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The avsnll forward and reverse rate constants for the hexamer-dadecamer reaction of lobster hemocyanin have been 
determined in 0.1 ionic strengthglycine buffers at pH 9.6. at free calcium ion levels from 0.0031 to 0.0053 molar, at 25°C. 
Concentration-jump relaxation experiments io a stopped-flow apparatus were monitored by E&t scattered at 90°. The re- 
action is pseudobimolecular, and the overall forward rate constant bears virtually all of the calcium ion concentration- 
dependence. while the over&l reverse rate constant is truly unimolecular. Four c&&m ions appear to participate in the re- 
action between two hex;uneric molecules, and appear to become an integral part of the structure of the dodecameric mole- 
cule under these conditions. 

1. Introduction 

Evidence from ultracentrifugation [I] and kinetic 
experiments [2,3] have demonstrated that the inter- 
action between two molecules of lobster hemocyanin, 
each containing six subunits, to form one molecule 
containing twelve subunits is both reversible and rapid 
in 0.1 ionic strength, pH 9.6 glycine buffers containing 
calcium ion. The ultracentrifuge studies [l] provided 
values for the apparent formation constant of the 12- 
subunit molecule (henceforth termed dodecamer) 
from two B-subunit molecules (henceforth termed 
hexamer). Light-scattering temperature-jump measure- 
ments [2] first detected a step in a time range close to 
diffusion control. Stopped-flow kinetic studies [3] 
using the concentration-jump dilution relaxation tech- 
nique [4] provided apparent forward and reverse rate 
constants for the overall bimolecular reaction. as well 
as derived apparent formation constants for dodecamer 
in goad agreement with those from the ultracentrifuge_ 
In t!re ultracentrifuge studies it was found that the 
formation of a molecule of dodecamer from two mole- 
cules of hexamer was accompanied by the net uptake 
of 4-6 calcium ions, when the free calcium concen- 
tration ranged from 0.6031 to 0.0053 moles/liter. In 
the stopped-flow studies [3], it was recognized that 
the derived rate constants were apparent values, 
characteristic in each case of the particular pH and 

calcium ion environment. However, the data obtained 
at pH 9.6 for two closely spaced calcium ion concen- 
trations, 0.003 1 and 0.0036 molar, indicated that 
most of the calcium ion concentration-dependence of 
the apparent equilibrium formation constant of 
dodecamer resided in the apparent overall bimolecular 
rate constant for reaction between hexamer molecules. 
This observation has an important bearing on possible 
elucidation of the reaction mechanism. 

2. Theory 

The first problem which occurs is that even in the 
case of a single reaction step between macromolecules, 
many liganded forms are possible for each macro- 
molecular species. It is useful to state explicitly the !m- 
plications of molecular weig!rt and kinetic studies for 
the unraveliig of multi-step reaction mechanisms in- 
volving the coupling of ligand binding with polymeriza- 
tion. We wish first to reexamine the meaning of the 
apparent equilibrium constant for formation of 

dodecamer from hexamer. Since the addition of a few 
calcium ions wi!l have no experimentally discernible 
effect on the mokcular weight of a single oligomeric 
form of protein as determined by ultracentrifugation, 
the equilibrium constant derived from ultracentrifuga- 
tion may be written as the ratio of the sum of alI 
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forms of dodecamer over the square of the sum of aII 
forms of hexamer_ Denoting by [Al the concentration 
of free hexamer, by [A2 ] the concentration of free 
dodecamer and by [e] the buffered free Iigand con- 
centration, we have the following relations: 

A +L+AL, K1 = [AL]/[A] IL] ; 

AL +L+AL2, 5 = [+]/tL] &] ; 
__~~~_~______________~~~~~~~~~~~~~~~~----- 

Q-1 +L*Ah, Ki = [AQ]/[A\_t] [Q ; 

for hexamer, and 

A2 +L*A,L, K; = ~A&l/~A21 CL1 ; 

A2L +L=A2L2 , K; = M&1/[A2LJ [Cj ; 
-------*---------_L_-----__-______________ 
A&-, +L*A24 9 K,’ = IA$iI/[A2~_ll [El ; 

for dodecameric species. The experimentally obtain- 
able equilibrium constant from ultracentrifugation is 
termed the apparent formation constant of dodecamer 
from hexamer, given by 

Kaw= 
~A21+IA2Ll+IA~~1+--- 

IbWI-=J+lAL,l+--.12 

or, in terms of the previously defined Iigand binding 
constants, 

Here it has been assumed that there tire n possible 
binding sites for Iigand in a molecule of dodecamer, 
and M possibIe binding sites in a molecule of hexamer. 
Lt is noted that, although the intrinsic equilibrium con- 
stant [A2]/[A]* is desired, it is not directly accessible 
from equilibrium molecular weights when polymeriza- 
tion is coupled with Iigand binding. If one now dif- 
ferentiates the logarithm of Kapp from eq. (1) with 
respect to the logarithm of the Iigand concentration, 
[El, one obtains 

(2) 

Inspection of these two fractions shows that the 
numerators represent the total number of moles of 
Iigand bound to dodecameric and hexameric forms, 
respectively, while the denominators again represent 
total moles of protein present as dodecamer and 
hexamer, respectively. Hence the equation can be 
written in the form 

a In Kapp/a In [z] =~&,&_er- 2ijle,a,.uer= &J , (3) 

where F represents motes of Iigand bound per mole of 
protein in the specified oligomeric form, and Au is t?re 
number of excess moles of Iigand bound when two 
molecules of hexamer react completely to form one 
molecule of dodecamer- This is a perfectly general re- 
sult completely independent of the microscopic me- 
chanism of binding or polymerization. It assumes 
nothing at all about the relative strengths of binding 
or the possiiIe addition or deletion of binding sites, 
nor can it provide any evidence at aU to make a choice 
between such postulates. The result in eq. (3) is a 
straightforward special case of Wyman’s theory of 
Linked functions (51. The functions being Iinked in 
the present example are the dimerization of a 
hexameric moIecuIe and the binding of figand by 
protein. It is to be noted here that if, as postulated in 
the previous ultracentrifuge study [l ] , a mechanism 
were shown by other means to hold, whereby two 
molecules of hexamer must first add a total of n addi- 
tional molecules of &and before being able to form a 
moIecuIe of dodecamer, then it would also be true 
that AP = n, since n simply means the number of ex- 
cess &and molecules bound during the completion of 
the reaction. On the other hand, equiliirium studies 
such as the determination of molecular weights with 



the ultracentrifuge are in themselves wholly incapable 
of either verifj&g or disproving the validi~ of such 
an assumed obligatory mechanism of polymerization. 

Consequently, resort is made to relaxation kinetic 
studies, which are ~t~s~~y capable of making some 
distinctions between mechanisms. In the present case, 
two extreme mechanisms are proposed, aptly termed 
the ligandmediated and ligand-facilitated mechanisms 
[6], In the aged-fac~t~ted mechanism, it is assumed 
that two hexameric molecules can dimerise to 2 

dodemner, xvi&h is then stabilized by the binding of 
l&and. This is indicated as follows: 

rrryl %+l,lZ 
The free Ugand concentration is assumed to be buffered 
at [E] at ah times. As a reasonable physicsI postufate, 
it is assumed that the rate constants for hgand binding 
(klz, kzr , etc.) are all large compared to the rate con- 
stants for protein association and dissociation (k, and 
kd). This is equivalent to assuming that ah figand bind- 
ing etementary steps equilibrate in times short corn- 
pared to the overall reaction time for the association- 
dissociation process. The relaxation time for the latter 
process is then given by 

(5) 

Here RI2 = k&~~, etc. The infinite time equilibrium 
concentration of hexamer, [A] and all relevant rate 
and equilibrium constants in eq. (5) are OR the mob& 
liter concentration scale, For this mechanism, de- 
scribed by reaction scheme (4) and eq. (S), the reiaxa- 
tion time, r. will become longer as the buffered free 
ligand concentration fz] is increased, because at a 
fmed total weight concentration of protein, [A] de- 
creases with increasing &J , as does the second term 
in eq. (5). The apparent d&socia(rion x&e constant, 
et@ to this e&m second term, will thtxefose de- 
crease with increasing ligand concentration, when this 
apparent rate constant is evaluated from relaxation 
kinetics experimenfs- The apparent bimolecular as- 
sociation rate constant, according to this mechardsm, 

is ka, which is independent of l&and concentration. 
In the i&and-mediated mechanism, it is assumed 

that, in the present example, obhgatory binding of two 
successive ligand molecules to each of two hexamer 
molecules must precede the formation of a moiecuk 
of dodecamer, as follows: 

Tbe general solution for the three relaxation time con- 
stants [7] for reaction scheme (6), without further as- 
sumptions, is to be obtained from the determinant 

Qlf-T-l ffy~ aa 

Q2t =22-r 
-1 

Q23 
= 0. (7) 

Q3t '32 @33--T 
--1 

The coeffcients in the determinant are given by the 
following relations derived by linearization [7 1 of the 

‘ckssicai rate equations: 

llll =“&I +-&I 9 W 

“12 = -&r (I 6? 

021 =--k23ELl , (10) 

Q22=k23lzI f&32 I 01) 

Q23 =--2k32, WI 
- 

032 =---2$4fAb_I , 

433 =4k34C=&I +k43 9 

and 

031 

(14) 

fQll%3 -=23=32 -Qt2rrzr 7 (17) 

%‘r273 =aJ.la22Q33 -~Qlla23Q32+Q12Q21a33) - 

(18) 

The relationships in eqs. (16-18) can be readily veri- 
Eed by diagonal&&ion, which is equivalent to expand- 
ing the poiynomial (l/r-- lfrr)(llr- ilr2Xllr- l&3) 
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=O, and comparing coefficients of like powers of I/r 
with corresponding terms in eq. (7). 

Two assumptions are now made to facilitite the 
extraction of the relaxation time constant for the 
protein interaction step. In the first assumption, the 
binding of the first Iigand is taken to be appreciably 
faster than the binding of the second ligand (all, tzI -J 
> ql, a-~~)_ In the second assumption, which has both 
theoretical (81 and experimental justification, the 
terms in eq. (7) arising from the protein-protein in- 
teraction are taken to be quite small compared to 
those from &and binding (Q~ z, “12, nzl, n22 S- as2, 

~23~). With the aid of these assumptions, we obtain 

1 
- = 4ic34 IA] 

Kf2KS3 [El’ 

73 
- -2 

1 +K12 CL1 +K,2K23 u-1 
f&43 - (19) 

Here again K,, = k&k21 and X23 = k23/$2, and all 
concentrations and relevant rate and equilibrium con- 
stants are on the moiesfliter scale. When [Al is ex- 
pressed in mass/volume units, eq. (19) changes in 
form onfy in tiat the coefficient of the first +,-rm 
becomes 2 instead of 4 [3;_ It is seen that tU. Lhis 
mechanism, when [L] is small, the relaxation time 
for the slowest reaction step, T3, wti decrease as the 
Ligand concentration increases. Moreover, in any range 
ofligand concentration, the dissociation rate constant 
wili be independent of the Iigind concentration. 
These predictions are quite different from those de- 
rived from the Iigand-facilitated mechanism, reaction 
scheme (4). A determination of relaxation times and 
rate constants over an appreciable range of Iigand 
concentration should lead to a choice between pos- 
sible mechanisms. Similar considerations in the mag- 
nesium-ion-coupled conformational changes of t-RNA 
in relaxation kinetics experiments have led to a choice 
between possible reaction mechanisms [9 J. 

The second problem which occurs is that any bi- 
molecular process which is found to hdve a rate con- 
stant many orders of magnitude slower than that pre- 
dicted for a diffusioncontrolled reaction cannot 
represent a single eiementary step*. Any bimolecular 

* Many of the thoughts in this section were developed dircct- 
ly by Prof. Kaspar Kirschner of the UnEJersity of Base1 in a 
seminar presented fune 24.1974 at the University of 
Connxticut, We aregrateful to him for clarifying our 
thinking through that presentation, and for the stimulation 

which he provided. 

reaction between identical spherical moIecuIes should 
follow the Smoluchowski [IO] and Debye [S] 
theories for diffusion-controlled reactions, with a rate 
constant independent of the molecular diameter. 
Deviations should be expected due to thermodynamic 
non-ideality 181, to steric requirements, and to reduc- 
tion of such steric requirements by rotational diffusion 
of the reaction partners [I 1-131. However, to within 
perhaps some two orders of magnitude, we should ex- 
pect every elementary bixnoIecuIar reaction step to 
show a relaxation time characteristic of a diffusion- 
controlled reaction_ In aqueous solutions at 2S°C, 
this implies a maximum bimolecular rate constant of 
about 6.6(109 liters/mole/second. Under the condi- 
tions previously studied with temperature-jump tight- 
scattering kinetics 121. this would predict a relaxation 
time of the order of 10 microseconds. Consequently, 
these extremely difficult observations in the time 
range 100-l 50 microseconds, with vanishingly small 
amplitudes 121, probably do represent the elementary 
bimolecular reaction step. The process being obsl:rved 
in the stopped-flow reIaxation experiments, with 
relaxation times of the order of magnitude of a small 
multiple of ten seconds [3], is therefore a mutti-step 
process, in terms of macromolecular interactions. 
Kirschner* has indicated that 0; the possible reaction 
mechanisms which can give dre to a slow pseudo- 
bimoIecuIar process, one very plausible one is a dif- 
fusion-controlled elementary bimolecular reaction step 
to form an intermediate at a steady-state concentra- 
tion, which then undergoes a slow conformational 
change to the final product. If the steady-state con- 
centration is also very small. the observable amplitude 
of the eIementary bimolecular step will also then 
become vanishingly smaII [ 14]_ 

Omitting for the moment aII Iigand-binding steps, 
such a mechanism would be indicated by the scheme 

k1z k23 
A+A = A; ;= A,. 

k21 k32 
(20) 

The general procedure for evaluation of relaxation 
times for this mechanism indicates a fast step for 
Which 

lITI =%2Ixl i-k21 , 

and a slow step for which 

cw 



kt = kr ~321Ckzr*~23) - CW 

This slow rekmxtiun time is then given by 

1&=4kffX$ t&r , CW 

Comparison of the general expression (22) With tie 
more restricted relation (26) and the defiiitioas of 
the overall rate constants kr and k, iu (24) and (25) 
then shows that a steady-state concentration in A$ 
wilt be established, and an overall pseudo-hirnolecuksr 
process wilI be found, provide_d that the folk&ng 
conditicms are met: Kzl S 4[Af: kz3 -+ klz; kz3 =@ 
kzl.. TM second condition is automatically fulfiued, 
since k22 muSt be the diffusioncontrokd bimobcuktr 
rate constants The first and third conditions are more 
s~eeialized. The first wiu Sways be f~~~~ed at suffr- 
ciently low co~~~&mt~o~. The third monition w-a 
he fulfied whenever the steady-state concent~t~~~ 
of A$ is not ‘Large compared to 1x1 and &I, and 
whenever, in fact, the observed slow relaxation time 
is many orders of magnitude as long as expected far 
diffkiod controk a.8 in the present case. Another 
h~othetical mechanism, an obligatory slow conforma- 
tioual change of A ta produce a reaction partner, can 
a&o slow the overall rate far beyond the expected 
diftusioncontroiied rate. Rowevet, &at mechankn 
does not lead to an overall pseudo-birnoIecular slow 
relaxatian time, as in eq. (26). Not only would the 
ovea relaxation tune increase with increasing total 

~~cro~~~~c~~ ~~centfa~on, but one of the MO 
derived rate ‘konstants” would vary with macromole- 
cule concentration. Both of these predictions are con- 
trary to experimental evidence in the present case p). 
[t is noted that by eqs. (22) or (26). the overall for- 
ward rate constant is amailer than that for diffusion 

controls by the factor h~&~~, which may be many 
o&era of magnitude, white the overall reverse rate 
cunstarit is the true d~~oc~a~ion rate constant of the 
%-lFil pr~%l~c~, AZ - 

The final postulated reaction schemes combine the 
Egand-hinding postulates in either reaction schemes 
(4) or (6) with the rnacrorno~~~u~ar react&x scheme 
(io) teadIIg to eqs. (22) and (26) for the slow reiaxa- 
tion time, In addition, ORE %omprornise*’ l&and- 
binding mechanism is postulated, in which ligmd WI 
bind Ev macromolerrole in severaf stages of the overall 
pracess. These reaction schemes, and their derived 
slow relaxation times are: 
(a) figand-mediated: 

(27) 
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(c) “compromise”: 

Ali derivations of the expressions for the slow relaxa- 
tion time have assumed iigand binding to bc- very fast, 
and have assumed a steady-state concentration of the 
{starred) intermediate. The differences between the 
predictions of eqs. (28), (30) and (32) are very real, 
both for the ligand concentration dependence of the 
forward and reverse rate constants and for the depen- 
dence of the observed reciprocal relaxation time on 
figand concentration. The remainder of this paper 
concerns itself with the experimental test of these 
various proposed mechanisms by means of stopped- 
flow concentration-jump reJ#axation experiments at 
various controlled concentrations of free calcium ion. 

3. Experimental 

The concentration-jump experiments (3,4] were 
performei in a Durrum-Gibson stopped-flow ap- 
paratus [IS] equipped with the conunercitiy avail- 
able flcxescence-scattering cell and photo-multiplier 
assembly for high response to scattering at 90”. All 
experiments were performed at 2S°C by circulating 
water from a web-regulated water bath. A tungsten- 
iodine Iight source was used, with monochromator set 
at 436 nm, as this source provided best stability for 
slow recording. Solutions were prepared from freshly 
boiled distilled water to minimize air bubbles. The 
methods for obtaining and storing hemocyanin samples 
and the method for calculating the free calcium con- 
centrations were the same as those described in the 
uhra~ntrifuge studies [I] - Protein solutions were 
measured at 5 to 6 different protein concentrations in 

pH 9.6,O.I ionic strength glycine btier con&i&g 
from 0.003 1 to 0.0053 molar free calcium ion. Each 
solution was dialyzed against the corresponding buffer 
with which it was mixed in the stopped-flow experi- 
ment. Five vohunes of protein were diluted with two 
vohnnes of buffer in each experiment. Additional 
details of the experimental procedure have been de- 
scribed earlier 13 ]_ 

4. Results and data evaluation 

It has been shown by numerous authors [16---191 
that in the case of a single bimolecular reaction step 
involving equimolar concentrations of reaction partners, 
an unequivocal set of rate constants can be found 
without successive approximations and without resort 
to extraneous equilibrium data, by plotting the recip- 
rocal of the square of the relaxation time versus the 
total concentration*. For the case of multiply coupled 
reactions, the situation will generally be too compli- 
cated to utiiize this procedure. For the ligand-medi- 
ated mechanism, reaction scheme (27), we have de- 
duced the folIowing relationship: 

(33) 

Here c, the total protein concentration, [&I and kS 
are all on the mass/volume concentration scale, end 

1X,1 = 1X1(1 +K&l +K,,& El21 (34) 

is the total of all forms of hexamer. When the inter- 
mediate A2Lz is present in very low concentration, as 
well as in a steady state (Q5 9 I), eq. (33) simplifies 
to 

(35) 

l This methvd was alsa develaped and described by US in a 
reQntpubLi@ion [31, without OUT having been aware of 
its earlier description_ 
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Fig. I. Reciprocal of square of non-ideality-corrected teF.axa- 
tion time versus total protein concentration. Pointr are ex- 
perimentdl and Lines are least squares fit (see text). AU data in 
0.1 ionic strength glycine buffers at pH 9.6 and 2S°C. 

(a): 0.0053 molar free calcium ion, 25 points; 
(0): 0.0047 molar free cakiusn ion, 2lS points; 
(a): 0.0036 molar free cakium ion, 15 points; 
(a): 0.003 1 molar free cakiesn ion, I& p0intS. 

arid 

k,=ks4. (37) 

Hence a plot of l/d,, versus c gives an intercept 
whose square root is kS4 and a slope/(intercept)“z 
ratio which provides the same forward rate constant 
as eq. (28), subject to eq. (34) and conversion of con- 
centration scales. This method of evaluation, used in 
our previous study PI is therefore jusTX%?d under 
this special set of conditions_ The data tcl obtain 
relaxation ties were obtained from least squares of 
the logarithm of the observed scattered light amp& 
tude vetsus time after mixing [31_ Non-idea&y coeffi- 
cients obtained by Archibald ultracentrifuge experi- 
ments on non-interacting hemacyanln El] were used 
to correct the relaxation times before plotting [3] _ 

Plots of the recipracal squares of non-ideality cor- 

Ii 

I I I 1 

Fig. 2. Reciprac& of non-ideal&corrected relaxation time 
versus total hexamer concentration in all liganded forms (see 
text). AU symbols and conditions as in fs- 1. 

rected retaxation times versus total macromoIecule 
concentration are shown in fig_ 1 for four different 
levels of free ca3cium ion. The intercepts provide 
values of the overall dissociation rate constants, which, 
when combined with the slopes, give values of the 
over&i forward rate constants, according to eqs. (35)- 
(37). These overall rate constants were then used to 
caiculate the equilibrium concentration of hexmer in 
ait iiganded forms, eq. (34). With the aid of these 
values of (&I, a new set of least squares calcf.dations 
for l/TLhW versus {at] was made, according to eqs. 
(28) and (34), providing confirmatory values for the 
overall rate constants. T’he plots corresponding to 
these calculations are Shown in fig. 2. 

Accord@ to these observations, the primacy data 
without any assumptions, the relaxation times, show 
a decrease with increasing concentration of free C& 
c&m ion. ‘I&is is at once contrary to the predictions 
of the ligand-facilitated mechanism, reaction schemes 
(4) and (29), according to eqs. (5) and (30)- Thus this 

mechanism is ruled OKL The reg&r increase in the 
slopes in figs. I and 2, with increase in calcium ion 
concentration is in accord with the predictions of the 
iigand-mediated mechanism, as indicated in reaction 
schemes (6) and (271, and the independence of the in- 
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Table 1 
0.1 ioic stren#h glycine, pff 9.6,25”C 

Free Ca2+ t?f 
WI (dl g-t set-‘1 

0.003 L a) 0.016 1 
0.0036 a) 0.0270 
0.0047 0.0799 
0.0053 0.0914 

kr kflkr 
{SC’) @I g-‘) 

0.0164 0.98 
0.0120 2.25 
0.0098 8.15 
O.OlOl 9.05 

a) Data taken from ref. [ 3 1. 

tercepts on the calcium ion concentration is further 
support of this mechanism, as this is predicted in 
e0.s. (19) and (28). 

A summary of the overall forward and reverse rate 
constants for the hexamer-dodecamer reaction ;it 
pH 9.6 in 0.1 ionic strength glycine buffers at four 
different leveIs of free calcium ion is compiled in 
table 1. The resdts confirm that the overall rate con- 
stants for dissociation are relatively independent of 
free calcium ion concentration, while there is a strong 
dependence of the bimolecular association rate con- 
stants on calcium concentration over the same range. 
This effectively rules out not only the &and-facilitated 
mechanism, but also the proposed “compromise” 
mechanism, which permits ligand binding to either 
hexamer or dodecamer, according to the predictions 
of eq. (32). According to the &and-mediated me- 
chanism, the slope of a plot of the overall pseudo- 
bimoIecuIar rate constant should be given by differen- 
tiation of eq. (36): 

a lnkf = 4 _ 2 K,, @I f2K,2K23 @I2 
z@j - 

l+K12 CL1 +KnK23 [cl2 
=&.(38) 

Au is simply the excess number of &and ions bound 
per molecule of dodecamer over those bound per two 
molecules of hexamer, as may be verified by com- 
parison with eqs. (2-3). Fig. 3 shows a plot of the 
data of table 1, according to eq. (38). 

5. Discussion and summary 

The slope au of the plot in fig. 3 indicates that in 
the free calcium range 0.003 l-0.0053 moIar, an 
average of 3 5 cakium ions are added when two mole- 

- I .o 
0 

LOG k, 
\ 

LOG (I /Ca*1 

Fig. 3. Logarithm of overall forward rate constant wxsus 
logarithm of reciprocal of motity of free calcium ion con- 
centration. Points are experimental and line is Iwt sqwres fit. 

cules of hexameric hemocyanin unite to form one 
molecule of dodecameric hemocyanin, in close agree- 
ment with the equilibrium data obtained [I 1 from 

Archibald ultracentrifuge experiments. Moreover, es- 
sentially aLl of the calcium dependence previously ob- 
served in the equilibrium constant has now been 
found to reside in the pseudo-bimolecular rate con- 
stant, and essentially none in the zmimofecular dissoci- 
ation rate constant. This suggests that under the con- 
ditions of these experiments, there are four calcium 
ions which form an integral part of the structure of 
the dudecameric (whole) hemocyanin moleclrle - if 
any of these ions tries to leave ffie molecule, it can do 
so only after it has fmt dissociated in a unimolecular 
process into halves. The explicit number 4 written in 
eq. (38) arises entirely through the conscious me- 

chanistic choice of two successive steps in which a 
total of two calcium ions is added to each hexamer 
molecule. Fig. 3 and its result Au = 3.5 are derived 
directIy from experimental data, however, and depend 
in no way on the choice of the number 4 in eq. (38). 
On the other hand, KL2 and KB are being interpreted 
as referring only to calcium ions binding to polymeriza- 
tion-mediating sites, in eq. (38). Since under the con- 
ditions of these experiments Au = 4, at least four 
~ecific calcium-ion binding sites per whole hemocy- 
anin molecule must be involved in a coupling with 



polymer&&ion. It is possible that mare than four 
such sites ahe ma&Me, and that stable hemocyanin 
motecuie structure can be attained even when tiey 
are not z& frffed_ The fact that the dissociatian rate 
constant i3 essentially independent of c&&m ion 
concentration means that alI swh additional sites, if 
indeed they e&t at all, are inaccessible to external 
c&Gum ions, once rhe dadecamer farms. On the 
other hand, at pH 8 and lower pH values, the ambient 
calcium ion level can be greatly decreased without 
loss of” stability of the dodecameric r”orm of the hemo- 
cyank molecule, and ultracentrifuge experiments in 
this laboratory 1201 suggested that hrr may be as 
small as one calcium ion added per mokxule of 

d0decamer formed at pH 8. We do not have any 
kinetic evidence to assess the mechardstic details of 
the situation under these conditions, but it is not pos- 
sibfe to impkate four divafent metal ion bridges as 
being required for .stabiEty under all conditions, from 
our current results. 

An additional set of kinetic experiments was per- 
formed in the present study, in analogous fashion to 
those just described, in which the ambient free calcium 
ion level was maintained 0.0036 molar, while the pH 

was varied from 9.4 to 9.7- Resulting data for overall 
forwarcX and reverse rate constants indicated, however, 
that proton binding is neither as simple nor as specific 
as cakhnn ion binding. Both the over& forward rate 
constant ~seudo~~o~e~~~ rate constant) and the 
overall reverse rate constant were found to be depen- 
dent on pH, as if some such compromise mechanism 
as that in reaction scheme (3 1) were aperative. The 
d&a were not of sufficient quality to derive meaning- 
ful Wimates of the numbers of protons involved: this 
requires a third derivative of observations. 

FinaUy, it might be noted that for each of the re- 
action mechanisms considered, whether Uigand-me&a 
a&d, Ugand-Facilitated, or compramk, as in scheme 
(3 I), if one differentiates the logarithm of the ap- 
parent overall ~~j~~~~ constant (ratio of overall 
foorward to reverse rate constants) with respect tu t&2 
fqprithm of the @a& cur~centration, one obtains 
precisely the same result, the right-hand side of eqs, 
(3) and (38). In other words, no matter which incor- 
rect reaction mechanism is chosen, which is at vari- 
ance with the results of kinetic experiments, the 
equilliErtimn behavior will expi@n the reaction me- 
c&r&m equally satisfactorily (or e.qwIly meaningtess- 

ly). The utilization of slow reiaxation times, rather 
than equilibrium studies, to elucidate the mechanism 
of fast &and binding steps has been reported by 
Kirschner et al. [ZI 1 in the case of gIyceraldehyde& 
phosphate dehydrogenase. 

The: process is completely cooperative (Lw = II) if 

Rtz + 0 in eq. (38). The kz3 Sk12 in reaction 
schemes (f;i and (17), but this does not affect* I/.;slaw 

if the ligand binding steps are relatively fast. 
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