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ABSTRACT The kinetics of hapten binding to the homo-
geneous immunoglobulin A secreted by the murine plasmacy-
toma MOPC 460 was investigated by the chemical relaxation
method. Two distinct relaxation times were observed in the
binding equilibrium with three different haptens. A detailed
concentration dependence analysis of relaxation times and
amplitudes was performed with the hapten e-N(2,4-dinitro-
phenyl)-lysine (Dnp-Lys). The results support a mechanism in
which two interconvertible conformational states of the protein
bind the hapten with different association constants. Hapten
binding shifts the equilibrium towards the better binding state.
These observations form kinetic evidence for a conformational
transition induced in the immunoglobulin by ligand binding
to its antigen binding site, and are in line with the allosteric
hypothesis for the initiation of physiological functions by an-
tigen-antibody association.

The binding of antigen to its specific site is known to induce
several physiological activities at other remote sites on the
antibody molecule. Conformationally mediated interaction
(allostery) is one of the models proposed to account for this
phenomenon (1). Evidence for such antigen-induced confor-
mational transitions arose mainly from static measurements
(1-3), while kinetic studies failed to resolve more than a single
(association) step in hapten-immunoglobulin equilibria (4, 5).
Here we report a study of the interaction between MOPC-460,
a homogeneous immunoglobulin A, and its specific nitroaro-
matic haptens. This system has been previously characterized
and shown to constitute an adequate model for antibody-an-
tigen interaction (6-8). The method of chemical relaxation (9)
was used to resolve the binding mechanism. Two relaxation
times, of which one was bimolecular and the other monomo-
lecular, were observed. The results form unequivocal kinetic
evidence for protein isomerization in a hapten-immunoglobulin
equilibrium.

MATERIALS AND METHODS
The reduced and alkylated protein 460 monomer was prepared
from the ascites fluid of tumor-bearing BALB/c mice according
to Goetzl and Metzger (10). Measurements were carried out in
0.01 M sodium phosphate buffer containing 0.15 M NaCI at pH
7.4. Temperature-jump experiments were done on an apparatus
described elsewhere (11). The discharge voltage was 20 kV,
causing a temperature jump of 5.20 from an initial temperature
of 20.0 + 0.10. Concentration changes were monitored via the
quenching of the protein intrinsic fluorescence by the haptens,
and in the case of 4-(a-N-L-alanine)-7-nitrobenz-2-oxa-1,3-
diazole (NBD-Ala, ref. 12) also through the quenching of the
hapten fluorescence as well as changes in its absorption. Re-
laxation curves were converted into digital values with a Bio-

mation model 802 transient recorder. Recordings were made
at two different sweep rates and a sum of 6 to 8 jumps was used
for the calculations. Relaxation times and amplitudes were
fitted by the method of Grinvald and Steinberg (13). The ob-
served amplitude AFob, (in arbitrary units) depends on an
amplification factor which may change from one concentration
point to another, and is given by the general expression:

AFobs = 2a, -AF,
where AFj are molar fluorescence changes of the steps in the
arbitrary units, and the coefficients aj include equilibrium
concentrations and molar enthalpies. To provide a consistent
concentration dependence analysis, the amplitude is normalized
by dividing the above equation by Pt-Fp (Pt is total protein
concentration and Fp is the molar fluorescence of the protein
in the arbitrary units). For each jump, the total fluorescence
signal (F) at the high temperature equilibrium state is also
measured at the same amplification. F is given by F = Fp-Pt (l
- q) where q is the fractional-quenching of fluorescence at the
particular hapten concentration, as obtained from titrations.
The normalized amplitude is then given by:

A = AFobbs(l-q)/F = (1P,) Zai Afi
and is independent of instrumental setting. The first expression
contains only measurable quantities, and the second (in which
Afi = AF1/Fp) is theoretical and yields the formulae in rows
H and I of Table 1. The expressions for the concentration de-
pendence of times and amplitudes were derived according to
Castellan (14) and Jovin (15), respectively. The experimental
concentration dependences were fitted to those predicted by
different mechanisms using the algorithm of Powell (16).

RESULTS AND INTERPRETATION
Overall equilibrium parameters
Parameters were obtained by fluorometric titrations and ca-
lorimetric measurements which will be described in detail
elsewhere. For E-N-(2,4-dinitrophenyl)-L-lysine (Dnp-Lys)
these were: overall association constant (compare Table 1) K
= 6.5 ± 0.5 X 104 M-1; overall fluorescence change Af = -0.48
b 0.03; and overall molar enthalpy change AH = -14.5 + 1.5
kcal/mol; all are in agreement with ref. 7. The corresponding
values for NBD-Ala were K = 3.5 b 0.2 X 105 M-1, Af = -0.45
± 0.03, and AH = -9.3 + 1.0 kcal/mol (1 kcal = 4.184 kJ). The
interaction of NBD-Ala with protein 460 and other Dnp-
binding immunoglobulins will be fully described in a separate
manuscript.

Temperature-jump experiments
The relaxation spectrum for the system of Dnp-Lys and protein
460 is composed of two relaxation times that are well separated
over the whole concentration range. The concentration de-
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Abbreviations: Dnp-Lys, e-N-(2,4-dinitrophenyl)-L-lysine; NBD-Ala,
4-(a-N-L-alanine)-7-nitrobenz-2-oxa-1,3-diazole; SI, Ir slow and fast
relaxation times; AS, AP slow and fast normalized relaxation ampli-
tudes.
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Table 1. Possible mechanisms and their kinetic behavior
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Formulae are referenced by the column number and the row letter.
Symbols denote species as well as their equilibrium concentrations: H, hapten; Ro and R1, free and bound protein in the better binding

state; To and T1, free and bound protein in the worse binding state. Pt, total protein concentration.
The overall association constant is defined as K = (R1 + T1)/H.(Ro + To). Individual equilibrium constants are defined as Ki = ki/k-i

and the direction of ki is defined to be from reactants to products.
The associations are assumed to be much faster than the isomerizations. For mechanism 3 the association to the T state is assumed to be

much faster than that to the R state (see text).
g1j is the element of the matrix g on the i-th row and j-th column. gi is the principal partial matrix of order i derived from g, and Igi is its

determinant.
AlnKi = AHiAT/RT2, where AT is the temperature difference in the jump, AHi is the molar enthalpy change of the i-th step, R is the

gas constant, and T is the absolute temperature. Afi is the normalized molar fluorescence change of the i-th step (see Materials and Methods).

pendences of the fast time (OrF) and slow time (rs) are shown in
Fig. 1A and B, respectively. The protein concentration is held
constant at about 1.6 ,uM (sites) and the reciprocal relaxation
times are plotted versus the increasing total Dnp-Lys concen-

tration (Ht). 1/1TF increases linearly from 1-103 to 4-103 sec1,
while l/rT decreases from 120 sec1 to a plateau value of about
50 sec1 This behavior is consistent with a reaction scheme that
includes a fast bimolecular hapten-protein association and a

slow monomolecular protein isomerization, most probably a

conformational transition. The following observations confirm
this tentative interpretation.

1. The fast association is kinetically and thermodynamically
uncoupled from the slow isomerization. Also the hapten con-

centration is, to a good approximation, buffered (9) for all but
the first three points of Fig. 2. Under these two conditions irF
may be approximated by 1/TF = kon-Ht + koff independent of
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FIG. 1. The dependence of the inverse fast (A) i

Taxation times on t6tal Dnp-lysine concentration. 1
solid lines are calculated using the best fit parameters
2 and 3, respectively. The concentration of protein 4
,uM sites. The bars denote approximate standard c
group ofjumps represented by one point.

the detailed mechanism. (HA is total hapten com
kon and koff are the rate constants for the associ
sociation, respectively.) The slope and intercep
line drawn through the last nine points of Fig. 2 !
X 108 M-' sec- and kdff = 850 sec-1. The equilit
characterizing the association step is Kam = kslk
M-'. The rate constants are similar to those fo
immunoglobulin-hapten systems (5) and the
constant is of the same order of magnitude as th
stant from titrations, all in agreement with TF rel
hapten-protein association.

2. (a) Preliminary experiments with two
(NBD-Ala and 2,4-dinitronaphth-1-ol) were fo
similar relaxation spectra with an identical limi
the slow time. r, must therefore be due to a con

nent of all three systems, namely the protein. (b
free haptens displayed a chemical relaxation in
method. In contrast, the free protein exhibited i
fluorescence a relaxation with 1/r = 110 + 3(
normalized amplitude A = 1.5 0.5 X 10-3 w
agree with the extrapolation to Ht = 0 of 1rs ax
tively (compare Figs. 1 and 2). This further conf
slow process is due to the protein.

3. Variation of the protein concentration from
at a constant hapten concentration did not chango
rs. Also, no oligomeric forms higher than the me
found in sedimentation velocity measurements of
and Dnp-Lys-bound protein at a concentration o

Thus, the possibility that rs reflects protein-prote
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FIG. 2. The dependence of fast relaxation amplitude (upper
curve) and slow relaxation amplitude (lower curve) on total Dnp-Lys
concentration. The broken and solid lines are calculated using the best
fit parameters for mechanisms 2 and 3, respectively. All other details
are the same as in Fig. 1.

LI .. I1 J is excluded, and the slow step is proven to be monomolecu-
24 30 lar.

4. This monomolecular transition in the protein must be
and slow (B) re- coupled to the binding of the hapten since: (a) r5 is found to
rhe broken and change with hapten concentration (Fig. 1). (b) In the case of
formechanisms NBD-Ala the slow time is observed not only in the protein
60 was 1.5 - 1.7 fluorescence but also via changes in the hapten fluorescence and
leviation in the light absorption.

Two minimal mechanisms that conform with this scheme
are 1 and 2 of Table 1. In mechanism 1 the protein-hapten

centration and complex isomerizes, while in mechanism 2 it is the free protein.
iation and dis- Mechanism 1 is ruled out for the following reasons: (i) The
t of a straight decrease of 1/hr with increasing hapten concentration is not
yield kon = 1.1 compatible with Eqs. ID, lE, and IF*. (ii) The kinetically
)rium constant determined Ka is identified with KT, and according to Eq. iB,
Off = 1.3 X 105 K > KT must hold, in contrast with the observed K < Kam.
und for other Mechanism 2 qualitatively agrees with the observed behavior,
equilibrium since Eqs. 2D, 2E, and 2F predict a decreasing l/r,, and KR

ie overall con- = K.s> K is consistent with Eq 2B. An attempt is therefore
presenting the made to examine its quantitative fit to all the data. In the fitting

procedure the overall association constant (K), overall molar
other haptens, enthalpy change (AH), and maximal quenching (Af) are fixed
ound to yield at the above measured values.
iting value for First, ko and k-o are determined by fitting the slow tine data
nmon compo- (Fig. 1B) to Eq. 2D. These are the only free parameters, since
7) None of the knowledge of ko and k-0 enables the calculation of Ko (=ko/
any detection k-o) and KR (using Eq. 2B and the value of K). The fast time
in its intrinsic data (Fig. 1A) are then fitted to Eq. 2C with kR as the only free
) sec-1 and a parameter (k-R is calculated as kR/IKR). The broken lines in Fig.
Which roughly 1 represent these respective fits and the resultant rate and.
nd As, respec- equilibrium constants are listed in Table 2.
firms that the The relaxation amplitudes (Fig. 2) are then analyzed. The

equilibrium constants obtained above are used to calculate the
1.6 to 30MM elements of the g matrix (Eq. 2G) and the values of AH1 and

e the value of Af1 (molar enthalpy change and normalized fluorescence
onomer were change of the i-th step, respectively) serve as free parameters.
both the free

of 60,gM sites.
in association

* Equations denoted by a number and a letter appear in the corre-

sponding column and row of Table 1.
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Table 2. Kinetic and thermodynamic parameters for mechanisms 2 and 3

Mech-
anism i Ki ki kAAfi AHi AGi (f) ASi (g)

2 R 1.73 X 105 (b) 1.20 X 108 (a) 690 (a) -0.48 (c)t -15.9 (c)t -7.12 -29.5
0 0.56 (b) 43 (b) 77 (b)

3 T 1.90 x 104 (e) 1.3 X 108 * 6800 * -0.47 (d) -14.1 (d) -5.81 -27.8
R 2.18 x 105 (e) 1.27 X 108 (a) 580 (a) -0.50 (d) § -15.0 (d) § -7.25 -26.0
0 0.30 (e) 29 (e) 96 (e) 0.02 (d) 0.64 (d) 0.71 -0.23
1 3.40 (e) 44 (e) 13 (e) -0.01 (d) -0.26 (d) -0.72 1.55

Units: kT and kR, sec'- M-1; all other ki, k-1, sec'-; KT and KR, M-1; Ko, K1, and Afi, dimensionless; AHl and AG1, kcal/mol; AS1, cal/
mol-degree. Error 20%.

Source of values: (a) TF (b) T., (c) AF, (d) As, (e) Tsand A, (f) by AG1 = RTInK1, (g) by AS, = (AHl - AG1)/T.
* According to the assumption kT = kR, see text.
t Only the product AHRAR is determinable and the listed values are obtained with the assumption AfR = Af (overall).
§ The fast amplitude fit yields a somewhat higher value for AHR.AfR (10.7 as compared with 7.5 kcal/mol here). This, however, corresponds
to less than 20% difference in each of the two parameters within the estimated error.

The fast amplitude (Eq. 2H) fits well (upper broke-line curve
in Fig. 2) even though only the multiplying factor A!R-HR is
free and the shape of the curve is predetermined. In contrast,
the slow amplitude (Eq. 21) does not give a satisfactory agree-
ment, either when AfR-HR is fixed to the value obtained above,
or even when both AfR and AHR are left free: in both cases the
lower broken-line curve of Fig. 2 represents the best fit. Thus,
mechanism 2 agrees with the behavior of three out of the four
relaxation parameters, but is excluded by the slow amplitude
data.

In view of this, a third mechanism (no. 3 in Table 1) is ex-
amined. Here both the free and the bound protein isomerize,
and both the T and R forms bind the hapten with finite asso-
ciation constants (KR > KT by definition). Only three of the
four steps are thermodynamically independent, as reflected in
the relation:

KT/KR = K0/K, [4]

A maximum of three relaxation times may therefore be ob-
served, and when the isomerizations are much slower than the
associations (as borne out by experiment) one slow monomo-
lecular time and two fast bimolecular times are expected (14).
The slow time is unequivocally identified with the observed TSr,
and the data of Fig. 1B may thus be fitted to Eq. 3D. Using the
known value ofK and Eq. 4, four free parameters are left which
are chosen as q = ko + k-o, p = k, + k-1, r = ko/k1, and s =
k-o/k-1. This choice of parameters is decisive for successful
convergence. Also, an initial guess for q and p is available ac-
cording to Eqs. 3E, and 3F. While the values of the first three
parameters are uniquely determined (q = 125.5 + 1 sec1, p
= 52 + 2 sec1, and r = 0.68 + 0.03), s is found to be indeter-
minable in the sense that values from 2.8 through 10 yield the
same fit (solid line in Fig. 1B). Even higher values up to s =60
never give worse fit than the broken line of this figure (s co
corresponds to mechanism 2, see Discussion). Only when the
slow relaxation amplitude is fitted to Eq. 3I it is possible to re-
solve this degeneracy: the best fit is obtained with a value of s
= 7.4 (lower solid-line curve in Fig. 2). The fit parameters (slow
rate constants, all equilibrium constants and Afl, AHl) are given
in Table 2.
The fast relaxation data may now be treated in terms of two

association steps having KT = 1.9-104 M-1 and KR = 2.2-105
M-1, respectively. TF may represent either one of the two ex-
pected fast times or a combination of both. To decide between
these possibilities the fast amplitude is fitted to a total amplitude
expression (cf. Eq. 20 of ref. 15) for a scheme that includes only

the two ligand-coupled associations (time separation implies
that during the fast relaxation the slow steps may be ignored).
Computer simulations show that at the concentrations used and
with the values of KR and KT, ligand-coupling is negligible and
the total amplitude (AT) assumes the form:

fT-AlnKT AfR.AlnKR
AT g11. Pt + g92- Pt

The first and second terms are the independent amplitude ex-
pressions for the associations to the T and R states, respectively,
and have different functional shape. The attempted fit shows
that the functional shape of the experimental fast amplitude
is very close to that of a pure second term, indicating that the
fast relaxation represents solely the association to the R state.
The observed TF and AF may thus be identified with, 7FS and
AF2 (Table 1), respectively, and the corresponding fits yi6ld the
fufl line in Fig. 1A and the upper full line in Fig. 2 with the
parameters listed in Table 2 (see note § of this table). Assuming
that kR and kT are essentially diffusion controlled and therefore
have similar values (cf. ref. 5), TFI is expected to be shorter than
TF2 by the factor KR/KT 10. Attempts to resolve a second fast
relaxation time shorter than 100 !sec lead to inconclusive results
due to experimental difficulties. Nevertheless, mechanism 3
appears to be the simplest scheme that is consistent with the
behavior of all the observable relaxation parameters.

In preliminary experiments with the Fab fragment the same
relaxation spectrum was observed. The values and the general
concentration dependence of the relaxation times were similar
to those obtained with the intact protein. Still, the possibility
of a quantitative difference in the relaxation behavior was not
excluded. Similar relaxation phenomena were also observed in
a non-reduced and alkylated preparation which contained the
oligomeric forms of protein 460.

DISCUSSION
The assignment of mechanism 3 to the reaction of protein 460
with haptens is significant in two ways: (a) Hapten binding to
an immunoglobulin is kinetically found to involve a confor-
mational transition. The implications of this finding for the
understanding of antibody function are discussed below. (b)
It is an unequivocal kinetic assignment of mechanism 3 to an
experimental system. This mechanism forms the basic element
of the generalized allosteric scheme proposed by Eigen (17),
and is actually the model of Monod, Wyman, and Changeux
(18), as applied to an "allosteric monomer" (n = 1). On the other
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hand, it includes the kinetically simpler mechanisms of Table
1 as limiting cases with KR -- co, KO - 0, for mechanism 1, and
KT , 0, K1 -o 00 for mechanism 2. The studied system may
therefore serve also as a useful model for ligand-protein in-
teractions in general.
The results of this study show that when only relaxation times

are considered, the data may be consistent with a whole range
of parameters for mechanism 3, including the limit of one of
the simpler mechanisms. All three mechanisms of Table 1 may
thus be taken as different numerical cases of one thermody-
namically general scheme. Analysis in terms of this scheme,
using relaxation amplitudes in addition to relaxation times to
resolve the appropriate set of parameters, seems therefore ad-
visable.
The relative simplicity of mechanism 3 enables its full kinetic

and thermodynamic characterization without simplifying as-
sumptions (Table 2). The value of KT/KR = Ko/KI (c in the
Monod-Wyman-Changeux formalism) is found to be 0.088.
The difference between ko and K1 is mostly due to a difference
between k-o and kl-I (s = k- = 7.4), while ko and ki are
only slightly different (r = ko/k, = 0.66). This result resembles
the situation previously introduced as an assumption (19),
namely, that the rate constants for all Tj to Ri isomerizations
in an allosteric oligomer are equal.
A value of A(AG) = AGR - AGT = 1.4 kcal/mol is calcu-

lated from Table 2. This difference in free energy of binding
to the states T and R is due to roughly equal and relatively small
enthalpic and entropic contributions. The two states of the
protein are thus seen to have quite similar interactions with the
hapten. Still, the value of A(AG) (also equal to AG1 - AGo) is
sufficient to invert the position of the conformational equilib-
rium: R, the state function (18), changes from Ko/(I + Ko) =
0.23 to KI/(1 + K1) = 0.78 with hapten saturation. This is
possible since AGO is only +0.7 kcal/mol, corresponding to L
= 1/KO = 3.3 in the Monod-Wyman-Changeux notation.
The hapten-induced conformational transition in protein 460

is consistent with the allosteric model for the initiation of
physiological events by antigen-antibody complexes. This
model assumes conformationally mediated heterotropic in-
teractions between the antigen-binding site and effector sites
in other domains of the antibody (1, 2). For immunoglobulins
of theM class this is assumed to be sufficient, presumably since
their pentameric structure eliminates the necessity for aggre-
gation (1, 20). Protein 460, an immunoglobulin of the A class,

'is also oligomeric in its native form, and may behave similarly.
It is noteworthy that antigen binding to immunoglobulin A is
known to trigger the alternative complement pathway via a site
on the Fab region (21), in line with the observed similarity of
the relaxation behavior between the Fab fragment and the
intact monomer or oligomer.
The binding of low-molecular-weight haptens to immuno-

globulins is rarely found to have a physiological outcome, or to
induce conformational phenomena. It seems that the physio-
logically active state of the immunoglobulin is attained via a
major conformational change (AGo large and positive), which
involves many residues in the antigen-binding site and probably

has to do with the relative position of the light and heavy chains
(2). A(AG) for the binding of a small hapten may usually be
insufficient to compensate for this large AGo. Protein 460 may
be a case where AGO is small, or where the pathway towards
the full transition includes a conformational intermediate with
a small AGo. As a result, hapten-binding studies in this well-
defined model system are able to yield at least partial infor-
mation about the dynamics and energetics of the postulated
antigen-induced conformational transition.
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