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Kinetics of Interactions between Antibodies and Haptenst 

Thomas W. Smith* and Keith M. Skubitz 

ABSTRACT: Association and dissociation kinetics of anti- 
body-hapten interactions of high affinity and specificity 
have been determined by newly developed techniques using 
dextran-coated charcoal for rapid separation of free and 
antibody-bound hapten. Interactions of 12 combinations of 
four antibody populations (rabbit digoxin-specific anti- 
body, sheep digoxin-specific antibody, rabbit ouabain-spe- 
cific antibody, and rabbit digitoxin-specific antibody) with 
three haptens ( [3H]digoxin, [3H]ouabain, and [3H]digitox- 
in) have been studied in terms of both association and disso- 
ciation kinetics, and compared in selected instances with as- 
sociation constants determined under equilibrium condi- 
tions. Association rate constants determined under both 
second-order and pseudo-first-order conditions were found 

D e s p i t e  the existence of an extensive literature on anti- 
body-hapten interactions (Sehon et al., 1971) and a pletho- 
ra of recent studies using such interactions as the basis for 
radioimmunoassay of minute concentrations of biologically 
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to be similar for all antibody-hapten pairs studied (range 
0.87-1.7 X I O 7  M - ’  sec-I), and were comparable to values 
previously estimated for antibodies to dye haptens of mark- 
edly lower affinity. In contrast, dissociation rate constants 
varied markedly from 1.9 X to 1.7 X IO-? sec-I. Ra- 
tios of association to dissociation rate constants measured 
by these methods were in satisfactory agreement with aver- 
age intrinsic association constants measured under equilib- 
rium conditions. These studies support the concept that the 
major kinetic variable governing antibody-hapten interac- 
tions is the rate of dissociation of the complex, and that the 
strength of antibody-hapten association is determined prin-  
cipally by the activation energy for dissociation. 

active substances (Yalow, 1973; Smith and Haber, 1973), 
there are relatively few studies bearing on the kinetic deter- 
minants of antibody-hapten interactions. This is due in 
large part to the extremely rapid nature df antibody-hapten 
association reactions, which has necessitated the use of 
cathode-ray polarography (Schneider and Sehon, 1962), 
temperature jump relaxation (Froese et al., 1962), and 
spectrophotometric or fluorimetric measurements together 
with stopped-flow instrumentation (Day et al., 1963). Stud- 
ies by Sehon and his colleagues (1963) and by Day et al. 
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( 1963) documented rapid association kinetics with rate con- 
stants of the order of 107-108 M-I sec-l for antibody inter- 
actions with a phenylarsonic acid derivative and with dini- 
trophenyl haptens. Although direct measurements of disso- 
ciation rate constants were not made, the similarity of asso- 
ciation kinetics in antibody-hapten interactions with differ- 
ing equilibrium constants led to the hypothesis that the 
major kinetic variable was the dissociation rate constant, 
and that the strength of antibody-hapten association is de- 
termined primarily by the activation energy for dissociation 
(Sehon, 1971). 

Our own studies have defined association constants under 
equilibrium conditions for high affinity interactions be- 
tween cardiac glycoside-specific antibodies and the cardiac 
glycosides digoxin, digitoxin, and ouabain (Smith et al., 
1970; Smith, 1972). In the work presented here, we have 
developed methods that allow the direct measurement of 
both association and dissociation kinetics of antibody-hap- 
ten interactions without the use of temperature-jump relax- 
ation or stopped-flow instrumentation. The high affinity of 
the antibody populations for the haptens under study and 
the availability of tritium-labeled haptens with specific ac- 
tivities in the 9-20 Ci/mmol range permit dilution of react- 
ing species to concentrations such that formation of the 
antibody-hapten complex can readily be followed using a 
simple and rapid method for the separation of free hapten 
from antibody-hapten complex with dextran-coated char- 
coal. Both association and dissociation kinetics of 12 anti- 
body-hapten combinations have been defined, and correlat- 
ed in selected instances with average intrinsic association 
constants determined under equilibrium conditions. 

Experimental Procedures 

Randomly labeled [3H]digoxin (specific activity 9 Ci/ 
mmol), [3H]digitoxin (specific activity 20 Ci/mmol), and 
[3H]ouabain (1 1.7 Ci/mmol) were obtained from New En- 
gland Nuclear Corporation (Boston, Mass.). Purity of 
[ 3H]digoxin was checked by thin-layer chromatography on 
silica gel G,  using acetone-glacial acetic acid-cyclohexane 
(49:2:49); 91% of counts ran as  native digoxin while 3% ran 
as  a minor peak slightly ahead of the solvent front and the 
remaining counts diffusely trailed the main peak. [3H]Oua- 
bain was also tested on silica gel G, using chloroform-meth- 
anol-water (65:30:5); 96% of counts ran as  a single peak 
with the mobility of native ouabain, the remainder trailing 
diffusely. Preparative thin-layer chromatography of [3H]di- 
goxin (solvent system as described previously) yielded ma- 
terial which gave results identical with those obtained using 
material as received from the supplier, and other labeled 
compounds were used without further purification. Tritiat- 
ed compounds were diluted with absolute ethanol to appro- 
priate concentrations before use. 

Activated charcoal coated with dextran (mol wt 80,000) 
was prepared as  described by Herbert et al. (1965), except 
that the ratio of charcoal and dextran to buffer was in- 
creased 2.5 times. Nonspecific rabbit y-globulin, fraction 
11, was obtained from Pentex, Inc. (Kankakee, Ill.). All 
other reagents were of the highest available grade and were 
used without further purification. 

Digoxin-specific antibodies were obtained as previously 
described in detail (Smith et al., 1970) by immunization of 
rabbits and sheep with digoxin-human serum albumin con- 
jugates. 

Ouabain-specific antibodies were obtained by immuniza- 
tion of rabbits with a conjugate of ouabain linked through 

its rhamnose moiety to terminal a-amino groups of poly- 
D,L-alanyl-human serum albumin (Smith, 1972). 

Digitoxin-specific antibodies were raised in rabbits im- 
munized with a digitoxin-human serum albumin conjugate 
which was synthesized according to the protocol previously 
published (Smith et  al., 1970), substituting digitoxin for di- 
goxin where appropriate.’ 

Antisera were separated from formed elements by cen- 
trifugation and aliquots were stored a t  -20’. All antisera 
were studied without further purification. 

Studies of Association Kinetics. In order to determine 
the association kinetics of the various antibody-hapten 
combinations studied, a suitable quantity of tritiated hapten 
was mixed with 40 ml of 5 mg/ml of nonspecific rabbit y-  
globulin in phosphate-buffered saline (0.1 5 M NaC1-0.01 
A4 sodium phosphate buffer (pH 7.4)) in a 100-ml beaker. 
All procedures were carried out a t  22.0 f l . O O .  At  zero 
time, a small volume (0.1-1.0 ml) of antiserum appro- 
priately diluted with phosphate-buffered saline was rapidly 
added to the reaction mixture, which was being stirred vig- 
orously by a magnetic stirring bar. Parallel experiments 
were performed with each association kinetics determina- 
tion in which all conditions were as described except that an 
equal volume of buffer was added in place of antibody. At  
time intervals, as  shown in individual experiments, ranging 
from 5 sec to several minutes, 1 .O-ml aliquots were removed 
with a spring-loaded syringe for separation of antibody- 
bound and free hapten. These aliquots were rapidly mixed 
with 0.5 ml of dextran-coated charcoal suspension con- 
tained in a 6-ml disposable plastic syringe, the outlet from 
which was plugged with a small amount of clay (“Seal- 
Ease,” Clay Adams, Parsippany, N.J.). After 5 sec the sy- 
ringe plunger was used to force the suspension rapidly 
through a 1.2-p Millipore filter (Millipore Corp., Bedford, 
Mass.) contained in a 25-mm diameter Swinnex adapter. 

After the reaction had proceeded to equilibrium, 2.5 ml 
of the antibody-hapten reaction mixture was mixed with an 
amount of undiluted antiserum specific for the hapten used 
such that a 103-104 ratio of antibody concentration to total 
hapten concentration was achieved. This mixture was al- 
lowed to react for 15 min, after which duplicate l .O-ml ali- 
quots were removed, mixed with charcoal suspension, and 
filtered as previously described. Hapten present in the fil- 
trate under these conditions of vast excess of high affinity 
antibody was taken as  total hapten concentration initially 
present (Ho). 

In  the case of antibody-hapten interactions with rapid 
dissociation kinetics, the charcoal contact time was reduced 
to 2 sec. Separate experiments showed charcoal binding of 
free hapten to  be more than 97% complete within 2 sec of 
charcoal contact time. Since the dissociation kinetics were 
relatively slow for the antibody-hapten interactions under 
investigation (see below), the 2-5-sec charcoal exposure 
times did not appreciably disturb the system during separa- 
tion of bound and free hapten. 

One milliliter of each filtrate was added to 15 ml of liq- 
uid scintillation medium (Instagel, Packard Instrument 
Corp., Downers Grove, Ill.) and counted in a liquid scintil- 
lation spectrometer (Packard Model 3320). 

In order to correct filtrate count rates for counter back- 
ground ( b ) ,  and for small contributions from free hapten 
and nonhapten counts not bound by charcoal, additional ex- 

’ Antiserum kindly provided by Dr. William Stason. 
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periments were performed. Varying amounts of hapten 
were mixed with 5 mg/ml of nonspecific rabbit y-globulin 
in phosphate-buffered saline under conditions identical with 
those used in each association kinetics experiment; 1-ml ali- 
quots were subjected to dextran-coated charcoal exposure 
and Millipore filtration as  previously described. In the ab- 
sence of antibody, count rates in the filtrate after charcoal 
exposure were linearly related to total hapten concentration 
present (Figure 1). Because of the fact that free hapten con- 
centrations vary continuously from the start of the binding 
reaction until equilibrium is reached, the relation defined in 
plots of the type shown in Figure 1 was used to calculate the 
amount of hapten escaping charcoal binding a t  any point 
during the association reaction. The contribution to total 
filtrate count rate a t  time t from actual antibody-hapten 
complex, AbH,  was calculated from the expression 

W I  
AbH = (AbH), - b - ~ 1 - P I ?  [(TI, - (AbH),] 

where (AbH), is the uncorrected filtrate count rate a t  time 
t ,  b is a background value for the particular counting sys- 
tem used, (T)c is the uncorrected filtrate count rate ob- 
tained in the presence of 103-104-fold antibody excess, m is 
the slope of the plot of (B), vs. (T)c, and (B), is the total fil- 
trate count rate observed in the absence of specific anti- 
body. The derivation of this expression is discussed in detail 
elsewhere (Skubitz and Smith, 1975). In practice, the total 
correction applied did not exceed 10% of raw filtrate count 
rates. 

The reaction between antibody and hapten may be writ- 
ten 

kf 

kr 

Ab f H AbH 

where d(AbH)/dt  = kf(Ab)(H) - k,(AbH) and K,,,  = 
k f / k , .  (Ab), (H),  and (AbH) represent the concentrations 
of antibody, free hapten, and antibody-hapten complex, re- 
spectively, a t  time t .  Antibody and hapten concentrations a t  
the inception of the binding reactions are  designated Ab0 
and Ho. 

If  the dissociation reaction is very slow compared with 
the association reaction, d(AbH)/d t  = kf(Ab)(H) = 
kf(Ab0 - AbH)(Ho - AbH).  Integrating kft = [ l / (Abo - 
Ho)] In [Ho(Abo - AbH)/Abo(Ho - AbH)]  or kf(Ab0 - 
Ho)t = In (Ho/Abo) + In [(Ab0 - AbH)] / (Ho - AbH)] .  

Two sets of reaction conditions were used to determine 
kf. In the first approach, a ratio of Ho/Abo of approximate- 
ly 2 was used. Ab0 was determined by measurement of fi l-  
trate count rates in the presence of hapten excess, as in the 
case of equilibrium studies as  described subsequently. Using 
this method a plot of In [(Ab0 - AbH)/(Ho - AbH)]  vs. f 

should, for a single class of second-order association events, 
yield a straight line with slope kf(Ab0 - Ho) and intercept 

In the second method of determining k f ,  a substantial ex- 
cess of hapten over antibody was used, with ratios of Ho/ 
Ab0 ranging from 5 to 30. Under these conditions of hapten 
excess, the value (Ho - AbH) is approximately constant 
throughout the reaction, and one may rewrite d(AbH)/dt  
= kf(Ab0 - AbH)(Ho - AbH) as a pseudo-first-order 
reaction, i.e., d(AbH)/dt  = krHo(Ab0 - AbH).  Integrat- 
ing, (Ab0 - AbH) = Aboe-krHor or In (Ab0 - AbH) = In 
Ab0 - kfHOt. Thus, a plot of In (Ab0 - AbH) vs. t should, 
for a single class of association events. yield a straight line 
with the slope equal to -kfHo. Ho was determined experi- 

In (Ho/Abo). 

mentally in the presence of antibody excess as  described 
above. 

Studies of Dissociation Kinetics. Two methods were de- 
veloped .to determine the dissociation kinetics of the anti- 
body-hapten interactions under study. All procedures were 
a t  22.0 f 1.0". In the first approach, antibody-hapten com- 
plex was incubated in the presence of dextran-coated char- 
coal, which served to sequester free hapten as it dissociated 
from the complex. 

Suitable amounts of antiserum were allowed to interact 
with tritiated hapten sufficient to provide a two- to three- 
fold excess of hapten over specific antibody binding sites in 
a volume of 20 ml of 30 mg/ml nonspecific rabbit y globu- 
lin in phosphate-buffered saline. Concentrations of anti- 
body-hapten complex before beginning the dissociation 
reaction were in the 1-5 n M  range. At  time zero, the above 
mixture was added to 20 ml of the dextran-coated charcoal 
suspension previously described, continuously stirring with 
a magnetic stirring bar. Immediately after mixing and at  
intervals varying from 10 sec to an hour, depending on the 
rapidity of the dissociation reaction, 1.5-ml samples were 
withdrawn, the charcoal was separated by Millipore filtra- 
tion, and 1.0-ml aliquots of filtrate were counted as de- 
scribed above. Parallel experiments were carried out a t  the 
time of each study in which all conditions were identical ex- 
cept that an equal volume of normal rabbit serum was sub- 
stituted for antiserum, permitting the determination of 
blank values which were subtracted from count rates ob- 
served a t  each point on the dissociation curve. Human plas- 
ma obtained from the blood bank and diluted with an equal 
volume of phosphate-buffered saline proved to give identi- 
cal results when used in place of 30 mg/ml of nonspecific 
rabbit y-globulin solution, and was used as the reaction ve- 
hicle in the majority of studies. 

The second approach involved the addition of a I 03- 1 04- 
fold excess of unlabeled hapten to an equilibrated solution 
of antibody-tritiated hapten complex, followed by separa- 
tion of free hapten from antibody-hapten complex in ali- 
quots taken from the solution a t  intervals. Due to the very 
limited solubility of digitoxin in aqueous solution, this 
method was used only for ouabain and digoxin dissociation 
studies. Antibody-hapten complex was formed exactly as in 
the previously described method. At time zero, a 103-104- 
fold excess of unlabeled hapten was added to the stirring 
mixture. Immediately after mixing and at  intervals as noted 
above, 1.0-ml aliquots were removed and mixed for 5 sec 
with 0.5 ml of dextran-coated charcoal. After separation of 
charcoal by Millipore filtration, 1 .O-ml aliquots were 
subjected to liquid scintillation counting. Parallel studies 
were again performed under identical conditions. save for 
the substitution of normal rabbit serum for antiserum, and 
values obtained were subtracted from corresponding count 
rates for points on the dissociation curve. 

Equilibrium Studies. For certain antibody-hapten com- 
binations, equilibrium binding studies were also performed 
and subjected to Sips (Karush, 1956; Nisonoff and Press- 
man, 1958; Eisen, 1964) and Scatchard ( 1  949) analyses. 
Concentrations of antibody-bound and free hapten were de- 
termined as previously described in the case of association 
kinetics experiments following incubation for 1 to 2 hr a t  
22.0 f 1 .Oo of suitable constant amounts of antiserum with 
varying concentrations of tritiated hapten. Initial antibody 
concentration was determined from AbH complex concen- 
tration in the presence of hapten excess as previously de- 
scribed (Smith, 1972). I n  Scatchard analyses the relation- 
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f T ) ~  cpm I f 0 - Z  

FIGURE I :  Relation of filtrate count rate after exposure to dextran- 
coated charcoal in the absence of antibody, designated (B)c, to total 
hapten count rate in the filtrate in  the presence of 104-fold antibody ex- 
cess, (T)c, for I3H]digoxin experiments. Values for the slope of this 
function, designated m, varied by as much as a factor of 2 depending 
on the particular lot of charcoal and hapten used. 

0.lOt 

O.'i 0.02 

0 

I f MfAfU TES I 

FIGURE 2: Kinetics of formation of sheep digoxin-specific antibody- 
[3H]digoxin complex (AbH). The insert shows the plateau of filtrate 
count rate as equilibrium is reached. Ho = 2.49 X M ;  Ab0 = 
1.15 X 10-lOM. 

ship r/c = nKass - Kassr where r = bound hapten/total Ab, 
n = antibody valence, and c = free hapten concentration, 
was plotted as r/c vs. r. In the Sips analysis, the relation In 
[ r / ( l  - r ) ]  = a In c + a In KO was plotted as In [ r / ( l  - r ) ]  
vs. In c. 

Statistics. Lines of best fit for all linear functions were 
determined by least-squares linear regression analysis with 
the aid of Sigma 111 and IBM 360-65 computers. 

Results 
Association Kinetics. The method used to correct filtrate 

count rates for ''leakage'' of free hapten and nonhapten 
counts during the charcoal separation of free from anti- 
body-bound hapten depends on a predictable relation be- 
tween filtrate counts in the absence of antibody, (B)c, and 
total hapten counts present, (T)c, as defined by filtrate 

- 0.8 c 
A5 -AbH '* fH:-AbH) 

-1.2' I I ' I I I I " I 
20 40 60 80 loo Ix) 

1 f SECONDS ) 

FIGURE 3: Data from Figure 2 plotted according to second-order deri- 
vation as described in text. The association rate constant from this plot 
is 2.0 X IO7  M-'  sec-I. The correlation coefficient for the line ob- 
tained by least-squares linear regression analysis is 0.996. 

- 2 2 . 3 C  

-22.7 - 

- 2 2 8 -  

- 22.9 

-23.0 

ln (&bo -Ab#) 

- 
- 

-23.1 - 

IO 20 30 40 

t /SECONDS) 

FIGURE 4: Association kinetics for sheep digoxin-specific antibody- 
[3H]digoxin combination plotted according to pseudo-first-order deri- 
vation as described in text. The association rate constant determined 
from this plot was 1.6 X IO7  M - '  sec-I. The correlation coefficient for 
the line obtained by least-squares linear regression analysis is 0.996. 
Ho = 1.26 X M; Ab0 = 2.40 X M .  

count rates in the presence of 103-104-fold molar excess of 
high affinity antibody. As shown in Figure 1, this relation 
was found to be linear over the range of interest and could 
be defined as (B)c = b + m(T),. The values b and m were 
used to determine actual AbH concentration from raw fil- 
trate count rates according to the previously stated formula. 

A typical plot of AbH vs. t for the formation of complex 
between sheep digoxin-specific antibody and [3H]digoxin is 
shown in Figure 2. A twofold excess of hapten was present, 
and second-order kinetics are apparent in Figure 3, which 
plots these same data as In [(Abo - AbH)/ (Ho - AbH)] 
vs. t .  Relative homogeneity of association kinetics is appar- 
ent from the linearity of this plot. 

Figure 4 illustrates the results of another experiment 
with the same antibody-hapten pair, using pseudo-first- 
order analysis of data obtained in the presence of a 5.2-fold 
excess of hapten over antibody. As in  the second-order anal- 
ysis, a single class of antibodies with respect to kf is sug- 
gested by the linearity of the plot. The value of 2.0 X lo7 
M-'  sec-l obtained from the second-order treatment is in 
reasonable agreement with the value 1.6 X 10' M - '  sec-' 
obtained from the pseudo-first-order plot. 

The interaction of rabbit ouabain specific antibody with 
[3H]ouabain was also studied under conditions of similar 
Ab0 and Ho values as well as in the presence of a 7.5-fold 
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Table I: Association Rate Constants for 1 2  Antibody- 
Hapten Combinati0ns.a 

-__ 
Hapten [3H] Digoxin ['HI Ouabain /'HI Digitoxin 

Rabbit digoxin - 0.93 1.5 1.4 

Sheep digoxin - 1.7 1.6 0.98 

Rabbit ouabain- 1.3 0.87 1.4 

Rabbit digitoxin- 1.1 1.3 1.4 

specific antibody 

specific antibody 

specific antibody 

specific antibody 

a Rate constants are expressed as the values shown x 10' 
-__ 

W1 sec-'. 

Table 11: Dominant Dissociation Rate Constants for 1 2  
Antibody-Hapten combinations.a 

[ 3H] Digoxin [ 'HI Ouabain ['HI Digitoxin - Hapten 

Rabbit digoxin - 1.9 x lo-' 1.7 x lo-' 7.2 x 

Sheep digoxin - 3.5 x 1.5 x 1W2 1.9 x lo-' 

Rabbit ouabain - 6.4 x 1.5 x lo-' 3.8 x lo-' 

Rabbit digitoxin- 1.2 x 1.4 x lo-* 2.3 x lo-' 

specific antibody 

specific antibody 

specific antibody 

specific antibody 

aRate constants are expressed in units of sec-'. 

excess of hapten over antibody, and data obtained were an- 
alyzed by second-order and pseudo-first-order treatment. 
Values for kf obtained were 0.79 X I O 7  and 0.83 X I O 7  
M -  ' sec-l for second-order and pseudo-first-order condi- 
tions, respectively, and were in satisfactory agreement. 
Since the pseudo-first-order reaction was simpler to ana- 
lyze, other antibody-hapten combinations were studied 
using this approach. 

The results for association kinetics studies of all 1 2  com- 
binations of the four antibody populations and three hap- 
tens are summarized in Table I .  The values given represent 
the average values of a t  least two separate experiments for 
each antibody-hapten combination studied except for the 
rabbit digitoxin-specific an t ib~dy-[~H]digoxin  combina- 
tion, where the value listed is from a single determination. 
Agreement was within 28% in all but two instances, the 
range for which was 46%. The mean range for replicate 
samples was 19%. 

It is apparent from these data that association rate con- 
stants for all 12 antibody-hapten combinations are  quite 
similar, despite pronounced differences in dissociation rate 
constants and equilibrium constants as  discussed subse- 
quently. 

Dissociation Kinetics. A comparison of the two methods 
for the determination of k ,  values is shown in Figure 5. Dis- 
sociation of [3H]digoxin from rabbit digoxin-specific anti- 
body is plotted as  percent of initial A b H  complex vs. time 
and demonstrates good agreement between data  from pro- 
longed exposure to dextran-coated charcoal and addition of 
a large excess of unlabeled digoxin. Equally good agree- 
ment of data obtained by these two approaches was ob- 
served for dissociation of [3H]digoxin from sheep digoxin- 
specific antibodies and for dissociation of [3H]ouabain from 
rabbit ouabain-specific antibodies. Figure 5 also demon- 
strates marked differences in the rates of dissociation of 
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FIGURE 5 :  Dissociation kinetics for complex of rabbit digoxin-specific 
antibody with [3H]digoxin (circles), ['Hldigitoxin (triangles), and 
[3H]ouabain (squares). Dissociation kinetic data for [3H]digoxin are 
shown both for the prolonged charcoal exposure method (closed cir- 
cles) and following addition of a 103-fold excess of unlabeled digoxin 
(open circles). Initial AbH complex concentration was 1.5 X M 
for the [3H]digoxin complex, 1.2 X I O V 9  M for the [)H]digitoxin com- 
plex, and 4.0 X M for the [3H]ouabain complex. 

13H]ouabain and [3H]digitoxin from rabbit digoxin-specific 
antibody compared with the dissociation rate of [3H]digox- 
in. 

Values of k ,  for all 12 antibody-hapten combinations 
studied are  summarized in Table 11. Averages of two to 
seven individual experiments which agreed within 20% 
(mean variance 12%) are  shown. It is evident in Table I1 
that, in contrast to the marked similarity of forward reac- 
tion rate constants for the various antibody-hapten combi- 
nations studied, the reverse reaction rate constants varied 
by nearly two orders of magnitude from 1.9 X to 1.7 X 

sec-I. Both unlabeled hapten excess and charcoal dis- 
sociation experiments often demonstrated slowing of the 
later portion of the reaction, as shown in Figure 5 ,  consis- 
tent with some degree of heterogeneity of k ,  values for the 
antibody populations under study. The values listed in 
Table I1  are  those of the dominant class, which always com- 
prised 65% or more of the total antibody population. 

Equilibrium Studies. The rapid separation of free from 
antibody-bound hapten with dextran-coated charcoal also 
proved useful in experiments designed to determine average 
intrinsic association constant ( K O )  values for antibody-hap- 
ten interactions. Figure 6 illustrates the Sips analysis of 
data  for the interaction of sheep digoxin-specific antibody 
with [3H]dig~xin .  The KO value of 2.3 X 10" M-'  was 
identical with that obtained from a Scatchard plot, which 
showed a single class of binding site affinities consistent 
with the a value of 0.97 from the Sips plot. This KO value 
was in reasonable agreement with a value of 1.9 X 10" 
M -  obtained by equilibrium dialysis (data not shown) 
using methods previously described (Smith et al., 1970). 
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Table 111: Previous Studies of Antibody-Hapten Interaction Kinetics. 
~~~ 

Hapten 
~- 

Antibody 

Anti-phenylarsonate l-Naphthol-4-4-(4'- 
azobenzeneaz0)- 
phenylarsonic acid 

Anti-2,4-dinitrophenyl Dnp-lysine 
Dnp-aminocaproate 
DnpNSa 

Anti-fluorescein Fluorescein 
Anti-p-nitrophenyl 4,5-Dihydroxy-3- 

@-nitrophenylaz0)- 
2,7-naphthalene - 
disulfonic acid 

dinitrophenylaz0)- 
2,5-disulfonic acid 

1-Hydroxy-4-(4- 
phenylazo)-2,5- 
disulfonic acid 

Anti-2,4-dinitrophenyl l-Hydroxy-4-(2,4- 
dinitrophenylaz0)- 
2,5-naphthalene - 
disulfonate 

Anti-2,4-dinitrophenyl l-Hydroxy-4-(2,4- 

Dnp-l y,sine 
MOPC 315 Dnp-lysine 

Dnu-elvcine 

k f  (M- I sec-I) 

2 x 107 

8 x lo7  

8 x l o7  

1.8 x 10' 

IO  x 107 

6.7 x 107 

1.6 x 107 

1.4 x 107 

0.95 x 107 

1.1 x 107 
1.3 X IO' 

1.9 X lo8 

k ,  (sec-l) 

50 

7.6 X 10' 

80 

410 

76 

5 3  

1.3 x i o 3  

K.. (M- ' )  Method 

Temperature jump-spectro- 
photometric 

1.3 X IO' Stopped-flow-fluorometric 
1.1 x lo8 
1.7 X 10' 
6.1 X 10" Stopped-flow-fluorometric 

Temperature jump-spectro- 
photometric 

1.5 x IO5 Temperature jump-spectro- 
photometric 

-1 x IO4 

1.5 x l o5  Temperature jump-spectro- 
photometric 

2.2 x l o 7  Stopped-flow-fluorometric 
2 x l o6  Temperature jump-fluoro- 

metric 

Ref 

Froese et  al., 1962 

Day e t  al., 1963 

Levison et al., 1971 
Froese and Sehon, 

1965 

Froese, 1968 

Kelly e t  al., 1971 

Pecht et  al., 1972 

I - _  
a DnpNS, l-hydroxy-2-dinitrophenylazonaphthalene-3,6-disulfonic acid. 

The validity of the approach described here for determi- 
nation of k ,  and kf values is supported by a K, , ,  value of 4.8 
X 1O1O M-I calculated from the relation K,,, = k f / k ,  using 
directly measured kf and k ,  values for the sheep digoxin- 
specific antibody- [3H]digoxin combination, in reasonable 
agreement with the values obtained under equilibrium con- 
ditions. A KO value of 3.5 X lo9 M-' from Sips analysis of 
equilibrium data  for the rabbit ouabain-specific antibody- 
[3H]ouabain interaction was also in satisfactory agreement 
with a k f / k ,  ratio of 5.8 X lo9  M-' sec-'. 

Discussion 
Data from studies using temperature-jump and stopped- 

flow techniques indicate that antibody-hapten association 
reactions a re  too rapid to  be delineated by conventional 
chemical kinetic methods unless the concentrations of 
reacting species can be reduced to levels of the order of 
10-8-10-10 M (Froese and Sehon, 1971). In the present 
study we have taken advantage of the availability of tri- 
tium-labeled haptens of high specific activity and radio- 
chemical purity, antibody populations of high affinity for 
the haptens under study, and a newly developed method for 
the rapid separation of antibody-bound from free hapten 
utilizing dextran-coated charcoal. Our technique has al- 
lowed us to study the kinetics of antibody-hapten interac- 
tions a t  concentrations of both antibody and hapten of the 
order of 1 0-9- 1 O-Io M ,  placing these interactions well out- 
side the range where the rate of mixing of reactants is the 
rate-limiting step (Wang, 1955). This experimental ap- 
proach obviates the need for complex and expensive temper- 
ature-jump and stopped-flow apparatus and permits the 
study of haptens which do not possess special optical prop- 
erties, unlike haptens previously subjected to kinetic investi- 
gation (Table 111). An additional advantage of this method 
is the lack of need to isolate the antibody population, or a t  
least the y globulin fraction, prior to  study. The use of the 
entire antibody population present in crude antiserum in ki- 

- 26 -24 -22 -20 

In c 
FIGURE 6:  Sips analysis of equilibrium binding data for sheep digoxin- 
specific antibody and [)H]digoxin, using dextran-coated charcoal sepa- 
ration of bound and free hapten. KO is 2.3 X 1 O 1 O  M - l ,  u is 0.97, and 
the correlation coefficient for the line obtained by least-squares linear 
regression analysis is 0.960. The insert shows a Scatchard plot of the 
same data, which also yields an association constant of 2.3 X 10''' 
M-1.  

netic studies permits more straightforward assessment of 
heterogeneity of the immune response of a given animal 
than if prior fractionation techniques have been employed. 
It should be noted, however, that in using antibody and hap- 
ten concentrations less than M the contribution to the 
measured reaction rate by antibodies with affinity constants 
less than lo8 M-'  would be negligible. 
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Data summarized in Table I clearly support previous ob- 
servations (Sehon, 1963) that association kinetics for vari- 
ous antibody-hapten combinations differ relatively little. 
Table I I  I briefly summarizes the existing literature con- 
cerning antibody-hapten interaction kinetics. The absolute 
values of 0.9-1.7 X I O 7  M - '  sec-' for antibody-hapten 
combinations reported here are  similar to values obtained 
by Froese et al. (1962), Froese and Sehon (1965), Froese 
(1968), and Kelly et al. (1971) for the antibody-hapten 
combinations summarized in Table 111, but are  roughly ten- 
fold lower than the values obtained by Day et al. (1963), 
Levison et al. (1971), and Pecht et al. (1972) for the reac- 
tions listed. The relative similarity of the forward rate con- 
stants determined in our studies to those previously ob- 
served is of particular interest in view of the fact that KO 
values are  one to five orders of magnitude greater than 
those of most antibody-hapten combinations previously 
subjected to kinetic study. 

In contrast to the relative similarity of kr values for the 
12 antibody-hapten combinations studied, Table I 1  docu- 
ments an 89-fold variation in dissociation rate constants. 
These data further support the previous findings of Froese 
(1968) and Pecht et al. (1972). Since the specificities of 
antibody-hapten interactions are  fundamentally deter- 
mined by equilibrium constants of the interactions involved, 
it follows that the dissociation rate constant is the principal 
variable governing antibody-hapten specificity. 

The forward and reverse rate constants we report here, in 
contrast to those reported earlier for other antibody-hapten 
systems (Table I I I ) ,  were independently determined in sep- 
arate experiments. The validity of absolute kf and k ,  values 
determined in these studies is supported by the similarity of 
KO values determined under equilibrium conditions, e.g., 
Figure 6, and k f / k ,  ratios determined in kinetic experi- 
ments for both sheep digoxin-specific antibody- [3H]digoxin 
and rabbit ouabain-specific ant ib~dq--[~H]ouabain interac- 
tions. 

Day et al. (1963) have suggested that the antibody-hap- 
ten association reaction may be diffusion limited. Froese 
and Sehon (1965) have calculated a maximum kf value of 
about 1.5 X 1 O9 M - '  sec-l using relationships derived by 
Alberty and Hammes ( 1  958). They point out, however, that 
this estimate does not take electrostatic repulsive forces into 
account and suggest that the true theoretical diffusion lim- 
ited value of k i  may be tenfold slower, or about I O x  M - '  
sec-I. This value still exceeds the directly determined asso- 
ciation rate constants i n  the present work by about an order 
of magnitude. 

Although Sips analysis of equilibrium data for the rabbit 
ouabain-specific antibody- ['Hlouabain and sheep digoxin- 
specific antibody-[3H]digoxin combinations yielded values 
close to unity for the heterogeneity constant, a ,  the dissocia- 
tion experiments showed a definite heterogeneity of the 
antibody populations with respect to dissociation reaction 
rate constants. It may be that the 2-hr incubation time used 
in  equilibrium experiments did not permit full equilibration 
at  the lowest hapten concentrations, thus tending to under- 
estimate true heterogeneity by this method. Evidence for a 
more slowly dissociating subpopulation of less than 35% of 
total specific antibody was observed using methods involv- 
ing both prolonged charcoal exposure and addition of a 
large excess of unlabeled hapten. I t  is therefore unlikely 

that this apparent heterogeneity was artifactual. In contrast 
to the heterogeneity of association kinetics systems pre- 
viously studied by Day et al. (1963), we detected no signifi- 
cant heterogeneity of kf values. 

Day et al. (1963) have suggested that the similarity of re- 
sults observed for the interaction of both the zwiterionic 
hapten, Dnp-lysine, and the anionic hapten, Dnp-aminoca- 
proate, implies that it is not the heterogeneity of net ionic 
charge of isolated anti-D?p antibody which is primarily re- 
sponsible for the kinetic heterogeneity of the antibody popu- 
lation studied. While the studies of antibody-hapten inter- 
actions reported earlier were performed with relatively 
polar, charged haptens, our studies show similar values of 
kf for the uncharged nonpolar, hydrophobic haptens digoxin 
and digitoxin as well as for the relatively polar cardiac gly- 
coside, ouabain. This indicates that the electrostatic charge 
and polarity of the hapten, a t  least to the extent of the vari- 
ation in charge and polarity yet studied, have little effect on 
the value of forward reaction rate constants. 
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