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ABSTRACT  Interactions between a monoclonal, DNP-specific IgE molecules (hybridoma A2) and divalent DNP-haptens in solution cause
aggregation of the former predominantly into closed rings of two IgE and two divalent haptens (Schweitzer-Stenner, R., A. Licht, |.
LUscher, and |. Pecht. 1987. Biochemistry. 26:3602-3612). The time course of this process was now investigated by titrating the A2-IgE
with divalent DNP-haptens having long and rigid oligoproline spacers (di(N*-2,4-dinitrophenyl )-6-amino-hexanoate-aspartyl-( prolyl ),-L-ly-
syl; n = 24, 27, 33). Binding was expressed in quenching of the IgE intrinsic tryptophan emission. As shown in the preceding paper,
hapten addition to the IgE-A2 at rates faster than a distinct threshoid value led to nonequilibrium titrations (NETs) from which kinetic
processes slower than 2 s~ can be resolved. Analysis of these titrations shows that the dimeric rings open at rates of ~1072s',
independent of the divalent hapten’s spacer length. The ring closure rate, however, decreases with spacer length. The latter observation
was qualitatively rationalized in terms of the diffusion process of a Gaussian chain which relates the ring closure rate constant to the

expectation value for the distance between the free ends of the respective open chain.

INTRODUCTION

The primary event initiating the cascade that culminates
in mast cells and basophils secretion is the clustering of
IgE-class antibodies bound to their type I Fc.-receptor
(Fc RI) by multivalent antigens (Siraganian et al., 1975;
Segal et al., 1977; Metzger, 1977, Barsumian et al., 1981;
Balakrishnan et al., 1982; Ishizaka and Ishizaka, 1984 ).
Our aim is understanding the parameters that determine
the efficiency of the stimulatory signal of IgE-Fc, RI clus-
ters. One such potential parameter is the lifetime of an
Fc, RI cluster { DeLisi, 1980), which is a function of its
respective formation and disaggregation rate constants.
The reaction of divalent DNP-haptens with monoclonal
DNP-specific IgE antibodies produced by the hybrid-
oma A2 (IgE-A2; Rudolph et al., 1981) was earlier
shown to yield both open and closed dimers (Schweitzer-
Stenner et al., 1987). Their respective mole fractions de-
pended on the equilibrium constants of the distinct reac-
tion steps of these processes. The steps leading to IgE
dimerization and the labeling of the corresponding equi-
librium constants are summarized in Fig. 1.

Some of the kinetic aspects of these reactions were
investigated by fluorescence titrations using various hap-
ten addition rates (Schweitzer-Stenner et al., 1992; pre-
ceding paper in this issue, herein refered to as paper I).
We observe that if one of the IgE-divalent hapten reac-
tion steps is slower than 2 s7!, the titration does not
reach a state of equilibrium. From the nonequilibrium
titrations (NET) kinetic parameters of the slow pro-
cesses can be derived. In order to resolve among the dis-

Abbreviations used in this paper: NET, nonequilibrium titration;
DNP, 2,4 dinitrophenyl; (pro),, polypeptide containing # L-prolines;
DNP-(pro),,, N*2,4-dinitrophenyl-6-amino-hexanoate-L-aspartate-
(prolyl),;-OH; bis(DNP)-(pro),, di(N*2,4-dinitrophenyl)-6-
aminohexanoate-L-aspartate-( prolyl),;-lysyl; (DCT ),-cystine,
bis[[[(N*-2,4-dinitrophenyl Jamino]caproyl-L-tyrosyl ] cystine; RMS,
root mean square.

tinct reaction steps shown in Fig. 1, we first investigated
the intrinsic binding of monovalent haptens to Fab frag-
ments of IgE. It turned out that the reactants in these
titrations reach equilibrium independent of the hapten
addition rate. This suggested that the corresponding asso-
ciation and dissociation rate constants are larger than
10"M™'s 'and 2s™!, respectively. The binding of diva-
lent haptens to the Fab fragments yields a mixture of
monomeric and dimeric complexes. The latter can be
regarded as simple models for the open dimers formed in
the reaction of intact IgE with divalent haptens. We
found that the divalent haptens with short spacers (I’ =
16-21 A) cause the slow formation of Fab-dimers (i.e.,
rates between 1072 and 1073 s~!), whereas haptens with
longer spacers (I' > 45 A) effect relatively fast dimeriza-
tion with a time constant larger than 2 s™!.

Preliminary NETs of intact IgE with divalent DNP-
haptens with long and rigid spacers (i.e., di(N*2,4-
dinitrophenyl)-6-aminohexanoate-aspartyl-(prolyl),-L-
lysyl (bis(DNP)-(pro),); n = 24, 27, 33; ' = 110-130
A) to IgE have shown, however, that a slow step is in-
volved in these interactions (Schweitzer-Stenner et al.,
1987). Since the rate of the corresponding Fab-dimeriza-
tion has been shown to be faster than 2 s~ (paper I) this
slow step can be assigned to the closure and opening of
dimeric rings rather than to the formation of the corre-
sponding open dimers. Here we report kinetic measure-
ments of the formation of these dimeric rings by NETs of
monoclonal DNP-specific A2-IgE by the divalent hap-
tens bis(DNP)-(pro), (n = 24, 27, 33). Analysis of the
data yielded the rate constants of closure and opening of
dimeric rings.

MATERIALS AND METHODS

In the preceding paper (paper I) we have described in detail the isola-
tion and characterization of the DNP-specific IgE-A2 antibodies, the
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FIGURE | Reaction scheme between IgE-class antibodies and divalent
haptens. J, and J, denote the equilibrium constants of the monomeric
and dimeric ring closure steps, respectively. The scheme is taken from
Schweitzer-Stenner et al. (1987).

preparation of the ligands, and the methodology of employing NETs
and equilibrium titrations for the kinetic analysis of divalent hapten-
IgE-A2 interaction.

THEORETICAL METHODS

Interactions between intact IgE
and divalent haptens

Dembo and Goldstein (1978a) have developed a theory designed to
calculate the equilibrium concentrations of the different species pro-
duced upon IgE-A2-(divalent) hapten interaction (cf. Fig. 1). A de-
tailed description of our application of that theory has already been
reported (Schweitzer-Stenneretal., 1987). Experiments using monova-
lent Fab fragments provided evidence that the corresponding forma-
tion and dissociation of Fab dimers by divalent haptens with spacers
longer than 40 A proceeds at comparatively fast rates (kgg>2s"")and
cannot be resolved by NET. Consequently, the ring closure remains the
only possible candidate for the slow step in the reaction between intact

IgE and these divalent haptens. Its time course can be calculated by
solving the differential equation:

d[D](1)/dt = —j3[D](1) + j3[D]o(2), (1

where [D], and [D), are concentrations of closed and open dimer,
respectively, and j5 and j5 denote the rate constants of the formation
and opening of closed dimer. If the preceding steps in the hapten-anti-
body reaction are at equilibrium throughout the titration process, the
open dimer concentration can be expressed in terms of the free hapten
and antibody concentrations using the theory described before
(Schweitzer-Stenner et al., 1987). This leads to:

dD,(t)/dt = —j3 D(t) + 32j* 2K Ko HIH(D)[A)}(2), (2)

where K, denotes the equilibrium constant of the binding of one hap-
ten to a Fab site. The equilibrium constant 2 - K, is related to the
binding of a divalent hapten already bound at one end to an IgE to
another IgE, thus yielding an open dimer (cf. Fig. 1). [4]and [ H] are
the concentrations of free IgE and free (divalent) hapten, respectively.

We started the iterative treatment of Eq. 2, assuming that the initial
concentrations of free hapten and antibody present at the time ¢ do not
change upon closed dimers formation in the interval 6z. They are de-
rived by the solving the following nonlinear equations using a two-di-
mensional version of the Newton-Raphson method (Margenau and
Murphy, 1956):

[Alr = {[A]s+ 16K, Ko [H1e(2)[A]c(2)}
X {1+ 2Kin H]¢(2)}* + 2[D}(2) (3a)
[Hlr = [H](){1 + 4K [A1e(2) + 8KL[H)()[A)5(2)}

+ 8Kin Koggl H1c(D)[AIF(2)

X {1 + 8Kl H1(1) + 12K2[HE(1))

+ 2[D](1). (3b)
To obtain a first guess for the concentration of closed dimers [D],
formed at the end of a time interval 4¢, the thus calculated [ H], and
[A]}¢(2) values must be inserted into:
[D)e (2 + 8t) = 320,K7, Kogg | Hleo(£) [ A15(1)

X {1 — exp(—jz01)} + [D]o(¢) exp(—j30t), (4)
where J, is the equilibrium constant of the ring closure (cf. Fig. 1) and
[ D], is the initial concentration of closed dimers. Subsequently, the
calculated value for [ D], (¢ + t) was inserted into Eqgs. 3a and 3b to
recalculate the free reactants concentrations, i.e., [H]y and [A4],.
These were then used in Eq. 4 to recalculate [ D)., (¢ + 6¢). The iterative
procedure was stopped upon convergence. The corresponding criterion
was |[ D}, — [D]s-,| < 0.01[D];;. The fractions X; of Fab-binding sites
occupied by a hapten (j = 1), or by a hapten antibody complex in an
open (j = 2) or closed dimer (j = 3) are expressed by:

X (t +6t) = 4K, [ H](t + 6t)[A)s(2 + 61)
X {1 + 2K [H]¢(t + 8t)
+ 32K, Koo [H] (1 + 81)
X [Alg(t + 81)*}/[A)r
+ 64K3, Koo [ H1 (1 + 8t)2

X [A]e(t + 81)*/[Alr (5a)
Xp(1 + 81) = 16K Kgg H] (1 + 81)[AJ}(2 + 81)/[A)r  (5D)
X;(t + 6t) = 4[ D] (¢ + 61)/[A)r. (5¢)

To calculate the fluorescence titration curve, one inserts Eqs. 5a-5c¢
into:
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TABLE 1 Best fitting parameters describing the interactions between divalent DNP-haptens and the DNP-specific, monoclonal IgE-A2

Iy [mol/s) K [M7'] K [M'] A 5571 Jz s @ g

1) bis(DNP)-(pro),,

I: 1.8-1071 1+0.1-10 36+ 1.0-10° 82+ 10 0.8 +0.1 1072 0.33 0.37

I:8.7- 10712 1+£0.1.10° 3.6+ 1.0-10° 82+ 10 0.8 +0.1 1072 0.33 0.37
II) bis(DNP)-(pro),;

I, 1.8-1071 8.8+ 1.5-10° 3.3+ 1.0-10° 62+ 10 0.6 +0.1 1072 0.33 0.37

I,:8.7-107 8.8+ 1.5-10° 3.3+ 1.0-10° 6210 0.6 £0.1 1072 0.33 0.37
II) bis(DNP)-(pro)ss

Im;: 1.8-107" 1.0 + 1.0- 107 26+ 1.0-10° T+2 0.07 £ 0.02 1072 0.32 0.42

II: 8.7-107" 1.0 + 1.0- 10° 2.6+ 1.0-10° 7+2 0.07 £ 0.02 1072 0.33 0.37

Two different addition rates were employed in titrations using each hapten. The stock hapten ([H],) and antibody concentrations ([4],) were

5.9-107° M and 1.25- 1077 M for each experiment, respectively.

HUH e, (A, +80) = Lo 1= 3 {00+ 80}, 6)

where the sum Z; includes all hapten-IgE complexes and g; are the
respective quenching coefficients.

Fitting procedure

The rate constants of the closure (3 ) and the opening (j3) of dimeric
rings and the quenching coefficients ¢, (i = 1, 2, 3) are used as free
parameters in a fit to the experimental titration curves. The intrinsic
binding constant K, has been derived from titrations with the monova-
lent hapten N*2,4-dinitrophenyl-6-aminohexanoate-L-aspartyl-(pro-
Iyl);-OH (DNP-(pro),, ).

The aggregation equilibrium constants K, were taken from the re-
spective equilibrium titration reported earlier (Schweitzer-Stenner et
al., 1987). Slight variations in both, K;,, and K, were allowed for fine
tuning the fits to the experimental data. For the fitting procedure we
used a program called MINUITL obtained from the CERN library
(James, 1972). It contains three different minimization subroutines,
SEEK, SIMPLX, and MIGRAD designed to search a local minimum
in the corresponding x 2 function.

The procedure employed for the error analysis of the obtained param-
eter values is described in paper 1.

RESULTS AND DISCUSSION

Brief description of the NETs

The intrinsic binding constant K;,, of the A2-IgE interac-
tions with the divalent haptens bis(DNP)-(pro), was
derived by titrating A2-IgE with the monovalent hapten
DNP-(pro),,. Analysis of the data yields K;,, = 1.2+ 107
M~ in good agreement with our earlier value
(Schweitzer-Stenner et al., 1987). The titration curve
could be fitted assuming that the binding capacity of the
antibodies is practically 100% (data not shown).

NETs of IgE-A2 by the divalent haptens bis(DNP)-
(pro), (n = 24, 27, 33) were carried out at two different
rates of hapten addition. The experimental parameters,
i.e., total IgE-A2 concentration [4], stock concentra-
tion [H], of the employed haptens, and rate of hapten
addition ry, are listed in Table 1. The NETs by
bis(DNP)-(pro),; and bis(DNP)-(pro),; are shown in
Fig. 2. The ring opening rate constants, i.e., j; = 1072
s~', derived from the fits (solid lines) were within the
limit of accuracy, the same for all the haptens employed.

The ring closure constant j3 was found to decrease with
spacer length from 0.8 + 0.1 s ™! for bis(DNP)-(pro),, to
7 £ 21072 57! for bis(DNP-(pro)s,, thus causing a de-
crease in the respective equilibrium constant J,, in full
agreement with our earlier study (Schweitzer-Stenner et
al., 1987). The values of the rate and equilibrium con-
stants, the quenching coefficients, and their respective
statistical errors, as derived from the fitting of the NETs,
are presented in Table 1. It should be emphasized that
the corresponding NETSs performed with the same hap-
tens could be fitted in terms of the very same parameter
values.

Kinetics of IgE-ring closure

Open dimer formation by the divalent bis(DNP)-
(pro),-haptens proceeds at a rate faster than 2s~!, proba-
bly due to its being free of orientational constraints (cf.
paper 1). In contrast, the corresponding ring closure
rates are apparently slower than 2 s™!. The rate constant
of the latter decreases with increasing spacer length,
whereas the corresponding dissociation rate constant re-
mains nearly constant. This observation is consistent
with the expectations from an intramolecular ring clo-
sure process. Provided that the process is diffusion con-
trolled, the ring closure rate constant decreases with in-
creasing distance between the free Fab site and the free
DNP group of a bound divalent hapten. The opening
rate constant, however, depends mainly on the proper-
ties of the encounter complex. It is reasonable to assume,
that these parameters do not depend significantly on the
spacer length of the haptens. In order to quantitatively
assess the relation between the end-to-end distances r of
the IgE-open dimer and the ring closure rate constants,
we first calculated the RMS value of the latter in terms of
the equilibrium constant of the ring closure process us-
ing the expression:

(r*)dn = V(L.57)(Kog/0Jy)"7?, (7

derived by Schumaker et al. (1980). The factor p = 0.6
nm~ M~! has to be inserted in order to take into ac-
count the particle density in the standard state. Using the
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FIGURE 2 Fluorescence titrations of the IgE-A2 antibodies by the di-
valent hapten bis( DNP)-(pro),; (upper panel; rq = 1.75 » 10> mol/s
(O) and rg = 8.7 « 107** mol/s (A)) and bis(DNP)-(pro);; (lower
panel;rq=1.3+10"" mol/s(A)and 7 = 8.7 « 10" mol/s(00)). The
solid lines are calculated using the parameters derived from the fitting
procedure and are listed in Table 1 (1I,, I, I1I,, IIL,). The representa-
tive data points (12 of 1,200) are taken from the fluorescence titrations.

parameter values listed in Table 1, one calculates ( r* (2
as 280, 340, and 480 A for bis(DNP)-(pro), with n =
24, 27, and 33, respectively.

The decrease in the ring closure rates with increasing
spacer length can be rationalized in terms of a reaction
theory developed by Szabo et al. (1980), which analyzes
diffusion controlled intrachain reactions of polymers.
The quantity of interest in the applied model is the func-
tion Z (¢), the fraction of polymers yet unreacted at time
t (i.e., the fraction of open dimers; cf. Fig. 1). It depends
on the probability distribution p(r, t) of finding the sys-
tem at position r at time ¢:

=@ = [ dwir,0, ®)

where the integral extends over the whole diffusion space
and p(r, t) obeys the Smoluchowski equation (Smolu-

chowski, 1917). In the following we choose Z(¢) to be
normalized so that Z (z = 0) = 1.

As shown earlier by Archer and Krakauer (1977),
polymers formed by antigen-antibody complexes can be
represented by Gaussian chains. Assuming that this also
holds for the open IgE dimers, their equilibrium end-to-
end distribution p,, (7, ¢) is given by:

Pea(Ir)) = cr?eexp(—dr?/2{r*)gim), (9)

where ¢ is a normalization constant and d = 3 for a three-
dimensional polymer.

Z (t) can now be calculated by inserting Eq. 9 into Eq.
8 and by evaluating the thus derived integral. In princi-
ple this must be done by numerical methods ford > 1. If,
however, the radius a of the reaction sphere is signifi-
cantly smaller than the respective expectation value of
the end-to-end distance (Eq. 7), the following approxi-
mation holds (Szabo et al., 1980):

2 (2) = exp(—t/7), (10)

where the time constant 7 is given by:
T=03"
= {(yx/2a+(In2 — 1) — a{x/2 + 4a?/3) }{r*D4im/ 3D,
(11)

and the factor « is written as:

(12)

The explicit calculation of Z(¢) requires knowledge of
the diffusion coefficient D. This parameter, however, is
physically ill-defined because the ring closure of an IgE
dimer is subject to coupled translational and rotational
diffusion processes of the distinct IgE domains and other
connecting elements. We can estimate, however, the ra-
tio R of the association rate constants j3 for the different
bis(DNP)-(pro),-IgE dimers. For this purpose we use
Eqgs. 10-12 to calculate:

a =V(d/2)a/{r*)gim-

R, =j3(m/j3 (13)

for n = 27 and 33. Inserting the corresponding end-to-
end distances calculated above (Eq. 46) yields R,,; =
0.60 and R,5; = 0.19. The respective ratios of the j; pa-
rameters obtained from the fluorescence titrations are
R,,; = 0.75 and R,;; = 0.08. This shows that the em-
ployed model provides a qualitative rationale for our
data even though a Gaussian chain is only a crude ap-
proximation to our system.

(n = 24),

Comparison with other studies

The results presented in this and the preceding paper are
in good agreement with results of the recent kinetic stud-
ies of IgE-divalent hapten interactions reported by
Posner et al. (1991). These authors have measured and
analyzed the dissociation of the complex formed be-
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tween the divalent hapten bis[[ { N*2,4-dinitrophenyl)-
amino }caproyl]-L-tyrosyl]cystine ((DCT),-cystine))
and intact IgE-H1-26.82 in solution and derived two rate
constants, namely k_, = 2.5-1072 s7! and k_, =
1.3-1073s™!. Whereas k_, was assigned to the dissocia-
tion of monomeric hapten-IgE complexes (in accor-
dance with experiments of Goldstein et al., 1989), k_,
was attributed either to the dissociation of an open dimer
or to the opening of a closed dimer.

In view of our results we would assign k_, to the open-
ing of a closed dimer rather than to the dissaggregation of
an open dimer, because the spacer length of (DCT ),-cys-
tine was reported to be 49 A, and our studies on the
kinetics of Fab-divalent hapten interaction have sug-
gested that the dimerization with haptens having I" > 40
A proceeds comparatively fast.

Possible biological relevance

The interest in a physico-chemical understanding of the
oligomerization processes of antibodies by divalent hap-
tens serving as well defined and simplest model antigens,
is based primarily on their capacity to produce cellular
response. In this case, the Fc RI-IgE clustering by the
divalent haptens and the resultant mast cells secretory
response were investigated rather early (Siraganian et al.,
1975). The efforts to further extend this approach and
determine its quantitative aspects in more rigorous fash-
ion using the currently available monoclonal IgE class
mADbs and the range of divalent haptens, met so far only
with limited success. Thus, using the above oligoproline
spaced divalent haptens to stimulate RBL-2H3 cells has
shown that only very limited extent of mediator secre-
tion could be obtained and even that only with the
bis(DNP)-(pro),; hapten (Reck et al., 1985). Signifi-
cantly, Kane et al. (1986) using the bivalent (DTC),-
cystine hapten (I’ =~ 50 A) have also observed a rather
low secretory response of RBL-2H3-cells (=~33%). One
possible rationale for this low stimulatory capacity of
divalent haptens may be provided by experiments (Few-
trell and Metzger, 1980), suggesting that Fc RI-dimers
are inefficient in triggering RBL-2H3 secretory response.
Ortega et al. (1988) have shown, however, that distinct
monoclonal antibodies specific to the a-subunit of the
FcRI can be efficient in triggering release, even though
the maximal aggregate formed upon their binding to
FcRlisa dimer. Thus, the low degranulation capacity of
hapten-IgE complexes cannot be explained solely by
their dimeric size.

The results presented in this and the preceding study
provide a hint for an alternative parameter that deter-
mines the stimulatory efficiency of FcRI oligomers,
namely their lifetime. Even though the IgE-dimers disso-
ciate much slower than the corresponding monomeric
hapten complexes, their dissociation rates are still faster
than those of the Fc RI-dimers formed upon binding of
the Fc RI by specific monoclonal antibodies (F4 and
J17), which are both considerably more effective in in-
ducing RBL cell secretion (Ortega et al., 1988, 1991;

Schweitzer-Stenner et al., 1991). Further investigations
of the kinetics of open Fc RI-IgE dimer formation and
ring closure by divalent haptens are necessary in order to
clarify which parameters determine the efficiency of the
secretory response. Such studies could provide insights
into the dynamics of IgE-oligomerization in the two di-
mension of the cell surface in comparison to those in the
homogenous solution.
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