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SimuIations for the moving-boundav uftracentrifuge behavior of H&x pnmaria s-htmmcyanin hItvc been d-v&Ted. based 
on modification of published models. In the present treatment_ it has been assumed that the protein syste n is zxtensivei~ 
microheterogeneous. with respect to its whole-half molecule reactivity. It has also been assumed that aff such assrciation and 
dissociation reactions can proceed to equilibrium in a time appreciably shorter than that which would ha rr_&rel to srparat.: 
nonreacting half molecules from nonreacting whote molecufes. Predictions based on this model agree we11 evith reported 
experimental findings of nonequiiibrstion of frac!ionated material. apparent independence of &-&e-to-half .noircufe con- 
centration ratios on totai concentration in sedimentation experiments. and stopped-&w dilution rnctivity over rl wide range of 
sedimentation coefficients. 

1. Introduction 

As indicated in the companion paper [I]+ both 
the microheterogeneity model [2’J and the reacting 
system-incompetent whole molecule model 131 for 
the sedimentation behavior of Hefix pomatirr a-he- 
mocyanin are improved by taking into account 
reactivity of material responsible for the develop- 
ment of the raised baseline region between nomi- 
nal ‘60 S’ and ‘100 s’ Schlieren peaks. In doing so, 
we wiff continue to maintain the conviction that in 
the absence of very slow interaction between half 
and whoie moiecules [4], and in the absence of 
strongly influencing ligand-binding interactions [5]. 
no resolution can be achieved in moving boundary 
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experiments [6]. between separate peaks due to 
reacting half and whole molecules. At a given 
concentration, any shift of peak position in the 
sedimentation diagram must then be attributed 
entirefy to variation in the formation constant of 
whole molecules from halves. assuming instanta- 
neous reequilibration between species. Each sub- 
species has been assigned a characteristic forma- 
tion constant for whole molecules. and cross-reac- 
tion between subspecies having different fotma- 
tion constants has been assumed to be absent, The 
behavior of hypothetical samples taken from mov- 
ing boundary sedimentation fractionations has 
been predicted for both resedimentation and for 
stopped-flow dilution examinations. and these have 
been compared with the most nearly related ex- 
periments. This type of model succeeds in generat- 
ing the following predictions: (I) material is dis- 
tributed in two major peaks, sedimenting near 60 
S and 100 S, with a very appreciable amount of 
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material raising the baseline region between the 
two major peaks; (2) independent of totai con- 
centration. material, as judged by sedimentation 
anaIysis, does not transfer between 60 S and 100 S 
peaks; (3) fractions which are either enriched in or 
depleted of species generating one of the major 
sedimentation peaks do not reequiIibrate even after 
tong storage: (4) there is reactivity in stopped-fIow 
dilution over a wide range of sedimentation coeffi- 
cients. 

2. Simulation 

If all of these interactions are subunit-specific. 
then a good overview of the possible situation is 
supplied by examining the asymptotic patterns 
predicted by Gilbert [6] for the effects of changing 
equilibrium constants. at constant concentration. 
This is shown in fig. 1. Each individual pattern 
shown is predicted from one vaIue of the forma- 
tion constant. hr. for whole molecutes from halves. 
so that each pattern represents the asymptotic 
moving boundary sedimentation behavior of one 
individual homogeneous whole-haIf molecule re- 
acting species. The successive K values selected for 
the computations of these patterns are indicated in 

table 1. It is seen that if hatf molecules aIone move 
at 60 S and whole moIecuIes alone move at IO0 S, 
a broad range of equilibrium constants, corre- 
sponding to the broad microheterogeneity pos- 
tulated by Konings et al. [7], Siezen and Van DrieI 
[2]. and Engelborghs and Lontie [S]. can effectively 
distribute material anywhere between 60 S and 

iO0 S. This was already suggested by Engelborghs 

and Lontie [8]_ Thus. as already indicated in previ- 
ous studies f3.91. a composite system containing 
numerous species with a distribution of K vaIues 
might be hypothesized. to explain the observed 
ultracentrifuge behavior. If it is to be acceptable. 
this model must also be required to satisfy the 

Table I 

Thermodynamic dilution reaction amplitudes 

10.00 

Fig. 1. Gilbert simulations [6J for rapidly reacting monomer-di- 
met systems u-ith different formation constants. The concentra- 
tion gradient is plotted against the sedimentalion coefficient. 
assuming s values of 60 and 100 S for monomer and dimer. 
respectively. Each species is assumed to be at an original 
concentration of 10 g/I. The values of the formation constar& 
increase from left to right in the figure. according to table 1. 

pecuIiar apparent independence of pattern resolu- 
tion on totai protein concentration, 

To bring these ideas more into line with some 
reasonable guesses as to the actual composition of 
cx-hemocyanin, and the effects of such interactive 
microheterogeneity on sedimentation patterns, 

h’(Vg) 0.001 0.01 0.02 0.1 0.5 2.0 loo0 

J .w, /M, 9.516X1O-J 6.543 x 10 - ’ 9.49x 1o-3 1.236X lo-” 8.53 x 1O-3 4.938x10-3 2.488~10-~ 
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separations, and reactivity in stopped-flow dilu- 
tion, we have chosen a few examples of postulated 
mixtures, and analyzed them with the countercur- 
rent distribution analcg of moving boundary sedi- 
mentation [lo], as modified to include dissociation 
effects due to hydrostatic pressure [ll]. In this 
way, we can fairly readily simulate the ultracentri- 
fuge behavior of a moderately complex microhet- 
erogeneous mixture. We are able to predict not 
only what its analytical sedimentation behavior 
should be, but also what kind of fractionation 
results one could ideally expect, as well as the 
overall amplitudes to be expected from such iso- 
lated fractions, when subjected to stopped-flow 
dilution experiments employing a light-scattering 
detector. As will be seen below still another di- 
mension of complexity is involved when one wishes 
to discuss not only the total overall amplitude of 
the light-scattering response to dilution. but, in 
addition, the time scale of such experiments_ 

In table 1 are shown thermodynamic stopped- 
flow dilution light-scattering amplitudes for the 
identical systems whose asymptotic sedimentation 
patterns [6] are shown in fig. 1. These are calcu- 
lated according to the relation [12] 

a&f-/M, = (Ac/c)a(l- a)/(2- a)’ (1) 

where M, is the weight-average molecular weight. 
The degree of dissociation a: is related to the 
formation constant K and the concentration c by 
the usual relationship 

K=(l-a)/ca2 (2) 

Each system is assumed to be at an initial con- 
centration of 10 g/l, and is assumed to be diluted 
by 10%. It is seen that, although the systems 
having extreme values of the equilibrium constant 
show small predicted stopped-flow dilution am- 
plitudes, every system is nevertheless a reacting 
system. The largest amplitudes are predicted for 
systems with intermediate equilibrium constant 
values, but it should be pointed out that the 
quantitative comparison shown in table 1 will 
change when the assumed value of the total con- 
centration is changed. The maximum amplitude 
occurs when a = 2/3 [12]; by eq. 2, this means 
that the maximum amplitude occurs for Kc = 3/4. 
The entire effect of microheterogeneity on dilution 
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Fig. 2. Thermodynamic dilution reaction amplitude (eq. 1) 
vers.us common logarithm of the product KC (eq. 2). 

reactivity, and implicitly on the ability of species 
to reequilibrate during or subsequent to ul- 
tracentrifugation. is further illustrated by fig. 2. 
Here the thermodynamic dilution reaction am- 
plitude, given by eq. 1. is plotted against the 
common logarithm of the product Kc. which is the 
usual function of the degree of dissociation LY 
shown in eq. 2. It should be emphasized that this is 
not simply a mathematical relationship: in a mi- 
croheterogeneous system, different abscissa values 
at fixed concentration represent separate species. 
A closely related discussion of the effects of mi- 
croheterogeneity on sensitivity to dilution has been 
presented by Van Holde et al. [13]. It is particu- 
larly interesting to note the huge range over which 
whole molecules are thermodynamically com- 
petent to exhibit effects of dissociation. An ‘in- 
competent’ whole molecule might have to be de- 
fined as one whose product of Kc is of the order of 
magnitude 10’ or larger. 



Fig. 3. Counrercurren~ analog simulation of the sedimentation 
of :I mixture of four species. Dimeriw:ion formation constant 
v;~lues are 0.001. 0.154, 10 and 1000 I/g. Individual concentra- 
tions arc 6. 2. 2 and 6 g/I. respectively. Increase in volume. 
I‘ll.62 ml/mol dimer. Respective countercurrent distribution 
analog partition coefficient values are 1.308 and 17.07 for 
halbes and wholes throughout these computations. The abscissa 
represents tube number in the analog. which is. for the com- 
puted 400 transfers. very closely equal to 4-times the sedimm- 
tation coefficient. (a) Gradient diagram. (b) concentration dia- 
gram. 

In fig. 3a is shown a countercurrent distribution 
analog to simulate the moving boundary Schlieren 
sedimentation pattern of a system of four species 
with formation constants for the monomer-dimer 
interaction equal to 0.001. 0.154, 10, and 1000 l/g, 
a total concentration of 16 g/l. and individual 
concentrations of 6,2.2 and 6 g/l. For this mix- 
ture. Z, = 0.5051. giving K,,, = 0.1213 l/g [3]. 

The volume of reaction is assumed to be 141.62 
ml/mol dimer. Although some resolution is shown 
in the intermediate region of the pattern, the effect 
of the raised baseline is apparent. 

Figs. 4-6 repeat simulations to illustrate what 
would happen if it were possible to extract sam- 
ples from different regions of the sedimentation 
pattern in fig. 3a. The sample imagined for fig. 4 
includes the entire region of fig. 3a containing the 
slowest peak, the concentration being averaged 
from direct computer output. The locations of the 
fractions being considered are illustrated in the 
concentration diagram shown in fig. 3b. It is seen 
in fig. 4 that the material from the slowest peak in 
fig. 3a reproduces itself in position and peak shape: 
it ‘runs true’. it should be noted that in the Gilbert 
theory [6] for the sedimentation of a self-reacting 
system, the location or corresponding sedimenta- 
tion coefficient in a pattern is, for a given forma- 
tion constant, a single-valued function of con- 
centration: it is a fundamental characteristic that 
samples must run true when reexamined under 
identical conditions_ Each species in a microhet- 
erogeneous system is assumed to be in itself a 
homogeneous self-reacting system. Then, at any 
concentration less than that of the plateau region 
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Fig. 4. Countercurrent analog simulation of the resedimen- 
tation of the fraction taken from the slow peak of fig. 3a; tube 
numbers 201-262: concentration. 3.375 g/I. 



for that homogeneous system, a given concentra- 
tion can only be found at one point in the ultra- 
centrifuge cell. As a result, a composite microhet- 
erogeneous system of whole and half molecules 
made up of species which do not interact with 
each other behaves as follows: at a given time of 
centrifugation at a given speed, a specified point in 
the ultracentrifuge cell can contain one and only 
one distribution of all these species, determined by 
the original distribution of amounts of materials 
with specified K values. Hydrodynamic depen- 
dence of sedimentation coefficient values on con- 
centration is not included in this argument_ The 
material in fig. 4 is heavily weighted with the 
species having the smallest assigned formation 
constant_ In fig. 5. it is imagined that a fraction 
has collected everything between the two principal 
minima adjoining the slowest and fastest peaks. in 
fig_ 3a. This material must therefore be a mixture 
which is depleted primarily of the species having 
the highest assigned formation constant. Again, 
fig. 5 shows essentially that this is the case. In fig. 
6, it is imagined that a fraction has been rerun 
which was collected from the region in fig. 3a 
surrounding the fast peak. Since fractions in mov- 
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Fig. 5. Countercurrent analog simulation of the resedimenta- Fig. 6. Countercurrent analog simulation of the resedimenta- 
tion of the middle fraction of fig. 3a; tube numbers 263-334; tion of the bottom fraction of fig. 3a; tube numbers 335-400: 

concentration, 7.605 g/l. concentration. 11.584 g/l. 

ing boundary experiments contain all material 
whose representative boundaries lie above the lo- 
cation of collection, the material in fig. 6 should 
contain all species in the original sample. with 
some enrichment of the slower moving species. 
This is evident in the pattern shown in fig. 6. No 
matter how many times such a sample is rerun. it 
will always reproduce the same pattern. since all 
the species contained are at equilibrium initially_ 
and they each reequilibrate with changing local 
concentration during the sedimentation experi- 
ment in a wholly reproducible way. 

In table 2 are shown the composite thermody- 
namic stopped-flow dilution amplitudes. as calcu- 
lated for a 10% drop in concentration. from eq. 1. 
for the three fractions represented in figs. 4-6. 
These are compared with calculated amplitudes 
for the original mixture, at the three different 
_oncentrations. corresponding to those of the frac- 
:ions. It is seen that each mixture is predicted to 
#>e reactive in stopped-flow dilution experiments. 
:tlthough the amplitude contributions from the 
species with the lowest and highest formation con- 
stants will be relatively small. 

To approach the grossly microheterogeneous 
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Table 2 
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Thermodynamic dilution reaction amplitudes for four-species mixtures 

Fraction 1 a Control 1 Fraction 2 ’ Conlrol2 Fraction 3 = Conrro1 3 

Amplitude 7.674~10-~ 1.473x10-* 3.532x10-’ 1.564x10-’ 1.832~ IO-’ 1.639x10-’ 

a Fig. 4. 
h Fig. 5. 
c Fig. 6. 

Table 3 

Fraction assignable to ‘half molecules’ in five species systems 

Concentration (g/I) 

3 6 12 24 30 

Fracrion of 
‘half molecules~ 0.5433 0.5092 0.4713 0.4392 0.4245 

behavior discussed by Siezen and Van Driel [2] 
and Engelborghs and Lontie [8], we have chosen a 
system with five species_ having assigned forma- 
tion constant values of 0.001, 0.08, 0.3, 2.0 and 
1000 l/g. at relative mass concentrations in the 
ratios 9.2,2,2 and 9, respectively. Moving boundary 
sedimentation simulations have been developed 
for total concentrations of 3. 6. 12, 24 and 30 g/l_ 
These have included pressure dependence effects 
corresponding to 141.62 ml/mol dimer, for each 
species. For this mixture. CZ% = 0.5433. giving KaPP 
= 0.06448 I/g [3]. 

In table 3 are shown values of the fractional 

Fig. 7. Countercurrent analog simulations of the sedimentation of 
concrntra:ion 6 g/l. (b) loading concentration 24 g/l. 

concentration assignable to ‘half molecules’ [2,7], 
by reading computer output for concentrations to 
the minimum beyond the slow peak, and taking 
the ratio to the assigned concentration_ The total 
concentration which would be measured to the 
plateau region in the presence of a pressure effect 
favoring dissociation is slightly elevated, as dis- 
cussed further below, both with time and with 
ultracentrifuge speed, above that in the original 
sample, adding some uncertainty to such de- 
terminations- Table 3 shows that the experimenter 
working with such a system should find a smaller 
drift in the concentration ratio of ‘half to ‘whole’ 
molecules with changing concentration than one 
could explain with reequilibration in a homoge- 
neous reacting system. 

Similar computations with identical parameters, 
except for zero volume of reaction, lead to ex- 
tremely small differences. 

The effect of changing total concentration can 
be discussed further with the aid of the concentra- 
tion gradient patterns simulated at 6 and 24 g/l, 
shown in fig. 7. In both patterns, it is seen that the 
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a mixture of five species (see text and tabte 3). (n) Loading 



baseline is elevated between the two major peaks. 
While some resolution is apparent at the higher 
concentration. in the intermediate region this ef- 
fect is appreciably diminished a~ the lower con- 
centration. In particular. it is seen that there is no 
large qualitative change in the overall appearance 
of these patterns over this 4-fold range of con- 
centration- The baseline elevation is retained at 
either concentration. and there is no very marked 
shift of the pattern to regions of lower sedimenta- 
tion rates with decreasing concentration. It is evi- 
dent by comparing figs. 3 and 7. that as one 
continues to increase the inherent microhetero- 
geneity of the system (by assigning further species 
with intermediate formations constants). resohr- 
tion between the two major peaks continues, as 
does the elevation of the baseline between them. 
with a smoothing out of the resolution of inter- 
mediate peaks. 

The effect of pressure-favored dissociation on 
raising the concentration in the ‘plateau region’ is 
interesting_ This effect is still quite small for the 
volume of reaction selected here, 141.62 mf/mol 
dimer molecules. However, the concentration ievel 
in the plateau region increases with time and speed 
of centrifugation, This is readily understood by 
considering ths movement into and out of a thin 
famina in the plateau region, for a single homoge- 
neous reacting species. At the upper edge of the 
lamina, where the pressure is lower, the ratio of 
dimer to monomer is higher, for a given concentra- 
tion, than that at the lower edge of the lamina. 
were higher pressure has caused dissociation. Con- 
sequently. there is an excess influx of material. 
which shows up as an increase of concentration 
with time in the plateau region. This argument 
says nothing about possible total concentration 
gradients in this region, except that there must be 
a positive gradient of monomer and a negative 
gradient of dimer with increasing radius of rota- 
tion. in the examples studied, even at much higher 
positive volumes of association. no cases have 
been seen in which there is a large positive gradi- 
ent of total concentration with radius of rotation 
in the plateau region. 

Finally. fig. 8 illustrates a further problem in 
understanding the nature of heterogeneous mix- 
tures such as those which have been considered. 

R 

TIME IN SECONDS 

Fig. 8. Predicted contpositr wfaxntion curves from sropprd-flow 
109 dilution of a system of four species. Formation constants 
as in fig. 3. and predicted thermodynamic amplitudes in table 
2. (a) Association rate const;lnfs identical at 0.0409 I/g &xr s. 
(b) dissociation mte constants identical 01 0.16558 S- ‘. (c) 
association and dissociation rate constants a11 differ. according 
to table 4. (--- ) Original unfractionntrd mrrtrrinl. diluted 
from 3.375 g/I. (A- A) Fraction (fig. 4) recovered from 
thr: slow peak in fig. 33. diluted from 3.375 s/t. 

Even when equilibrium constants and relative con- 
centrations have been postulated for individual 
monomer-dimer reacting species composing a mi- 
croheterogeneous system, and both the thermody- 
namic stopped-flow dilution amplitudes and the 
predicted sedimentation patterns can be estab- 
lished, based on the assumption of rapid equihbra- 
tion of all species, one must guess at various 
combinations of association and dissociation rate 
constants to complete the picture. For the four- 
species mixture examined in fig. 3, one could make 
two extreme assumptions: (I) all of the association 
rate constants for the four species are identical. 
and the dissociation rate constants contain all of 
the differences which are associated with the four 
different equilibrium constants; or (2) all of the 
dissociation rate constants are identical and the 
differences in equilibrium constants are caused 
only by corresponding differences in the associa- 
tion rate constants, Additionally. one coutd make 



any number of assumptions in which both associa- 
tion and dissociation rate constants are different 
for all four species. consistent with their differing 
equilibrium constants. Predicted stopped-flow di- 
lution relaxation patterns for these two extreme 
assumptions and one intermediate assumption are 
shown in fig. 8. The prediction of the single relaxa- 
tion for each homogeneous species is based [14] on 
the equation 

I/s’=UrX-,<-+i; (3) 

where r is the relaxation time. k, and k, the 
association and dissociation rate constants. respec- 
tively_ and c the weight concentration In each 
simulated mixture. at least one species is chosen to 
hove the association rate constant of 0.0409 l/g 
per s. consistent with the equilibrium [3,8] and 
kinetics [9] observations at pH 5.7 in the presence 
of 0.4 M NaCl. where the fastest kinetics have 
been observed [I]. It is seen that for the constant 
association rate constant assumption_ composite 
slow relaxation processes are predicted for the 
original mixture of four species (curve a). This 
prediction is inconsistent with experiments at pH 
5.7. On the other hand, for the constant dissocia- 
tion rate constant assumption. the predicted re- 
laxation curves agree more closely with the results 
of fractionation experiments and stopped-flow ex- 
periments [I ]_ The experimental results indicated 
that supernatant fractions exhibited stopped-flow 
dilution amplitudes less than those of original 
material. Much the same discussion applies to the 
one case shown, in which both the association and 
dissociation rate constants vary from species to 
species. in accordance with their equilibrium con- 
stants (table 4). 

These two possible kinetic rate constant as- 
sumptions illustrated in fig. S are each consistent 
Lvith recorded experiences for H. po~~aria cu-hemo- 
cynnin under various conditions [1.2.7,8]. and the 
results of this study. Thus. it is possible to say with 

Table 4 

Rate constants used in fig. 8 (curves c) 

,tl(I/gpers) 

3.2958X lo-” 
4.09x 10-L 
3.295YX lo-’ 
3.295s 

k,(S_‘) K (I/g) 

3.7958 10-A 
2.65ssxlo-’ 0.154 
3.1958X lo-’ 10 
3.2958 x lo- 3 10’2 

some degree of confidence that if microheterogene- 
ity in formation constants accounts for the nature 
of the whole-half molecule resolution in moving 
boundary sedimentation, as described above. then 
the individual monomer-dimer reactions are rea- 
sonably fast, and the differences in formation con- 
stants cannot be ascribed solely to differences in 
dissociation rate constants. 

3. Summary 

The model employed for the present simula- 
tions assumes the presence of extensive micro- 
heterogeneity. in agreement with previous studies 
[2.7.8]. However. it is further assumed in this ex- 
tended model that all component species are fairly 
rapidly reequilibrating, with reaction amplitudes 
and sedimentation behavior explainable by varia- 
tions in individual whole molecule formation con- 
stants. It is emphasized that whole molecules are 
capable of exhibiting reaction amplitudes on dilu- 
tion over an extremely wide range of formation 
constants. so that incompetent whole molecules [3] 
might be more exactly defined as those with a 
formation constant-concentration product larger 
than 10’. 
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