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The dimerization reactions of complete Rence-Jones protein Au (VC-Au) and of its variable fragment (V-Au) were 
compared in 0.2 hi (ionic strength) sodium phosphate buffer, pH 6.8 at 20°C. The dimerization constant for VC-Au 
(6.6 X lo4 hi-l) was slightly smaller than a previously published value for the fragment (1.1 X 10s hZml). The reaction 
enthalpies were positive for both processes. Temperature jump experiments exhibited two kinetic phases. The reIaxation 
time of the fast phase as well as its concentration dependence and amplitude -were almost identical for VC-Au and V--4~. 
Only small difierences were observed in the slow phase. These close similarities between the reactions of the two proteins 
demonstrate that dimerization occurs mainly via interactions between the variable domains and that the constant ;lomains 
interfere very little. From the observation of two relaxation times it follows that the dimerization mechanism for both 
VC-Au and V-Au must include at least three reacting species. hlechanisms with an isomerization between monomers in two 
conformational states and a single dimer species are excluded by the data. Alternative mechanisms with a single monomeric 
species but isomerization between dimers give a rather unsatisfactory ‘Et. A good fit can be obtained if it is assumed that 
both monomers and dimers can exist in two states. Rate constants of the association and dissociation steps are of the order 
of lo7 M-r s-r and lo* I’. Isomerization rate constants are in the range of 10 s-r. 

1. Introduction 

Immunoglobulin molecules consist of several 
domains and noncovalent interactions between these 
domains are considered to be important for their 
structure and function [ 1,2]_ In the present report, 
the results of a study on the dimerization kinetics 
of the alkylated (carbamidomethylated) Bence- 
Jones protein Au (VC-Au) are presented_ These results 
combined with previous [3] and new results on the 
dimerization of the variable fragment of the same 
protein (V-Au) provide information about the inter- 
actions between homologous domains of light (L) 
chains. 

Bence-Jones protein Au belongs to the K 1 subgroup 
immunoglobuiin L chain. The amino acid composition 
and partial amino acid sequence have been published 
[4] and t.Zle X-ray structure of V-Au was solved [5]. 

2. Materials and methods 

Bence-Jones protein Au was purified first by a 
DEAE-cellulose column (2.5 X 30 cm) (eluted with 
0.17 M Tris-HCl buffer, pH 7.5 at 30-35 ml/hr). 
Fractions were concentrated by means of ultrafiltra- 
tion to about fifteen millilitres. The concentrated solu- 
tions were applied to a Sephadex G-75 column (25 
X 100 cm), equilibrated with sodium phosphate buffer, 
pH 6.9, ionic strength = 0.1 M, containing 0.5 g/100 . . 
ml sodium azide and eluted with the same buffer at a 
flow rate of 15 ml/hr. The purification with the 
Sephadex column was repeated at least three times. 
Purified samples showed a single band on SDS-poly- 
acrylamide gel electrophoresis in the presence of 
mercaptoethanol. When the electrophoresis was per- 
formed in the absence of reducing agents, this band 
was rather faint and a new slower migrating strong 
band appeared, probably due to the formation of di- 
sulfide linked dimers. In order to prevent *his reaction 
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the material was reduced and alkyiated. About five 
mg of the protein were dissolved in about one ml of 
0.4 M Tris-HCi buffer, pH 8.0 and dithioerythritol 
was added to a fmal concentration of 0.2 M. The solu- 
tion was incubated at 30--3S’C for 50-60 min and 
subsequently cooled to 0°C for 10 min. lodoacetam- 
ide was added in 10% excess over dithioerythritol 
and the mixture was kept at C/C for 20 min. This 
solution was applied to a Sephadex column G-l 0 
which was equilibrated with 0.02 M sodium acetate 
buffer, pH 5 and eluted with the same buffer. Frac- 
tions were collected and dialyzed against distilled 
water or desalted with a Sephadex G-l 0 column 
equilibrated with HCl, pH 4. Finally solutions were 
concentrated by ultrafiltratiori and lyophilized. Purity 
was checked by SDS-acrylamirle gel electrophoresis 
in the absence of reducing agents. Most preparations 
showed a single band corresponding to the monomer. 
In some preparations an additional faint band at a 
place between the monomer and the dimer was found, 
which, however, had no effect on the kinetic behavior. 

Phosphate buffer, pH 6.S (0.050 M KH2P04, 
0.050 M Na2HP04, ionic strength = 0.2 M was used 
throughout. The total protein concentration Cr, is 
defined as CP = C,, -t2CD, where Chr and CD re- 
present molar concentrations of monomer and dimer. 
The concentration of the protein was calculated 
from the absorbance at 278 nm using a molar absorp- 
tiorrtoefficient per monomer unit of 3.3 X lo4 M-’ 
cm - The effect of dimerization reaction was negli- 
gible at this wavelength_ 

The sedimentation equilibrium measurements were 
performed with a Beckman Spinco Model E analytic- 
al ultracentrifuge equipped with a scanner. Different 
rotor speeds were used ranging from 15 000 to 24 000 
rev/min at 20°C. The column height was 3 mm. The 
weight average molecular weight i& was calculated 
from the following equation where nonideality of 
the solution was neglected. 

Jf,,, = (2 - opfr = [2R7’/(1 -u,,)w~] (d In CJd?). 
(1) 

Here IW, = 2.4 X 1 O4 denotes the molecular weight 
of the monomer, Q is the degree of dissociation, r is 
the distance from the rotor axis, w is the angular 
velocity, p is the density of :he solution, 8 is the par- 
tial specific volume of the protein. R is the gas con- 
stant and Tis the absolute temperature. A value of 

s= 0.73 ml/g was calculated from the amino acid 
composition. Difference spectra were measured with 
a Gary 118 spectrophotometer. Cells of 1,2,5,10, 
20 mm pathlength were employed for the dilution 
difference spectra. Mismatching with respect to cell 
length was smaller than 1%. Difference spectra ob- 
tained between different temperatures were corrected 
for volume changes. The temperature was measured 
with a thermistor, which was placed in the cell. For 
the recording of difference spectra the total absorb- 
ance was less than 0.4 at 235 run. Tem~erature-jump 
experiments were carried out with an apparatus con- 
structed in the Department of Biophysical Chemistry, 
Biocenter of the University of Base1 by Dr. G. Hiinisch. 
The temperature was raised from 16°C to about 21°C 
in 10 psec or less. The observed amplitude for a 
single kinetic phase ranged from 0.0003 to 0.0 13 ex- 
pressed as absorbance/cm pathlength. tiretic data 
were digitized by a Datalab DL. 905 transient recorder 
and processed by a PDP 1140 computer (Digital 
Equipment Co.). Three to five data points were 
averaged for the slow kinetic phase and six to ten 
points for the fast phase. This procedure improved 
the signal-to-noise ratio greatly and enabled us to 
obtain more reliable data than in the previous study 
[3]. Also, measurements with solutions more con- 
centrated than 2 X ?Od5 M 131 were possible in the 
present study. This was also important since VC-Au 
has a 1.5 times larger absorbance coefficient than 
V-Au. The vatiable fragment V-Au was prepared and 
purified as described before [3] _ 

The calculation of the theoretical dependencies of 
relaxation times on concentration as well as the con- 
centration dependencies of the amplitudes were per- 
formed by standard procedures C6]. The numerical 
calculations and evaluation of rate constants by 
fitting procedures were carried out with a FACOM 
230-60 computer at the Computation Center of 
Nagoya University_ Details of *Lhe calculation proce- 
dures may be obtained from the authors on request. 

3. Results 

Sedimentation equilibrium experiments were per- 
formed at various total concentrations. The weight 
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Fig. 1. Weighht-average molecular weighht (LI$v) as a function 
of the total protein concentration Cp at 20°C in 0.2 M 
sodium phosphate buffer, pH 6.8. The curve is drawn assum- 
ing a monomer-dimer equilibrium with a dimeritation con- 
stant of 6.6 X IO4 M-l _ 

average molecular weight Ml\, was evaluated from 
the middle region cf the ultracentrifuge cell in order 
to avoid errors characteristic to the region near the 
-bottom and the meniscus. The concentration de- 
pendence of Mlv is shown in fig. 1 _ For a monomer- 
dimer equilibrium the dimerization constant K is 

K = (1 - ol)/2cpcy* (2) 

Experimental points are best fitted by a curve caL 
culated by eqs. 
6.6 X lo4 M-‘. 

(1) and (2) with a value of K = 

The difference spectra between a concentrated 
solution (CP = 336 X 10m5 M) in the sample cell 
against a 20 fold diluted solution in the reference 
beam are shown in fig- 2. Only a main difference 
band centered at 235 nm could be reliably measured. 
Temperature difference spectra were similar to the 
dilution difference spectra. When the temperature 
was increased in the sample cell, the difference band 
at 235 nm increased indicating a positive enthalpy of 
dimerization. 

3.2. Temperatwe-jump kinetics 

4 i 

Au experiments were performed at a wavelength of 
235 nm at thcpeak maximum of the temperature 
difference spetra. When the temperature was raised, 

220 2LO 260 280 300 

A lnml 

Fig. 2. Dilution difference spectra at 20°C in 0.2 hf sodium 
phosphate buffer, pH 6.8 (- - - -)_ Concentrations and light 
path: 3.36 X 10’ hl and 1 mm in the sample cell, and 1.65 
x10-6 h¶ and 20 mm in the reference cell. AE = E (sample) 
- e (reference). Absorption spectra of the sample solution 
refer to the ordinate on the right-hand side. 

a very fast unresolved increase of absorbance was 
followed by a further increase which occurred in two 
well separated kinetic phases. The total amplitude 
Pt, including the unresolved phase, was in agreement 
with static temperature difference spectra. At a 
concentration of 4.2 X 10e6 M, AE = ~2~0 - ~~6” was 

about 1.9 X IO3 M-’ cm-’ in the static measure- 
ments, whereas at the same concentration Pt/Cp was 
about 1.7 X lo3 M-’ cm-’ in the temperature-jump 
experiments_ This agreement is considered to be good 
for such measurements and there is no indication 
that a slower phase remained undetected. 

In fig. 3 the relaxation times of the fast (TV) and 
the slow OS) kinetic phases are plotted against the 
total protein concentration Cp_ In fig. 4 amplitudes 
of th,- kinetic phases, A.+ and AeS, and of the un- 
resolved fast change Aeo are given as functions of Cp _ 
The Ae-values are the observed absorbance changes 
divided by Cp_ Table 1 summarizes the directly mea- 
sured data and the qualitative features of the dimer- 
ization reactions for VC-Au and for V-Au. 

3.3. AnaQsis of the relaxation data 

Since two relaxation times are observed the reaction 
mechanism must include at least three species. The 
two relaxation times are separated sufficiently well 
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Fig. 3. Concentration dependence of the fast and slow relax- 
ation times TF and 7s for VC-Au (0) and V-Au (a) in 0.2 M 
sodium phosphate buffer, pH 6.8 at 21°C. Theoretical curves 
UTX calculated for the simple mechanism (_ _ _ . .) and the 
extended mechanism (- - - - -) for V-Au and for the simple 
mechanism (- _ - _ -) and the extended mechanism for VC-Au 
(- )_ The curves were obtained by a simultaneous best 
iit to both r~ and 7~ with the parameters listed in table 2. 

that in a first approximation the fast phase may be 
considered to be uncoupled from the slow step. It 
follows from the increase of rp’ with increasing con- 
centration that an elementary step responsible for 
the fast phase must be bimolecular. Consequently 
earlier kinetic dat-. of the dimerization of the variable 
fragment V-Au were analyzed in terms of a mechanism 
in which the formation of a dimer D’ is followed by 
an isonerization step 

With the approximation that the first monomer 
dimer equilibrium occurs on a much shorier time scale 

Cp I 105 !Ml 

Fig. 4. Concentration dependence of amplitudes. (A): unre- 
solved fast change (de& (0): the fast relaxation phase (AeF), 
(0): the slow relaxation phase (A@ 

than the isomerization step (kZ1 S k2,) the reci- 
procal relaxation times read [6] 

--* = 4k12CD, +?cz, ‘F (4a) 

and 

q1 =k 
4kl2% 

23 4k,,chq -+ kzl + k32- 

The equilibrium concentration of monomers is given 

by 

C&f =& (41 +ZKcp - 1). (5) 

It is apparent that T~S ’ increases with increasing Cp 
since Chi increases according to eq. (5). The reciprocal 
slow relaxation time 7s’ also increases with Cp until 
the fast pre-equilibrium 2 M =+ D’ is saturated when 
it becomes independent of concentration 7:’ = k23 

+ k3=_ The amplitude of the fast phase is expected to 
increase with increasing concentration when Cp is 

well below R-I _ As long as the main spectral signal 
is provided by the first step, the amplitude of the 
slow phase is expected to decrease with increasing 
concentration in the same concentration range in which 
the 2 M Z+ D’ equilibrium is not completely shifted to- 

wards D’. 
Mechanism (3) can therefore describe all experi- 

mentally observed concentration dependencies in a 
qualitative way and provide a satisfactory fit to 
earlier, less accurate experimental relaxation data for 
V-Au which were limited to a smaller concentration 
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VC-Au V-Au 

Dimerization constant (M-l) 

Dilution difference spe~ea 

Temperature difference spectra 

Relaxation time 

Amplitude 

- 

1 
T 

! - 
I - 

I 

&dim (=E,, - 2q,f) 
(rK: cm-‘) 

Aez3s (16.0°-+21.00C) 
(I@-’ cm-‘) 

Fast phase 

Slow phase 

fast unresolved phase 

fast phase 

slow phase 

(6.6 + 1.4) x 104 I 1.3 x 10s 

-3.2 X lo4 

similar 

similar 

3.1 x 134 

similar 

2 X IO3 (Cp = 4.24 X IO+ M) 9 X lo2 (C, = 7.73 X 1O-6 hl) 

identical 

slower faster 

AE~ = 650-850 M-’ cm-’ AE = 400-500 M-l cm-’ 

identical, AEF - 300 hi-r cm-’ 
no signiticant concentration dependence 

AeS = 350-660 hl-’ cm-’ 
I 

AcS = 100-300 hl-’ cm-’ 

decreases with Cp 

range than tlk present data. The quantitative fit to 
the more complete new data for both V-Au and VC-Au 
is rather unsatisfactory. The fitted curves are shown 
in figs. 3a and 3b and the corresponding data are sum- 
marized in table 2. 

An improvement of the quantitative agreement 
between the theoretical and experimental concentra- 
tion dependence of the relaxation times can be ob- 
tained by completing mechanism (3) with the reason- 
able assumption that the monomers also exist in two 
states M’ and M” which correspond to the states of 
the dimer D’ and D”. 

255 ;z D’ 

k14 Jt k41 k23 .# k32 (6) 

2M” ;z D” 

Mechanism (3), which is printed in bold type in this 
scheme, certainly provides the main pathway, since 
the alternative simplified mechanism 2 M’ * 2 M” =+ D” 
cannot account for the observed dependencies even in 

a qualitative way. 
This extended mechanism predicts three relaxation 

times, two of which can, however, be so close that 
they are not distinguished experimentally_ Only with 
the assumption that two slow relaxation timca coincide, 
a good agreement between the theoretical and experi- 
mental relaxation times and their concentration de- 
pendencies is obtained (see figs. 3a and 3b and par&- 
eters in table 2). To reduce the number of additionally 
introduced parameters it was assumed that the equilib- 
rium constant Knl = 1M”/1M’ is I_ 

Because of the large number of parameters such as 
absorption coefficients and enthalpies of reaction of 
the individual steps no attempt was made to provide 
a quantitative fit of the amplitudes. It was, however, 
verified that such a fit can be obtained for both 
mechanism (3) and (6) with the corresponding set of 
rate constants and reasonable values for the amplitude 
specific parameters. 
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Table 2 
Rate and equilibrium constants of the dimeriaation of intact Bence-Jones protein (VC-Au) and for the variable fragnent (V-Au) 

according to the simplified mechanism eq. (3) and the extended mechanism eq. (6) 

VC-Au V-Au 

simple mechanism extended mechanism simple mechanism extended mechanism 

x-12 

I 

8x106 2x107 107 2 x 107 
(iw s-’ ) 

k-m 7x105 - 1 x106 

h-21 

I 

1.6 X lo* 1.8 x 102 1.8 x 102 1.1 x 102 

Ji34 - 4 - 5 

ki4 3 - 4 

(s-1 ) 

x-., 1 - 3 - 4 

fi23 7 7 16 5 

832 10 4 8 4 

A-D = kzs/k3a 0.7 1.75 2 1.25 

A’ Al= 814/X41 1 1 

A’ (x1-t ) 8X IO4 6.6 x 104 15 x 105 1.2 x 105 

The rate constants as well as fiD = [D”]/ [JJ’] were obtained from a best fit of the theoretical functions predicted by the corre- 

sponding model to the experimental concentration dependencies of the two relaxation times. The fitted cnrves which correspond 
to the set of parameters in one of the columns of the table are shown in figs. 3a and 3b_ For the extended mechanism with two 

monomeric species fist = [M” J /[M’] = 1 was assumed. 

4. Discussion 

The main result of the present study is the demon- 
stration of a striking similarity between the dimeriza- 
tion reactions of complete Bence-Jones protein 
(VC-Au) and a fragment W-Au) in which the constant 
domain is missing. The similarity is apparent already 
from a comparison of the qualitative features and 
directly measurable quantities (table 1). 

The dilution difference spectra are similar in 
shape and magnitude for both systems suggesting that 
the same chromophores are involved and that these 
are located at the variable domain. For both systems 
only about 50% of the change in absorbance at 235 
nm reflect the dimerization reaction. The kinetically 
unresolved part of the change is probably due to the 
effect of temperature on chromophore mobility and 
salvation. The amplitudes of the fast phase are iden- 
tical and only the amplitude of the slow phase is sig- 
nificantly larger for VC-Au than for V-Au. Tryptophan 
96 is probably responsible for most of these spectral 
changes. This residue is located in the contact area 
between the protomers of dimers in crystallized 

V-Au [S] _ Spectroscopically the main difference band 

at 235 nm cannot be unambiguously assigned to a 
ttyptophan. A difference band at 290 nm was how- 
ever explained by the reduced exposure of a trypto- 
phan to the aqueous surrounding in the V-Au dimer 
[3] _ Further support for this assignment is lent by the 
observation that only very small kinetically resolved 
changes were found for Bence-Jones protein Rei. The 
variable part of this protein is very similar to Au in its 
structure [7] and equilibrium constant of dimerization 
(J_ Engel and H. Maeda, unpublished results) but it 
lacks tryptophan 96. 

The fast phase of the dimerization kinetics has not 
only an identical amplitude but also the corresponding 
relaxation times and their concentration dependencies 
are identical_ Small but significant differences are 
apparent between the relaxation times of the slow 
phase. With regard to the detailed mechanism of the 
dimerization reaction ti follows from the analysis of 
the kinetic data that the main pathway is a bimolec- 
ular reaction of monomers followed by a monomolec- 
ular isomerization of the initially formed dimer (part 
of the mechanism printed in bold face in eq. (6)). It is 



H. Mae& et d/Kinetics of ciirnerization of the Bence-Jones protein Au 63 

noteworthy that this mechanism was distinguished 
from other possible model mechanisms on the basis 
of its ability to explain the correct concentration 
dependencies of the amplitudes_ The alternative 
mechanism 2M’ + 2M” + D” could explain the con- 
centration dependencies of relaxation times even 
better but yielded qualitatively wrong amplitude 
dependencies. This again demonstrates the advantage 
of even rather qualitative amplitude data which are 
often ignored in kinetic works. The isomerization 
reaction is probably a conformational rearrangement 
of the protomers in the dimer. It leads to an equilib- 
rium between the two states of dimers which is not 
far from 1 : 1. Suggestive evidence for a conforma- 
tional change comes from the circular dichroism spec- 
tra of V-Au (H. Maeda, unpublished work). The 
spectra consisted of essentially three bands in a wave- 
length region between 210 and 250 nm, a negative 
band around 217 nm, a positive one at 224 nm and a 
negative one around 235 nm. Mean residue elliptici- 
ties of the two bands around 217 nm and 224 nm did 
change with concentration, whereas that of the band 
at 235 nm remained unchanged. Since the band 
around 217 nm includes contributions from peptide 
chromophore, some change in secondary structure 
with concentration is likely. 

In the framework of the simple mechanism 2M =+ 
D’ =+ D” the fast reaction of monomers is essentially 
uncoupled from the isomerization step since it occurs 
at a much faster time scale than the D’ + D” reaction 
(kZ1 3 kZ3)_ The identity of the fast phase in the 
reactions of VC-Au and V-Au therefore suggests 
that the first encounter of monomers occurs in the 
variable region. This step contributes most of the 
stabilizing enera of dimerization, the values of which 
are identicaI for V-Au and VC-Au. It follows that the 
contacts between the constant domains in the dimer 
of VC-Au contribute little if any stabilizing energy. 
This citnclusion is suggested already by the similar 
overall equilibrium constants of dimerization for 
V-Au and VC-Au as derived by sedimentation equilib- 
rium. As these constants contain contributions of 
both steps, an unambiguous conclusion could be 
reached only by kinetic analysis. VC-Au shows a some- 
what different second phase. This may be explained 
by a slight influence of the constant domains on the 
isomerization reaction. 

A more accurate analysis of the data indicates that 

the simple mechanism 2M * D’ =+ D’ should perhaps 
be extended by the assumption of a second isomeriza- 
tion equilibrium between monomers M’ + M” (eq_ (6))_ 
A better quantitative fit of the concentration depen- 
dencies of the relaxation times may be achieved by 
the increased number of parameters of the extended 
mechanism, but the reaction 2 M * D’ =+ D” remains 
the main pa’thway. 

The V and C domains of VC-Au are connected by 
extended peptide chains which are called switch 
regions [I] _ Some contacts are observed between the 
globular V and C domains of the same chain in crys- 
tallized Bence-Jones protein dimers in addition to the 
extended contacts between the V-domains of differ- 
ent chains and the C-domains of different chains [5,7]. 
Contacts between domains of the same and of differ- 
ent chains are sometimes called trans and cis contacts 
respectively [2 ] _ in solution the switch region is 
extremely susceptible tc proteolytic attack and to 
hydrolysis [I]. The flexible connections probably allow 
for a large number of quickly variable orientations of 
the V-domain relative to the C-domain in the VC- 
monomer_ This explains the independence of the as- 
sociation between V-domains (fast phase of the 
kinetics) on the presence or absence of the C-part. 
The association is not diffusion controlled but occurs 
with a rate constant of about lo7 M-’ s-’ _ A dif- 
ference between the diffusion constant of V-Au and 
VC-Au is therefore no? expected to influence the rate. 

The isomerization reaction of dimers and perhaps 
also monomers is found for both V-Au and VC-Au 
and is therefore a property of the V-domain. The data 
suggest that the isomerization is slightly altered by 
the C-domain. This influence probably occurs at the 
level of the dimeric state via the known contacts 
between V and C domains of the same chain in the 
dimers. The weak cis interactions are detectable in 
the association studies because the total energy in- 
volved in dimerisation is rather small. They probably 
escaped detection in denaturation studies [S] because 
of their small contribution to the overall stabilizing 
energy, whereas the strong trans interaction in Fat,- 
fragments were easily demonstrated by the denatura- 
tion technique [ 141. 

I’he data demonstrate that there are essentially no 

interactions between the C-domains in dimers of VC- 
Au. This is probably different for the interactions 
between light (Lj and heavy chains (H) [9] or for the 
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VC-fragment of H chains (Fd-fragment) with L-chains 
19,10] _ Interaction between these complementary 

chains is much stronger than self-association between 
like chains [I 13. The enthalpy of interaction is nega- 
tive 19,123 as contrasted by the positive enthalpy 
found for VC-Au or V-Au dimerization. Rate con- 
stants for the association of L-chains with Fd-fragments 
or H-chains were reported to be of the order of LO*- 
IO4 M-1 s-1 [1,9,13,17] as compared to the rate 
constants of about lo7 M-1 s-1 found for the fast 
dimerization step of V-Au and VC-Au. The smaller 
rate constants and the negative enthalpy indicate the 
formation of more specific interactions between the 
complementary domains of L and H-chains. The 
species specificity of the interaction between Gchains 
was found to be high [ 151. Hybrid formation between 
L and H chains derived from IgG molecules of differ- 
ent species is however possible although the autolog- 
ous combination is again prefered [I 6,17]_ The inter- 
actions between complementary CL and CBl domains 
probably account for the stability of heterologous 
H-L pairs. 
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