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SEDIMENTATION EQUILIBRIUM STUDIES OF A COMPLEX ASSOCIATION REACTION
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We have investigated the asrociation of [7 S (monomer) particles of Czlilanassa hemocyanin by sedimentation equilib-
rium. The association proceeds in two steps: (1) a monomer—dimer association which is sensitive to Mg2* concentration
and insensitive to temperature, and (2) a dimer—tetramer association which is highly temperature dependent but insensi-

tive to Mg2*.

1. Intraduction

The methed of sedimentation equilivrium is now
widely employed in the analysis of reversibly associat-
ing systems. A large number of protein association-
dissociation reactions have been investigated, as the
techniques for analysis have steadily improved. Much
of this work is summarized in a very recent review [I].

While it has been observed that many such reac-
tions proceed beyond the dimerization stage, to the
formation of higher order aggregates, there have teen
few cases in which the individual steps in such pro-
cesses could be isolated and studied individually. We
have found, in the association of the hemocyanin
from the ghost shrimp, Calliznassa, a case in which
this can be done. This paper describes the early stages
of our investigation of this system.

In order to define the problem, we must describe
in this introduction some results which have already
been obtained and published [2,3]. Callianassa hemo-
cyanin occurs, under the ionic conditions existing in
the hemolymph, primarily in particles with sedimenta-
tion coefficient (53¢ ., ) of about 39 S. This compo-
nent, when isolated from the hemolymph, and dia-

lyzed against buffer containing less than 0.01 M divaleat

jons, dissociates reversibly into particles with s34 , =
17.1S. It may be quantitatively reassociated, at room
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temperature, and p 7.6, by raising the divalent ion
concentration to 0.05 M or greater. Sedimentation
equilibrium studies have shown (table 1) that the 39 S
particles are tetramers of the 17 S particles. These
latter, in turn, have been shown to consist of six poly-
peptide chains, each containing a single oxygen bind-
ing site.

One of the peculiarities of the Calliznassa hemo-
cyanin, as compared to other arthropod hemocyanin,
has been the apparent absence of a stable dimeric in-
termediate between the 17 S monomer and the 39S
tetramer. Most arthropod hemocyanins exhibit a di-
meric structure, with s, , = 25 5, under some circum-
stances. The reversible monomer—dimer association

Table t
Observed associated states of Callianassa hemocyanina)

s30w (8)  G(mlfgm) MX10 Number of Conditions
polypeptide for
chains stability

38.8 0.724 172 24 {Mg2 ¥}
> (.05 at room
temp or above

17.1 0.724 4.31 6 [Mg2*)
<0.01M

pH > 9.2, 01
in presence of
SDSor 6 M Gn.
HCl

2) Data of Roxby et al. [2].
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of lobster hemocyanin, for example, has been exten-
sively investigated by Kegeles and co-workers [4—6].
It seems that in the case of lobster hemocyanin the
dimerization, which is dependent upon divalent ions,
represents the limit of association. A long range ¢ob-
ject of our researches with hemocyanins is to provide
informiation which may help in understanding the na-
ture of the special constraints which apply to the as-
sociation reactions of different members of this class
of proteins.

2. Experimental

2.1. Preparation of hemocyanin

Callianassa californiensis were collected from inter-
tidal regions in Yaquima Bay, Oregon. The animals
were bled, and the pooled blood passed over a Bio Gel
A5 M column, equilibrated with 0.1 {onic strength
Tris buffer, pH 7.65, containing 0.1 M MgCl,, as previ-
ously described {2]. This procedure effectively isolates
the “competent™ hemocyanin [2] as a homogeneous
39 S component. Such material was used for all ex-
periments. Most of the experiments described here
were carried out at room temperature, in 0.1 ionic
strength Tris-HCI buffers (pH 7.65), containing vary-
ing amounts of MgCl,. The experiments in which tem-
perature was varied employed a 0.1 jonic strength
phosphate buffer containing 0.05 M MgCl, . Buffer
changes were made by dialysis. All chemicals employ-
ed were reagent grade, and water was doubly distilled.

2.2. Sedimentation equilibrium studies

All experiments were performed in Spinco Model
E Ultracentrifuges, equipped with RTIC and Rayleigh
optical systems. In all of the experiments described
herein, the Yphantis method [7] was employed. Re-
ference baselines were run on shaken-up cells, aad sub-
tracted in all cases. Plates were routinely read at about
20 r-values, reading 3—S5 fringes at each point. A digi-
tizer was used to punch coordinates directly onto
paper tape for computer analysis.

3. Results

The sedimentation equilibrium data were analysed
by the method developed by Dyson [8}). This tech-
nique utilizes the overdetermined set of equations

M. /M,

i =:§i carexp (—MBAC) X;, )

where

X;= (M,-/Ml — exp [M,»I(c)] fe, )
nc

I(c)= hf (1/My,)dInc—B(c-c,). )

In these equations M, is the apparent weight average
molecular weight, M; the monomer weight, B the sec-
ond virial coefficient and the c,; are concentrations of
the various molecular species at an arbitrary reference
point.

The system is solved by the digital computer to
yield the set of parameters (c,;, B) which give the best
least-squares fit to the M, , versus ¢ data. The number
of species to be utilized, the monomer molecular
weight and whether the system is to be considered ideal
or non-ideal are input data. The program outputs the
set of:'{”-. defined by

Xy =¢lef. @)
with the ¢; expressed in fringes. A comparison of the
predicted and observed weight average molecular
weight, and the RMS crror are also provided in output,
as well as values of the fraction of each species at each
point in the cell, corresponding to the best fit.

Experiments are summarized in table 2. In each
case several possibie stoichiometries were tried; these
usually included monomer—tetramer and monomer—
dimer—tetramer, both ideal and non-ideal. In 2 num-
ber of trials a trimer component was included; in no
case did this significantly improve the fit, so it was
eliminated. Since, we have never observed a compo-
nent larger than the tetramer in the Callianassa sys-
tem, no such components were included in the data
analysis. The value of the monomer weight was taken
to be 431 00O0; this is the result obtained previously
[2]-

In each case the stoichiometry giving the smallest
RMS error was chosen. This turned out to be the non-
ideal monomer—dimer—tetramer model, in every case
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Table 2
Sedimentation equilibrium experximents
Me2¥] T Stoichiometry RMS Bx10°9) Kp® K ®
(moal/e) o of best fita} M, exor (moleem?fgm?)  (motfe)~? (mol/gy™
0.020 20 MDT,ni. 12950 26 c 2.0x 10
0.020 20 MDT,ni. 14291 1.0 c 1.5 x 101
0.025 20 MDT, ni. 7430 4.3 4.6 % 105 29x 107
0.030 20 MDT,n.i. 5189 1.8 7.8 X 105 5.8x 108
0.035 20 MDT,n.i. 22 399 52 1.3 x 106 2.2 x (¥
0.040 20 MDT, ni. 23957 1.4 2.6 X 10% 1.6 x 102
0.05 4 MDT,ni. 12893 22 2.5 x 107 1.8 X 104
005 10 MDT,ni- 9280 22 24 x 107 4.1 % 10%
0.05 15 MDT,ni. 11 280 2.2 3.1% 107 2 X 1022
0.05 30 M T, ni. 21056 8.5 - 1.6 X 1073

2) p{ = monomer, D = diimer, T = tetramer, n.i. = non-ideal.

b) Calculated from data expressed in fringes by the relation 1 mg/ml = 4.30 fringes [11].
€) In thesa two experiments the amount of dimer is very small and a very small negative value of Kz was obtained. In each case,
M-T, n.i. fit gave virtually fdentical results, and nearly the same value of Ky;.

but one (see table 2). Since the average molecular
weight is on the order of 106 in most of these experi-
ments, thi: RMS values correspond to only a few per-
cent. The values found for the non-ideality parameter,
B, are small, and of the order of magnitude expected
for spherical particles [9]. Clearly, the B-values are not
very precise, but they do represent a necessary correc-
tion. For example, fiz. | shows the fitting of the data

o . - L L i z I L
0 2 4 8 a8 ¢

Fiz. 1. Data obtained in an expesiment at 20°C in the pres-
ence of 0.03 M Mg2*. The points (circles) represents M, ,,
M., and M, respectively; the lines through the points are
the best fit to M—D-T asscciation. The broken line is for an
ideal system (RMS = 11 218), the solid line for a non-ideal

solution (RMS = 5189). Concentsation values in fringes.

by both ideal and non-ideal monomer—dimer—tetramer
models, for the experiment with the smallest RMS er-
ror in the M., . It is clear that the inclusion of the non-
ideality term makes a small but significant improve-
ment in fit.

In fig. 2, is shown the distribution of mass, corre-
sponding to the best fit in fig. 1. It is clear from these
and other data that under most circumstances appre-
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Fig. 2. The fraction of manomer, dimer, and tetramer at dif-
ferent total concentrations in the solution column for the ex:
periment shown in fig. L. The values are those predicted for
the best-fit solution. Concentration values in fringes.
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ciable amounts of dimer are present. As we shall sub-
sequently see, the experiments define, in fact, certain
conditions under which the system should be largely

m the dimeric form. Thus, one of the main questions

is answered immediately; Callianassa hemocyanin,

like that of other arthropads, does form a stable dimer.

Since the data were (with one exception) fitted to
monomer—dimer—tetramer equilibnia, the program
gave in each case a value of Ky, and a value of K'y,.
However, these values are not always equally reliable,
and in some cases one or the other may be wholly un-
reliable, even though the data are quite accurate and
the curve fitting is quite satisfactory. As we shall see
later, conditions can exist in this system in which either
dimer or tetramer is present in very smail amount; in
this case calculation of the corresponding association
constant is hazardous. Such situations can be spotted
easily by examining the print-out of the kind of data
shown in fig. 2.

The experinients which have been performed fall in-
to two series; one (the Mg-series) in which the concen-
tration of MgZ* is varied at constant temperature, and
the T-series, in which temperature is varied at constant
Mg2* concentration (0.05 M). The T-series were really
one very long experiment, for the temperature of the
rotor was simply changed after each equilibrium was
attained. In order to keep the pH constant, a phos-
phate buffer was substituted for the Tris buffer we
have usually employed.

The results of the Mg-series are summarized in fig. 3.
In each case an approximately linear relationship be-
tween log K and log [Mg2*] is observed, although the
values of K|, are clearly not very accurate. (In most of
the experiments we have done to data, dimer is a minor
component.) The values of K4 appear to be far more
reliable.

The simplest way to analyse curves like those in
fig. 3 is to assume reactions of the form

DM +nMg2t 2D,

“M+mMg2t 2 T,
where M, D, and T correspond to monomers, dimers,
and tetramers, respectively. Then we may write
__ Iy _ k¥

MI2(Mg2*]7  [Mg2*]7

Ky )

10
10%-
2Q
=10
L K o'l Kia
107}
1o o™
107}
0%
o _lol.
o't
e SLOPE + 6 6 SLOPE « 127
107%- o7
10'] 1
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log [Mgz+]

Fig- 3. Logarithmic graphs of K » (left) and K 4 (right) versus
log [Mg2*]. The center scale expresses the equilibrium con-
stants in fringe units, on the extreme left and right scales are
given for K3 and K 14, tespectively, in molar units (mol/e)~!
and (mol/e)™3 respectively. All experiments at 20°C, pH 7.65.

_m _ kW
K= = . 6
¥ M4 Mg2 )M M2+ ©

where K35° and K{5*® are the values we will calculate
from observed concentrations of M, D, and T. This
may be rewritten as

log K8 =log Ky, + nlog [Mg2*], @)
log K%* = log K14 +m log [Mg2*]. @®)

So the slopes of the lines in fig. 3A and 3B yield 1z and
m, respectively.

The interesting point is that m = 2n in this case.
That is, we are finding that it takes about twelve Mg2*
together with four monomers to make a tetramer. But
since about six Mg2* are required to form every dimer
from two monomers, the whole magnesiun-depen-
dence appears to be in the monomer - dimer step. To
put it another way: if we calculate the constant K5,
= K[4/(K12)2 for the dimer — tetramer step, we will
find it to be nearly independent of [Mg2*] with the
values of n and m given above.

The value of n = 6.6 is quite close to the value of
n =5 found by Morimoto and Kegeles {4] for the di-
merization of lobster hemocyanin. Turning now to
the temperature studies, we see from fig. 4 that K,
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Fiz. 4. A graph showing the variation with temperature of the
logarithms of K14 (circles) and K ;5 (squares), both expressad
in fringe units. All data are taken in phosphate buffer, pH 7.6,
containing 0.05 M MgCl;. The crosses denbte values extrapo-
lated to 0.05 M Mg2* from the data in fic. 3. These two points
should Be treated with rescrvation however, because the pH
and buffer conditions are slightly different.

and Ky, behave very differently as the temperature is
changed. Within the limits of erfor, K, is indepen-
dent of temperature; the reaction appears to have a
very small enthalpy change. On the other hand, K4

is strongly temperature-dependent; calculation of
AH? from the van't Hoff relationship yields 30 kcal
for the formation of one mole of tetramer from four
moles of monomer. But since AH® for the monomer—
dimer step is virtually zero, almost all of this enthalpy
change must accompany the dimer — tetramer step.

4. Discussion

The foregoing analysis has shown that, within the
limitations due to error in these experiments, the two
steps in the association of 17 S hemocyanin monomers
to 39 S tetramers have the following characteristics:

2 M - D:requires about 6 Mg2*; almost indepen-

dent of temperature,

2D - T : no MgZ* required; strong temperature.

This suggest that the mechanisms of bonding be-
tween subunits in the first and second steps are quite
different. Since the hemocyanins are very rich in as-

partic and glutamic acid residues it may be that the
2M — D association involves bridging by Mg2* between
carboxylate groups on facing monomers. The “inverse”
temperature dependence of the 2D -+ T step (high tem-
peratures favoring association) suggests that hydro-
phobic interactions may play a major role in this
process [10].

The information which has been gained in these
preliminary studies will allow us to perform more ac-
curate measurements, particularly on the monomer—
dimer reaction. It is now clear that this reaction can
be studied in the virtual absence of the complicating
tetramer formation, simply by working at low tempera-
ture. On the other hand, if we carry out experiments
at a very high Mg2* concentration, and simply vary
the temperature, we should be able to study a nearly
pure dimer—tetramer reaction.

In any event, these experiments may give a first
hint as to how the association is limited. It involves
two stages, each of which is presumably stereochemi-
cally blocked from going past a dimerization, suggest-
ing that in each case complementary surfaces of the
molecules are Involved. It is of interest that the asso-
ciation of monomers to dimers via the Mg2*-depen-
dent step is apparently a necessary prerequisite to the
subsequent hydrophobic association. Note that in the
absence of Mg2¥, no trace of anv species larger than
17 S monomer is found even at room temperature. It
is as if those surfaces involved in the dimer — tetramer
association are either not large enough or rightly form-
ed to cause the monomers to associate, or that the
charge neutralization that must occur in binding Mg2*
removes an electrostatic barrier to association.

In any event, it is now clear that Callianassa hemo-
cyammn is not €0 atypical as we has thought: it differs
from other crustacean hemocyanins that have been
studied principally in having the added dimer — te-
tramer reaction. Whether these two association—dis-
sociation reactions, with their very specific and
peculiar prerequisites, have cny physiological func-
tion is unknown.
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