is a useful one for future work in controlling the coupling 

reactions and should be pursued actively, •. 

Proteins coupled with conventional reagents can be oriented in a 

manner such that their active sites can be sterica11y hindered.· To avoid 

such rigid orientations -one can envision introducing an inert "spacer" 

molecule between the two proteins as illustrated in Figure 34 Although 

this approach has not been attempted in preparing enzyme-antigen or 

enzyme-antibody conjugates, Mosbach and Larsson (1979) have utilized a 

similar concept for the affinity precipitation of enzymes, and also in 

immunoaffinity chromatography (Lee, Larsson and Hosbach, 1977) of 

dehydrogenase and kinase enzymes,. Adenine S'-monophosphate (AMP) and 

adenine Sf-triphosphate (ATP) were coupled to a sepharose matrix 

"spaced" successively by hexamethylene diamine units as shown in 

Figure 38.. tfuen a sample containing a mixture of dehydrogenases and 

kinases were passed through the column, the former binds to the A}W 

whereas the latter to the ATP,. The bound enzymes were then eluted with 

successive pulses of NADH (dehydrogenases) and ATP (kinases) through the 

column .• · The spacer arms eliminated steric hindrance that may have arisen 

due to the two large proteins coming too close to each other·. 

Similarly if enzymes and antigens are coupled via a spacer arm 

the chances of preserving maximum immunological reactivities and enzyme 

activities would be greater.. However, the coupling chemistry has to 

be worked out carefully so that the number of spacer arms bet1V'een the 
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ENZYME 

a.) attached without 
II .. 
spacer arms 

ENZYME 

ANTIGEN BINDING SITE-I 

ANTIGEN BINDING SlTE- "'-__ _____ 

Figure 37. 

SPACER 

b.) attached with .. .. 
. spacer arms 

Two proteins covalently coupled without (a) and with (b) 
spacer arms. -- (Not drawn to scale.) With spacer-
arm ~ctive site of the enzyme becomes more accessible; 
less steric effect at binding site -1 on HlgG. 



Dehydrogenase 

~ 
-NH-{CH 2 )6 - N H 

-1AMPl ) -NH -IATPI, ~NH-(CH2 6 ~ 

Sepharose - 48 Kinase 

Figure 38. Sepharose bound AMP and ATP with hexamethylenediamine spacer arms. -
Dehydrogenases bind to At-lP and kinases bind to ATP; can be eluted with 
successive pulses of NADH and ATP. (Lee, C. Y., Larsson, P. D., Mosbach, R., 
J. Solid Phase Biochem., ~(l), 31, 1977). 

N 
N 
.t:-
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proteins are limited·., If not, very large conjugates might form that 

may precipitate from solution and will be useless in enzyme immuno

assays-. It might also be possible to combine this approach with a. solid

phase synthesis described above, to prevent large scale polymerization 

and precipitation-.. In any case, it is worthwhile to experiment 

extensively along these lines, since conjugates with well defined 

properties are rare and difficult to prepare,.· 

Finally, the most ignored aspect is the effect of scaling-up 

for large scale manufacture of the conjugates on the activities of the 

coupled proteinsr.: Preliminary experiments show that with glutaraldehyde 

conjugates the activities were considerably reduced whereas the 

p-benzoquinone conjugates did not show any difference when larger 

quantities were coupled·.. Once again this behavior appears to depend on 

the coupling reagent, clearly demonstrating the need to employ a 

suitable coupling reagent with adequate control of the coupling reaction-.: 

Purification of Conjugates 

Size exclusion chromatography is the technique of choice for 

almost all conjugates made for enzyme immunoassays (Kennedy et al,.., 1976) .• 

Considerable evidence exists in the literature which shows that the 

nature of the conjugates in solution as well as the properties of the 

column material would considerably influence purification (Boorsma and 

Streefkerk, 1976; Belew, Porath and Fohlman, 1978; Johnson et al., 1980) .• : 

In addition, it was shown that column efficiency is not the limiting 

factor in these purifications, since the conjugates themselves are 

highly heterogeneous mixtures, containing sub-populations with a wide 
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distribution of molecular weights (Chapter 5). Obviously, the 

latter problem arises due to lack of control of the coupling reactions, 

and the purifications can therefore be greatly simplified if conjugates 

were made with highly specific coupling reagents/., 

In the early seventies l-lhen enzyme inununoassays of proteins were 

becoming popular in clinical analysis (Engvall and Perlmann, 1971) 

sephadex type gels (G200F) were the best ones available, and did not 

have adequate resolution to separate large protein conjugates-.· Hith 

the recent discovery of silica-based stationary phases for protein 

HPLC (Borman, 1982) limitations due to column efficiencies are fast 

disappearing in the field of protein purification by size exclusion-•. 

Thus, even to take advantage of these rapid and efficient techniques 

one should put more effort on controlling the coupling reaction than 

ever before .• , 

The biospecific purification of several conjugates by affinity 

chromatography has also been reported (Barbour, 1976; Imamura et aL, 

1976),.- In these studies an immunosorbent specific for the antigen or 

enzyme on the conjugate was employed,.. The conjugate sample was passed 

through this column and the bound conjugate was eluted subsequently with 

chaotropic agents such as 2M ammonium thiocyanate,.. The key problems Here 

often the immunosorbent capacity, low yields and the binding of the 

unconjugated antigen or enzyme to the immunosorbent along with the 

conjugate·., The routine affinity purifications are therefore not as 

convenient,.· 
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The most interesting technique, however, is the ion-exchange 

purification of peroxidase-labelled antibody on DEAE-cellulose-colurnns 

reported by Yamashita et ale (1976),. A great advantage of this tech

nique is that one can avoid large dilutions of the conjugate which are a 

problem in size exclusion chromatography-. The basis of this method is the 

difference in isoelectric points between the conjugates and the unlabelled 

proteins,. Therefore by varying the ionic strength of the buffer one can 

selectively elute the conjugate in highly purified form, as demonstrated 

by Yamashita and co-workers. One disadvantage, however, is that an iso

electric focussing experiment will have to be done with the crude 

conjugate to establish that the isoelectric point of the coupled protein 

is sufficiently different from that of the unconjugated proteins·.· Still 

it is surprising that this technique has been ignored until now, and 

deserves detailed investigation. 

Analytical Applications of Rate Nephelometry 

Rate nephelometry was originally introduced for serum protein 

analysis which mainly included IgG, IgA, IgM, complement C-3, complement 

C-4 and albumin (Sternberg, 1977; Anderson and Sternberg, 1978)·. Recently 

the technique was modified to assay drugs (which are haptens) by 

measuring the inhibition of the light scattered during the immunopre

cipitin reaction between a specific antibody and drug-macromolecular 

conjugate~ The extent of inhibition is directly proportional to the 

concentration of the unconjugated drug added since antibody-drug 

complexes do not aggregate to form large light scattering particles 

(Camb'iaso et al,., 1973; Finley et ale, 1981),. It was shown that the 



inhibition assay was more sensitive for haptens (10 fg/L) than the 

conventional protein assay is for the proteins (approximately 1 mg 

protein/liter)(Cambiaso et al-., 1974). This large inhibition effect 

generated by a small amount of hapten was mainly due to its preferen

tial primary binding with the most avid of the antibody molecules. 
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Since the hapten-antibody complexes do not aggregate the scattered light 

signal will be attenuated in direct proportion to the amount of hapten 

added, which is the basis of the calibration curve generated for the 

inhibition assay. 

More recently, this inhibition assay has been extended to the 

measurement of proteins such as transferrin, IgE and IgG (Ritchie and 

Stevens, 1978; Anderson and Sternberg, 1978) at very low concentrations 

(100 pg protein/L~ demonstrating the inherent sensitivity of the method-•. 

This application was much more novel since both the protein antigen and 

the polymeric developer antigen would aggregate producing large light 

scattering complexes,., However, judicious selection of conditions can 

still generate inhibition curves which are more sensitive than the 

conventional measurements·. Let us consider what happens in a typical 

measurement of the inhibition signal: to the buffer reaction medium are 

added, in sequence, the sample antigen to be measured, the antibody and 

then the developer antigen·. (The latter species were made by polymerizing 

the sample antigen and would give a very large scatter signal by itself 

when added to the antibody solution.·) If the sample antigen concentra

tion was such that an extreme antibody excess existed in solution, very 

little scatter signal would be measured when the antibody lias added in 

the sequence mentioned above.- Nmi if the developer antigen Has added so 
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as to reach equivalence, the signal level would be depressed from that 

measured at zero concentration of the sample antigen. This is because 

the polyva+ent sample antigen has tied up at least 10 or more of the most 

avid antibody molecules which are not available to react with the 

developer antigen.. It was found that this decrease in the peak rate 

measured was far greater than the signal measured by directly adding 

the sample antigen to the antibody (Sternberg, 1982). A typical 

calibration curve for HIgG is shown in Figure 39. 

It occurred to us that this calibration curve would be more 

sensitive if the developer antigen was made by conjugating the sample 

antigen to a different, but larger protei~.) For example, instead of 

using a homopolymer of the same antigen such as (HIgG-HIgG) , a species 
n 

like (HIgG-GO) would produce a larger attenuation if the signal when 
n 

the sample antigen is added·. The rationale for this approach is that 

the homopolymers produced by conventional coupling procedures involve 

direct chemical modification of the antigen; this results in considerable 

loss of immunological reactivity and a consequent loss in the measured 

peak rate values (Chapters 6 and 9)-.. Addition of the sample antigen 

under these conditions would produce a smaller decrease in the observed 

rate., However, if conjugates of the type (HlgG-GO) are used the peak 
n 

., 

rates would be considerably higher since this developer antigen can be 

made by activating GO molecules and, therefore, would retain more immuno-

logical reactivity. This would considerably improve sensitivity because 

the observed decrease in peak rates would be large. 

Preliminary experiments with some of our conjugates indicate 

that such an approach is indeed worth exploring to improve the 
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sensitivity of this technique,., When the peak rate signals were 

measured for various dilutions of the conjugates as shown in Figure 24 

in Chapter 6 , we observed that the signals decreased very rapidly in 

the antigen excess zone,., In fact, the 1:20 dilution in that region had 

a peak rate signal of 900 rate units lolhereas for the undiluted con-, 

jugate the rate was practically zero,., Comparing with the antibody 

excess region which spans from a dilution of 1:40 to 1:100 in which the 

rate signal was between 100-1500 rate units, it is clear that the 

precipitin curve is not symmetrical'.1 t-lith the HIgG-HIgG conjugates the 

rate did ~ decrease as steeply in the antigen excess zone., Thus it is 

apparent that this phenomenon can be used to improve sensitivities 

considerably.· Discussion with personnel at Beckman Instruments 

(Sternberg, 1982) indicate that the present detection limit for proteins 

via inhibition assay (0,.,1 pg/ml) is barely enough to measure IgE anti~ 

bodies at a mean serum concentration level of 0,.:33 pg/ml,. It is possible 

that this problem can be solved by using a developer antigen in which 

IgE is coupled to another large protein.:., However, the problems of 

controlling the coupling reactions, continue to plague developments in 

this area. 

Another exciting possibility is the use of m~xed monoclonal 

antibodies to quantitate individual HlgG subclasses via rate nephelometry,., 

Monoclonal antibodies are highly specific to a single determinant or 

"epitopett on an antigen such as HIgG, compared to polyclonal antibodies 

lolhich react with many different antigenic determinants,.. A cell fusion 

technique developed by Kohler and Milstein (1975) is used to produce 

hybridoma cell lines that secrete monoclonal antibodies.! Once a 
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satisfactory cell line has been established a continuing supply of the 

monoclonal antibody of COllstant affinity and specificity are assumed, 

as long as the hybridoma is preserved... These antibodies are available 

commercially and therefore can be used in assay protocols on a routine 

basis-•. 

Since a particular monoclonal antibody binds selectively to a 

specific epitope on a protein antigen, large light scattering complexes 

cannot be formed as in polyclonal antibodies .• - Therefore, mixed mono~ 

clonals with specificities for tlVO different sites on the same antigen 

would be necessary to carry out an imrnunoprecipitin reaction. Deverill 

et al·., (1981) have investigated such a system to quantitate various 

sub-classes of HIgG on a centrifugal analyzer by monitoring the turbi~ 

dimetric signaL When the total HIgG concentration determined using 

monoclonals were compared to those obtained with polyclonal antibodies 

the coefficient of variation was less than 5%,.~ This demonstrates that 

mixed monoclonals can be easily substituted in all quantitative deter~ 

minations-.. The advantage of this procedure is that the characteristics 

of the antibody used would be constant as long as the hybridoma is 

preserved, improving the between-batch precision of the measurements·.: 

This also eliminates a common problem of considerable variation of 

affinity and specificity observed in the antisera produced in animals:.; 

Equilibrium Binding Characteristics of Conjugates 

For the first time it was shown that the equilibrium binding 

characteristics of antigen-enzyme (HIgG-GO) and antigen-antigen con~ 

jugates (HIgG-HIgG) are comparable to that of the unconjugated antigen 

(HIgG) under identical solution conditions and concentration ranges 
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(1-5 rg total antigen concentrations)"l All the batch experiments were 

done via a solid-phase radioimmunoassay protocol either in a competitive 

or direct binding mode,.. The inununosorbent was a controlled~pore glass 

matrix coated with glycophase on to which anti-HIGG was attached by a 

periodate procedure (Sportsman and Wilson, 1980)('1 

Scatchard and Sip.'is plot transformations of the data showed that 

the estimated affinity constants were comparable for both the conjugates 

and the unconjugated antige~~ However, the heterogeneity indices 

(a) were unexpectedly high for the conjugatesr'l The total concentration 

of binding sites recognized by the HIgG~GO conjugates and the HIgG were 

identical whereas HIgG-HIgG conjugates recognized a higher concentration 

on the innnunosorbent,Ol It was also found that only 10~13% of the total 

antibody coupled to the inununosorbent were activer.: 

These observations raised several questions which need to be 

answered to fully understand the properties of these conjugates: 

I,., Since the affinity constants measured for the conjugates and the 

unconjugated antigen are similar, it implies that under equilibrium 

conditions the enzyme label does not affect the binding of the con~ 

jugates to the antibody,.. Is this behavior peculiar to this model 

system? What would be the result if a different immunosorbent was used? 

Will a different enzyme label on the antigen alter the binding 

characteristics? 

Obviously a different model system such as a F(ab)2-GO or 

F(ab)2-peroxidase could be made and the equilibrium binding parameters 

determined using the same immunosorbent. Reactigel-6X-antibody 
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immunosorbents have been made in our laboratory for affinity purifica~ 

tion of insulin (Sportsman, 1982):., This would be an ideal immunosorbent 

to compare any negative or positive contributions originating from the 

matrix itself:.: Also, Protein-A that binds to the Fc portion of the 

HIgG molecule could be coupled to the matrix and the binding of the 

conjugates and HIgG can be investigated.: Clearly, a large number of 

experiments should be done before generalizing these observations in 

our e.xperiments;o' 

2 .• , High heterogeneity indices indicate that the immunosorbent 

consists of a "homogeneous" population of antigen binding sites on the 

glass,., This raises the question whether the presence of the enzyme 

label effectively reduces the number of conformational determinants 

recognized by the antibody or if this is an artifact of the matrix,.· One 

possible way to investigate this effect is to use several immunosorbents 

made with different monoclonal antibodies to the human IgG molecule,., 

Each monoclonal should be specific to a different epitope on the molecule 

so that the binding parameters determined with ea.ch immunosorbent would 

be a measure of the extent of modification of that particular determinant 

by the enzyme labeL: Although this is a tedtous process it appears that 

valuable information about the conjugate and the conjugation procedure 

itself may be obtained by this method~.> Also, as pOinted out by 

Sportsman (1982) it is preferable that the monoc10nals coupled to these 

immunosorbents should exhibit high binding affinity (K = 108_109) so 

that effects of non-specific adsorption could be made insignificant .• > 
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It is, however,- possible that the high heterogeneity indices 

observed may originate entirely from the matrix-., If this is so one 

would see minimal differences in the binding p'arameters determined with 

various immunosorbents., Once again different matrices should be 

employed to confirm the observed results,., 

Toward Amperometric Enzyme Immunoassays 

Since Updike and Hicks (1967) described their glucose sensor 

based on an amperometric electrode on which glucose oxidase was 

immobilized,- a very large number of applications have been described in 

the literature (Guilbault,- 1975) .• , In fact" commercial glucose sensors 

based on the enzyme electrodes have been available for several years" 

especially for clinical applications (Gray et al-o;, 1977):., 

A major advantage of these devices is the coupling of biochemical 

and electrochemical reaction systems,., The high selectivity of the 

enzymatic reaction can be combined with the sensitivity and convenience 

of an amperometric detection device (Updike and Hicks, 1967; Adams, 1969),., 

For example, immobilization of glucose oxidase on a membrane on the 

surface of these electrodes would produce H202 very near the surface, 

if glucose is present in the surrounding medium-.: The H202 will diffuse 

in both directions,- but even the small amount that diffuses toward the 

electrode through the membrane is "seen" by the electrode as a large 

concentration,.: This is because a small amount of H202 is now confined 

in a small volume between the electrode surface and the membraner.: 

The observed current again undergoes electronic amplification resulting 

in high sensitivities at relatively low cost (Sittampalam and Wilson, 

1982). 
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Based on these principles an amperometric enzyme immunoassay can 

be envisioned for human IgG as shown in Figure 40i., In this assay a 

collagen or other suitable membrane on which anti~HIgG was immobilized 

was mounted on an amperometric electrode coated with a protective 

cellulose acetate (CA) membraner.~ The cellulose acetate allows only 

- -2 -3 very small molecules such as H202 and ions (Cl, 504 ' P04 ) to diffuse 

toward the electroder.' The mechanism of this diffusion is still unclear',l 

but it is well known that the CA membrane prevents other electroactive 

interferences such as ascorbic acid found in biological samples from 

reaching the electrode surface (Apoteker, 1982; Huntington, 1977 ,198l)!.~ 

If this electrode is now incubated with appropriate dilutions 

of HIgG, specific binding should occur on the membrane surface assuming 

non-specific interactions are negligible,.) The electrode is now washed 

(in a flow through system?) to remove excess HIgG and incubated in a 

solution containing anti HIgG:-GO conjugate,., After equilibration for an 

appropriate length of time the electrode is washed again and incubated 

with a glucose sampler.' The H202 generated can be detected at the 

electrode surface and will be proportional to the HIgG bound to the 

antibody on the surface of the membrane. Although this assay is 

conceptually simple several problems still remain to be overcome before 

a practical assay can be designed: 

1 .• , It was assumed that non-specific interactions are negligible 

and that only specific binding occurs,.~ However, our preliminary results 

show that there is considerable non-specific binding of the conjugates 

on collagen membranes on to which the antibodies were covalently 
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coupled (Thevenot et a1rol>, 1979)'0: loJe found that when ~ conagen lJlBl:llbrane 

on the electrode was immersed directly in a solution of anti-HIgG-GO 

conjugate without previously exposing it to HIgG, large amounts of the 

enzyme activity was "adsorbed" and remained on the membrane surface 

even after repeated washings.; We believe that this adsorption is mainly 

due to collagen-conjugate interaction since such effects were not 

observed in the binding of similar conjugates to antibodies attached to 

the CPG-g1ycophase matrices,., Binding of HIgG to the antibodies on 

collagen did not seem to make any difference in the amount of 

conjugate adsorbed,., In additiqn,> collagen membranes tend to dis:

integrate when left in aqueous solutions for a few days, especially 

after chemical treatment to attach proteins,o' 

Therefore, it appears that different types of membranes which 

may exhibit reduced non-specific binding and increased mechanical 

stability should be explored for this application,., The selected membrane 

should be amenable to mild chemical derivatization so that the anti

bodies can be easily coup1ed,., Furthermore, it should retain the original 

diffusional characteristics to a large extent so that the electroactive 

species can still diffuse through without altering the electrode response;., 

In fact, we made several attempts to attach radiolabeled protein to 

the cellulose acetate membranes without much success .• , This 1..rould have 

been an ideal membrane because of its high mechanical strength, stability 

in aqueous buffers, and desirable diffusional properties .• > This aspect 

needs to be investigated further,", 
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2", After each measurement the HIgG and the enzyme conjugate should 

be dissociated from the antibody on the membraner., As in affinity 

chromatography one can use chao tropic agents such as ammonium thiocyanates 

or low pH glycine/Hel buffers (pH l:oA-2~0:3),., However, the repeated 

exposure of the antibody to such reagents in this particular case would 

be much more frequent (calibration and sample runs) and may severely 

affect binding affinity,o' Therefore,. the useful life of the antibody~ 

collagen membrane may be considerably reduced and may require frequent 

replacementr.~ 

3r•• A closer inspection of Figure 40 would shmoJ' that the upper limit 

of the sensitivity would be affected by the total amount of active 

anti-HIgG attached to the collagen.o~ This is because the surface area 

available for protein coupling is limited on the collagen lnembrane 

expecially when mounted on the sU1;face of small (0:0,25-0ro:5 em diameter) 

electrodes such as the YSI amperometric probe:01 Thus, in addition to 

optimizing the coupling procedures to fabricate membranes which contain 

constant amount of total antibody, one has to ensure that the antibody 

activity retained is also uniformo~ This is critical for the analytical 

reliability of the probe,.-

4,.: The set-up in Figure 40 was based on the principles of ampero

metric enzyme electrodes as indicated earlier,o~ However, it is somewhat 

different since the enzyme producing the electroactive species is not 

trapped between the two membranes but "dangles" from the membrane 

surface quite a distance from the electrode surface!.· Assuming that the 

sandwich reaction has a 1: 1 stoichiometry shown in Figure 40.,. the 
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molecular dimensions of each of the reactants dictates that the enzyme 

would be 40~SO nm from the collagen surface,.: The H202 generated should 

therefore traverse this distance in solution in addition to overcoming 

the diffusion gradients through the two membrane barriers at the 

electrode surfacer.' This effect, more than any other feature, would 

considerably reduce the sensitivity of this technique since most of 

the product would be lost in the bulk solution, especially in a flow 

through system"l It is exactly for this reason a direct attachment to 

cellulose acetate membrane would have been preferable removing one of 

the major physical barriers to product diffusioThtoward the electrode. 

The future of such an amperometric device will therefore depend 

on the successful "immobilization" of the entire immunochemical reaction 

as close to the electrode surface as possible, and at the same time 

effectively eliminating e1ectroactive interferences originating from the 

biological fluids. Alternatively one could monitor the electroactive 

products away from the site of binding in thin-layer electrochemical 

cells, without loss in sensitivity. Such an approach is being actively 

pursued in our laboratory at present. 



APPENDIX A 

CALCULATION OF THE MAXIMUM INSTRUMENT RESOLUTION AND 
SCATTER INTENSITIES OF CONJUGATES AT PEAK RATES 

Immunological reactivities of HlgG-enzyme conjugates were 

measured using a Beckman ICS Rate Nephelometer in which calibration 

curves were generated with standard HlgG solutions. This aspect was 

discussed in detail in Chapter 9 and it was shown that the maximum 

signal resolution of the instrument was low enough to tolerate the 

differences in scatter intensities observed at peak rate b~tween the 

conjugates and the unconjugated antigen. These conclusions were based 

on fundamental calculations from which the above parameters were 

obtained as described below. 

A. Maximum Instrument Resolutions 

From Zimm plot measurements it was estimated that the weight

average-molecsu1ar weight (M) of the transient scattering particle 

formed at peak rate during immunoprecipitin reactions was approximately 

11.0 x 108 g/mole (Table 20). Scatter intensities of such particles 

l~calcu1ated using equation 13 (Chapter 1) which can be re-written as 

(A.1) 

where 

-30 
4.70 x 10 scatter_ynits' -1 

moles·g 'particle 
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and is a constant where e = 700 and A = 500 run (see also Table 21). 

Therefore, the scatter intensity can be obtained from equation A.l: 

-30 -1-1 (4,.70 x 10 scatter units·moles·s particle ) x 

(11.0 x 108 somole-l )2 

-12 ~l-l = 5.70 x 10 scatter units·particle ·somole • 

However, since P(700
) = 0.755 for such a particle (Table 21) the 

attenuated intensity would be 

(5.70 x 10-12 scatter units.particle-l·somole-l ) x (00755) 

-12 -1-1 = 4.30 x 10 scatter units·particle ·s·mole 

Assumins that the total antisen concentration is 3.80 x 10-7 soml-l 

(a typical concentration used in laser lisht scatterins experiment's), 

- 8-1 the number of particles in solution with M = 11.·0 x 10 s·mole is 

siven by 

-7 -1 23 -1 (3.80 x 10 sOml ) x (60023 x 10 particles·mole ) 

(11.0 x 108 s·mole-l ) 

8 -1 = 2.08 x 10 particlesoml • 
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Since the solution is dilute one can assume that the scatterins particles 

behave as independent scatterers (Van Holde, 1971) and the total 

intensity scattered at peak rate can be calculated: 

~2 08 108 t' 1 1-1) (4 30 x 10-12 . , 1 -1 ." 0 x par ~C, esom x. scatter un~tsopart~c e 0 

s·mole-l ) 

-4 -1-1 = 8.94 x 10 scatter uni ts'oml 0 S ·mole 0 
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In Chapter 9 we estimated that the maximum resolution of the Beckman IC5 

instrument to be 0.39% of the total scatter intensity per millisecond 

which translates into 

(8.94 x 10-4 scatter units·ml-l.g.mole-l ) x (Oi~~) 

-6 -1-1 = 3.50 x 10 scatter units·ml ·g·mole 

The above value is the minimum detectable scatter intensity of the 

instrument during any rate measurement and it is now possible to 

calculate the number of HIgG-AIgG units that would produce such a change 

in scatter intensity at peak rate. 

According to equation A.l, the weight-average molecular-weight 

equivalent that produces a minimum detectable scatter intensity 

calculated above is given by 

-6 -1-1 (3·.50xlO scatter units·ml·g·mole ) 
1/2 

8 -1 -30 -1 (2.08x10 particles.ml )x(4.70xlO scatter_¥nits.partic1e· 
moles·g 

7 -1 -1 = 5.98 x 10 g·mole ·millisecond 

Let us consider that the aggregating units during precipitin reaction 

consist of 1:1 complexes of HIgG and AIgG so that the molecular weight 

5 is 3·.20 x 10 g/moleo Therefore the number of HIgG-AIgG units responsible 

for the minimum detectable scatter intensity is 

7 -1 -1 (5.98xlO gOmole omillisecond ) __ -1 
186.9 millisecond 

(3.20 x 105 g.mole-l ) 
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Therefore 186.9 units of HIgG-AIgG complexes are aggregating on a 

8 -1 particle with a weight-average molecular weight of 11.0 x 10 g·mo1e 

at peak rate. The latter particle would, however, consist of a much 

larger number of HIgG-AIgG units and is given by, 

(11.0 x 108 g·mo1e per scattering particle) 

(3.20 x 105 g·mole per HIgG-antiHIgG unit) 
= 3437.5 

As the HIgG-AIgG units aggregate on this large particle their scatter 

contribution will also be attenuated by approximately 0 .• 755 (=P(70o)). 

Correcting for this attenuation, the number of HIgG·AIgG units necessary 

to produce the minimum detectable scatter would be 

(3.50X10-6 scatter units·ml-1 .g.mo1e-l ) 

(2.08x108 partic1es.ml-l ) x (0.755) 

-30 -1-1 (4·.70x10 scatter units·partic1e .moles·g 

= 215. 

1 
x 5 -1 

(3.20x10 g.mole ) 

In other words, the aggregation of 215 units of HIgG-AIgG on each 

large particle consisting of 3437.5 units of the same complex will 

-6 -1 produce a minimum detectable scatter of 3.50 x 10 scatter unitsoml • 

millisecond-l in the Beckman ICS Rate Nephelometer. 

B. Scatter Intensities of Conjugates at Peak Rates 

If we assume that the HIgG-GO conjugates retained 100% of the 

immunological reactivity, then the particle size at peak rate would be 

equivalent to 3437.5 units of HIgG-GO-AIgG. The weight-average-

molecular weight of such a particle is 



(3437 •. 5) x (4.80 x 105 g.mole -1) = 9 -1 1.70 x 10 g·mole 

since the molecular weight of HlgG, GO and AlgG are approximately 

5 -1 1.60 x 10 g·mole. From calculations similar to those in Table 21, 

P(70o) for such a particle was 0.672. Now assuming that 215 units of 

HlgG-GO-AlgG will aggregate on the above particle at the same rate as 

the unconjugated HlgG, the change in scatter would correspond to 

so that the attenuated scatter intensity change at peak rate is 

[(215) x (4~80 x 105 g.mole-l )]2 

-30 -1-1 x (4 •. 70 x 10 scatter units'particle omolesog ) 

-14 -1-1 x (0.672) = 3.36 x 10 scatter units.particle ogomole 

Considering the total number of particles in solution at a total 

[HlgG] = 3 •. 80 x 10-7 g'ml-l the total scatter intensity change per 

millisecond at peak rate is 

-14 -1 -1 -7-1 (3o.36xlO scatter unitsoparticle .gomole ) x (3.80xlO glml ) 

23 -1 x (60022xlO particles'mole ) 

(1.70 x 109 g'mole-1) 

-6 -1-1 = 4.52 x 10 scatter unitsoml og··mole 

As the microprocessor responds only to scatter intensity changes in 

It ' 1 f 3 50 10-6 . 1-1 '11' d-1 1 -1 mu ~p es 0 0 x scatter un~ts om °m~ ~secon 0g·omo e 

it will not distinguish between aggregation of the unconjugated and 
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unconjugated HIgG. Furthermore, it was assumed that 1) the conjugates 

retained 100% immunological reactivity, and 2) the aggregation at peak 

rate was not altered by the presence of glucose oxidase label·. This is 

probably not the case since experimental evidence (in Chapter 9) 

indicates that the ageregation rates of all conjugates were reduced to 

various degrees by the conjugation procedure. Therefore, the total 

scatter intensity change measured for conjugates at peak rate were 

probably much less than the above values, clearly justifying the use of 

standard HlgG solutions to generate calibration curves. 
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