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The * microheterogeneity model’ (R.J. Siezen and R. van Driel, Biochim. Biophys. Acta 295 (1973) 131) and the ‘incompetent
whole molecule model” (G. Kegeles, Arch. Biochem. Biophys. 180 (1977} 530) for the dissociation of Helix pomatia
a-hemocyanin whole molecules to half molecules were tested experimentally, using ultracentrifugation and stopped-flow
dilution analysis. Results of differential sedimentation experiments followed by stopped flow analysis of separated fractions of
60 S and 100 S molecules were not entirely as predicted by the incompetent model, the agreement depending on the pH and
jonic strength of analysis. A considerable amount of stopped-flow dilution response could be attributed to material
sedimenting between 60 and 100 S. This material appears to be the main equilibrating fraction. and its amount is considerably
larger than that predicted by the microheterogeneity modeal. Increased hydrostatic pressure was found to enhance this fraction.
whereas fixation or low ionic strength reduced or eliminated this fraction. Noneqguilibrium components of 30, 50 and 80 S were
detected and partiaily purified by differential sedimentation,

1. Introduction

The sedimentation behavior of a-hemocyanin
of Helix pomatia, the Roman orchard snail, has
usually been described by assuming that the intact
whole molecules (100 S) are not in equilibrium
with their dissociated species, halves (60 S) and
tenths (20 S). The «a-hemocyanin fraction con-
stitutes about 75-80% of total hemocyanin, and is
characterized by its ability to dissociate into half
molecules in acetate buffer (pH 5.7) in the pres-
ence of 1 M NaCl [1}.
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The sedimentation behavior of a-hemocyanin
under a variety of conditions has been described in
several publications [2-5]. Siezen and Van Driel
[3] demonstrated unequivocally the presence of
ionic charge microheterogeneity and its correlation
with fractionation by differential sedimentation,
through reversible boundary spreading in electro-
phoresis. They also demonstrated that, even though
pure samples contained only whole molecules and
their dissociation products, moving boundaries of
whole and half molecules invariably separated in
analytical ultracentrifugation, which should not
occur, according to Gilbert [6], as long as reequi-
libration is rapid. Siezen and Van Driel also showed
that when the pH is changed, a shift in molecular
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weight as detected by turbidity takes place, in a
time range too fast to follow in hand-mixing ex-
periments. Similar rapid molecular weight changes
resulting from hand-mixing changes of ionic
strength were reported [5]. An estimate based on
calculations corresponding to the case of lobster
hemocyanin. but having broader generality, indi-
cates that partial separation in ultracentrifugation
caused by slow reaction kinetics would not be
expected in a time range much smaller than 60 s
[71.

In addition, Siezen and Van Driel demonstrated
that isolated fractions corresponding to portions
of the ultracentrifuge patterns. when reexamined.
reproduced only those portions of these patterns.
They remained stable over long periods of time.
instead of reequilibrating snd reproducing the
original ultracentrifuge behavior of the original
unfractioned samples. One further puzzling phe-
nomenon described by several authors [2-5] is the
presence of a raised baseline between the 60 S and
100 S peaks in the movirng boundary pattern. The
problem became even more perplexing when it was
demonstrated [2.3] that the ratio of wholes to
halves (and tenths) remained virtually independent
of concentration as judged by sedimentation anal-
ysis using Schlieren optics and light absorption in
the total protein concentration range from 0.09 to
24 mg/ml. if the material in the elevated baseline
region between peaks was counted as whole mole-
cules [3]. All of these pieces of information. except
for the rapid kinetics displayed upon shifts of
ionic strength or pH. would serve to classify a-he-
mocyanin as a ‘nonequilibrium’ system. Two mod-
els have been put forward to explain this unusual
sedimentation behavior, the ‘microheterogeneity
model’ [3] and the ‘incompetent whole molecule
model’ [8]. In the present paper several aspects
and predictions of these models are tested experi-
mentally. using sedimentaticn and stopped-flow
dilution analysis. In addition. the origin of the
elevated baseline between 60 S and 100 S peaks is
analyzed in more detail, e.g.. by changes in pres-
sure, ionic strength and fixation. The foilowing
paper [9] describes computer simulations of sedi-
mentation and stopped-flow patterns based on a
new model which incorporates the results of this
work.

2. Theory
2.1. Microheterogeneity model

In order to explain the rapid kinetics produced
by a change in buffer system, while no changes at
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Fig. 1. Schematic representation of the Siezen and Van Driel
microheterogeneity model. adapted from ref. 15. The lower
illustration represents a *stability diagram’ with a number of
hemocyanin components with slightly different 100 S-60 S
dissociation constants, i.e., different dissociation pH values,
represented by diagonal titration curves. Above is shown an
idealized sedimentation pattern., with sedimentation from left
to right. At the pH indicated by the vertical solid line only
those components with the solid titration curves are in equi-
librium. All components contributing to the 60 S peak are
represented by the dashed titration curves entirely to the left
(lower pH) of the vertical solid line. All components of the 100
S peak are represented by dotted ‘titration curves’ to the right
(higher pH) of the vertical line. Equilibrating components only
contribute to the intermediate region 1.
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all seem to be effected by large concentration
changes or enormous displacements from equi-
librium (i.e., isolation of purified fractions), Kon-
ings et al. [2] and Siezen and Van Driel [3] devel-
oped a model which may be illustrated by fig. 1. A
given type of molecule with a single equilibrium
constant, represented by a single “titration curve’
of sedimentation coefficient versus pH is either
virtually all in the form of whole molecules or
virtually all in the form of half molecules at one
given pH value such as represented by the vertical
solid line. Only a small amount of material is in
equilibrium at any pH. This picture then explains
why halves and wholes are resolved in the sedi-
mentation diagram, why isolated fractions do not
reequilibrate over long periods of time, and also
why, by shifting ionic strength, the relative popu-
lation of wholes and halves can be shifted sud-
denly, as the titration curves of many individual
homogeneous subspecies are crossed. In addition,
this picture would support the apparent finding
that the ratio of wholes to halves, as judged by
sedimentation analysis, is virtually independent of
total concentration. It was clear that in stopped-
flow experiments, we should expect large shifts of
molecular weight by changing pH or ionic strength,
which occurred as expected [3,5]. It would also be
predicted from the evidence reviewed above, and
the model illustrated in fig. 1, that in contrast to
the reequilibrating system in lobster hemocyanin
[10-12], there would be no change in molecular
weight on simple dilution of a-hemocyanin in a
constant buffer system. Instead, there were de-
creases in light scattering completed in the time
range of 1-2 s, comparable to those initiated by a
100 atm jump in pressure [13]. The motivation for
the model illustrated in fig. 1 was to explain why
the extent of dissociation is independent of con-
centration. The direct experimental evidence from
dilution experiments [13], particularly at pH 5.7 in
0.4 M NaCl, proved that the extent of dissociation
is in fact quite dependent upon concentration.

2.2. Incompetent whole molecule model

The simplest alternative model suggested by
Kegeles [8] was that the 100 S species are unreac-

tive or incompetent whole molecules, and that the
“half molecules” peak seen in the sedimentation
patterns represents, in fact, a typical Gilbert [6]
rapidly reacting monomer-dimer system which
cannot resolve in moving boundary sedimentation.
In this model, relative peak areas of 100 S (incom-
petent wholes) and 60 S (wholes-halves reaction
mixture) are also independent of protein con-
centration, and isolated fractions should also ap-
pear not to reequilibrate when resubjected to ultra-
centrifugation. The stopped-flow dilution response
was attributed to rapid reequilibration within the
60 S peak reaction mixture. The incompetent model
fitted the equilibrium light scattering data of En-
gelborghs and Lontie [S] at pH 5.7 in the presence
of 0.4 M Nac(l very well, and led to an estimate of
35% incompetent whole molecules and a formation
constant of wholes from halves of 0.176 1/g. The
model is also quantitatively consistent with kinetic
studies on the 60 S-100 S system by pressure-jump
and conceatration-jump methods [13]. In these
procedures it is necessary to know what fraction of
the material is reactive, before one can measure
the recombination rate coustant from halves to
wholes. If only a tiny amount of material could
react, the recombination rate constant estimate
would be proportionately increased, leading to an
equilibrium formation constant very much larger
than that estimated [8] from the equilibrium light
scattering data of Engelborghs and Lontie [5].
When the estimate [8] of 35% nonreactive material
was used [13], the formation constant derived from
the kinetic measurements, 0.154 1 /g, was in very
satisfactory agreement with the value of 0.176 1/g
derived on the basis of equilibrium measurements
[8]. There was one initially recognized flaw in the
incompetent whole molecule model: the raised
baseline between 60 S and 100 S peaks in the
sedimentation diagrams was not explained. It was
already suggested that the incompetent whole
molecule — single reactive species model was the
simplest one possible, and might need extension
[8,13].

Both models have been reviewed and compared
in detail by Kegeles and Cann {14] and Van Holde
and Miller [15].
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3. Experimental
3.1. Protein solution

H. Pomaria a-hemocyanin solutions were pre-
pared in buffers of various pH and ionic strength
as described previously [3.4]. The main buffers
used were 0.1 7 Tris buffer, pH 7.76 (0.05 M
Tris-HCI, 0.05 M NacCl). 0.45 I Tris vuffer, pH 7.0
(0.05 M Tris-HCI., 0.4 M NaCl). and 0.5 [ acetate,
pH 5.7 (0.1 M sodium acetate, 0.4 M NaCl).

3.2. Analytical ultracentrifugation

Sedimentation velocity experiments were con-
ducted at 20-25°C as before [2—4]. using Beckman
Spinco model E ultracentrifuges equipped with
Schlieren optics: 12-mm pathlength cells were used
unless otherwise specified. Sedimentation coeffi-
cients were determined from the Schlieren peak
maximum and corrected to standard conditions of
viscosity and density of water at 20°C (5,4, )-
Theoretical 5., values were calculated from s,
values of 102, 64 and 19 S for whole, half and
tenth molecules. respectively. and their linear con-
centration dependence [2}. according to the equa-
tion

Saw = g (17 &) (1)

where ¢ is protein concentration (mg,/ml) and & a
constant. In theoretical calculations of the con-
centration dependence of s,,, values in mixtures.
account was taken of the fact that half molecules
sediment in the presence of tenths. and whole
molecules sediment in the presence of both halves
and tenths.

Weight percentages of each peak were de-
termined from their areas, corrected for radial
dilution. When the baseline was elevated between
peaks of whole and half molecules the inter-
mediate area was estimated separately. assuming
symmetrical shape for both adjoining peaks (fig.
1.

In studies of pressure effects, approx. 0.35 ml of
Beckman silicone oil 6377 ( p,, = 0.97) was layered
over about 0.35 ml protein solution (py, = 1.003).
The pressure at the cell bottom was calculated

from
AP=uwp(rE—r2)/2 (2)

where o is angular velocity. p density and 7, and
ry, distances from the center of rotation to menis-
cus and cell bottom. respectively.

3.3. Differential sedimeniation

Series of differential sedimentation experiments
were performed in a 50Ti or an SW50L rotor in a
Beckman type L2 or L2-65 preparative centrifuge
at 20°C. The fractions were collected with a rack
and pinion-driven syringe and needle, which
reached to within 0.65 mm of the tube bottom.
The rotor was spun for a time just sufficient to
centrifuge to the bottom of the tube most ‘100 S
whole molecules’. The supernatant was carefully
removed from above this level, and the pellet
material was then resuspended in fresh buffer of
the original composition. A small sample of this
pellet solution was examined in the analytical ul-
tracentrifuge to assess the progress of the purifica-
tion of 100 S material. and the whole process was
repeated for up to 20 cycles. A few of the early
supernatants were also examined in the analytical
ultracentrifuge; if required, these supernatants

were reconcentrated by pelleting at 226 000 X g for
4 h.

3.4. Stopped-flow dilution

All original protein solutions were extensively
dialyzed against buffer prepared with freshly boiled
water, to avoid gas bubbles. 90° scattering mea-
surements were monitored in a Durrum stopped-
flow apparatus at 436 nm. For the purposes of
qualitative observation. greater dilutions were
made, if needed for generation of sufficient ampli-
tude, than had been used in small perturbation
measurements [13]. Control experiments were made
on original solution, diluted to the initial identical
concentration of fractions being studied.

3.5, Electron microscopy and fixation

Negative staining and electron microscopy were
conducted as before [16]. In fixation experiments
protein solutions were mixed 1:1 (v/v) with
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buffered solutions of uranyl oxalate, phosphotung-
state or glutaraldziiyde (0.5% final concentration)
just prior to ultracentrifugation. The measured pH
change after mixing was less than 0.05.

4. Results and discussion
4.1. Protein concentration effects

It was predicted [8] that if the incompetent
whole molecule model holds, the sedimentation
coefficient of the nominal 60 S reaction boundary
peak should increase with increasing protein con-
centration, finally approaching that of the hy-
pothesized incompetent whole molecules at suffi-
ciently high concentration. How high that con-
centration needs to be to observe this effect de-
pends on the value of the formation constant for
whole molecules, which must be known before
predictions can be made. An early attempt (M.S.
Tai and G. Kegeles, unpublished results) to make
this test at pH 5.7 in 0.1 sodium acetate/0.4 M
NaCl buffer at protein concentrations of 5.4 and
56.6 mg/ml showed that, as predicted, the two
peaks had still not merged at 56.6 rag/ml. but that
the sedimentation coefficient of the slower peak at
this high concentration was indeed considerably
higher than might have been predicted for a non-
reacting 60 S species. However, hydrodynamic

Table 1

concentration effects are so large (as much as 50%)
at the higher concentration that the experiments
were felt to be inconclusive. Van Holde and Miller
{15] emphasized that this might be a simple way to
distinguish between the two models.

Extensive data for sedimentation were available
[3] in Tris buffer at pH 7.76. where there are no
corresponding data available for the formation
constant of whole molecules. Table 1 presents the
$y0w values calculated from the previously pub-
lished sedimentation experiments, ranging from
0.75 to 24 mg/ml. in 0.1 I Tris buffer (pH 7.76) at
20°C [3]. Under those conditions a virtually con-
stant composition with weight fractions of approx.
0.58 for wholes, 0.29 for halves and 0.13 for tenths
was found (average of table 1 values in ref. 3.
excluding the 24 mg/ml values).

Theoretical sedimentation coefficients were
calculated for both models using this weight com-
position (table 1). For the microheterogeneity
model a linear decrease of 5.4, with protein con-
centration for each peak in the mixture was as-
sumed, as found for the purified components [2].
The experimental sedimentation coefficients of the
peaks which are assumed to represent whole, half
and tenth molecules are seen to decrease regularly
with protein concentration, in excellent agreement
with the theoretical values calculated for the mi-
croheterogeneity model. The only deviation occurs
for the fastest peak at the highest concentration.

Concentration dependence of experimental and theoretical sedimentation coefficients of a-hemocyanin whole. half and renth

molecules

Conditions: Tris buffer (pH 7.76), ionic strength 0.1. Experimental details in ref. 3.

¢ (g /ml) Experimental 54, Theoretical 5.9, *
Tenths Halves Wholes Microheterogeneity Incompetent
model maodel,
Tenths Halves Wholes Kratves-whotes (1/8)
0.00176 0.176 17.6
24 180 53.2 731 17.7 5.7 62.8 522 679 83.3
12 18.8 38.6 85.7 18.3 57.9 82.4 58.1 69.5 89.9
6 17.6 59.1 91.7 18.7 60.9 922 61.1 68.6 921
3 19.1 62.0 97.1 18.8 62.5 97.1 62.6 67.0 91.7
1.5 19.3 62.5 98.9 189 63.2 99.6 63.3 65.8 89.7
0.75 20.2 62.9 100.3 19.0 63.6 100.8 63.6 65.0 86.5

* Calculated using s$, ., values of 19, 64 and 102 S and their protein concentration dependence as given by ref. 2. In the reaction
boundary model a weight fraction of 0.29 was assumed to be in halves-wholes equilibrium.
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where ¢g. 1 presumably no longer applies.

For the reaction boundary model a weight aver-
age sedimentation coefficient (§.,,) was calcu-
futed for the halves-wholes boundary. due ai-
lowance being made for protein concentration de-
pendence of individual 5., values. The weight
fraciion of half molecules. a. was calculated from
the law of mass action

K- (T=a) (1= fy)cal (3)

1S !hr' weight fraction of molect
&

pd!‘llk!pd(l g in the equilibrium. and K the fomm-
fion or association constant in 1/g of whole from
half molecules. As both the fastest peak (incom-
petent whole molecules) and lhc slowest peak
{tenth molecules) should not pa i
equilibrivm. a value of 0.71 was used for /|

Our calculations in the penultimate column in
table 1 used the K value of 0.176 1 /g evaluated by
Kegeles [8) from the equilibrium light-scattering
data obtained in 0.5 [ acetate buffer (pH 5.7) [5].
Unfortunately, the sedimentation experiments were
performed in a different buffer. 0.1 7 Tris buffer
tpH 7.76) {3]. in which the association and dissoci-
aton rate constants and hence the equilibrium
constant K are presumably quite different than at
pH 3.7 (sec scction 4.5). Therefore, theoretical
values of xo,

e WOCTES also calenlated using
o orders of magnitude lower (0.00176 1/9) dnd
higher (17.6 1/2). a~ tabulated in table 1. The
calealations show that for K= 0.176 1 /g the theo-
retical s, values for the reaction houndur}' in-
crease to nearly 70 S and hen i
ment with the experimental s, dluu. On tht,
other hand. an excellent agreement is found with a
Ta0-fold lower value for KA. For this K \'uluc. the
wetght fraction of half molecules in the
boundary is 0.99 ot the highest cm‘-cc*‘-l ation
~tudied. In other words, the two models have
become virtaally identical.

That the Schlieren peaks for whole and half
molecules approach each other at high concentra-
torn can be adeguately explained by the protein
concentration dependence of ., values. since in
moving-boundary sedimentation whole molecules
alwavs migrate in a higher total protein concentra-
tron than half molecules.

In view of the fact that the assumpuon of

ponaiig - iemacydmn miadels

100-fold lower value for K at pH 7.76 than that
estimated [8] for pH 5.7 does correctly predict the
concentration dependence for the sedimentation
coefficient of the 60 S peak taken as a reaction
boundary in the incompetent whole molecule
model, it is likely that there is at pH 7.76 a
considerable fraction of material with an ex-
tremely small formation constant. Such a model

was tried {8] and found not to fit the experimental
light-scattering data of Engelborghs and Lontie [5]

4.2, Pressure effects

The e¢levated basecline between Schlieren peaks

af 1nn Camd 40 Q ranlaciilac hoo naam aceoeilhad s o
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continuous dissociation of 100 S molecules due to
increasing hydrostatic pressure [2]. This explana-

Fig. 2. Effects of hydrostatic pressure by varying rotor specds
on Schlieren \dw.u_\ sedimentation pattern of a-hemocyanin
(16.8 mg,/ml) in 0.1 Tris buffer (pH 7.76) at 20°C: 3 mm cell.
Rotor speeds and pressure increase (WA P) from meniscus to
bottom were: (a) 20410 rpm. 40 aum: (b) 29500 rpm, 835 aim:
() 42049 rpm. 166 atm: {(d) 59780 rpm. 345 atm. Scdimenta-
tion is from left to right. The indicated sedimentation coeffi-
cients (in S) senve only to identify the peaks of tenths (20 S).
halves (60 §) and wholes (100 S). and are not the measured
values.



Fig. 3. Effect of hydrostatic pressure by overlayering with oil
on a-hemocyanin in: (a.b) 0.1 I Tris buffer {(pH 7.8). protein
concentration 3 mg/ml. and (c.d) 0.005 I Tris buffer (pH 7.6).

protein concentration 5.3 mg /ml_ All runs at 37020 rpm_ 20°C.
AP values: (a) 65 atm. (b) 125 atm = 59 atm (0il)+66 atm
(protein), (c) 55 amm. (d) 128 atm =67 atm (oi)+61 atm

frogtein
{proteing.

tion is not completely satisfactory. however, as
indicated by experiments performed in 0.1 I Tris
buffer (pH 7.76) over a larger pressure range than
examined previously {fig. 2).

Four rotor speeds were chosen such that the
pressure approximately doubled between speeds,
ie.. AP=40. 85, 166 and 345 aum between
meniscus and cell bottom. and pictures were taken
at equivaient distances of migration. At any speed
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(and at any protein concentration as in table 1) the
amount of intermediate material extrapolates to
about 15% of total protein at zero time of centrifu-

oatioTy 1

Thig ¢ acte that thig fract
gatieon. i1n0is su

ggests inat tnis llu\,l‘l\}l‘
cyanin is in a rapid whole-half equilibrium at
atmospheric pressure.

During every run. the intermediate area in-
creases at the expense of the 100 S peak to maxim-
ally 30% of total proiein at the highest pressure.
Hence. dissociation due to pressure accounts for
only part of the material between 60 S and 100 S
peaks. The observed increase of about 15% during
sedimentation correlates reasonably well with the
8% decrease of weight-average molecular weight
(= 16% dissociation of wholes to halves) measured
by light scattering at 200 atm [2].

af A hermao.
Of &-18mo-

Alternatively, one can keep rotor speed con-
stant and increase hydrostatic pressure by layering
oil over the protein solution. as shown in fig. 3. A
59 atm pressure increase (from 66 to 125 atm at
o) led to an approx. 10% shift in the relative
amounts of 60 S and 100 S components (fig. 3a
and b) in 0.1 7 Tris buffer (pH 7.5). Smaller
pressure dissociation effects have been observed in
0.5 [ acetate buffer (pH 5.7) {5].

4.3. Suppression of baseline elevation
A number of conditions have been found under

which baseline elevation between the Schlieren
peaks for whole and haif molecuies of a-hemo-

Fig. 4. Effect of fixation on sedimentation patterns of a-hemo-
cyanin in 0.1 7 Tris buffer (pH 7.8). Protein concentration, 3.5
mg/ml: 37020 rpm. 20°C. (a) Original solution. (b)+0.5%
uranyl oxalate. (¢)+0.5% glutaraldehyde.
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Fig. 5. Effect of low ionic strength on sedimentation patterns
and stopped-flow dilution patterns of a-hemocyanin: (a) sedi-
mentation in 0.01 I Tris buffer (pH 7.65). protein concentration
6 mg/ml: (b) sedimentation in 0.002 7 Tris buffer (pH 7.24).
protein concentration 3 mg/ml. 37020 rpm. 20°C; (¢) replicate
stopped-flow dilution patterns in 0.01 7 Tris buffer (pH 7.65) at
25.5°C: 5 mg/ml solutions were diluted to 5/7 of original
concentration: oscilloscope sweep time 5 s/division.

R.J. Siezen et al. / Testing of H. pomatia a-hemocvanin models

cyanin is either suppressed or completely
eliminated.

4.3.1. Fixation

Addition of some fixing agents commonly used
in electron microscopy has a variety of effects on
the 60 S-100 S system. Uranyl oxalate eliminates
the elevated baseline altogether. shifting the small
fraction of protein that is initially in rapid equi-
librium completely to whole molecules (fig. 4a and
b). The opposite is true for phosphotungstate which
shifts all intermediate material and the 100 S
material to the 60 S peak (not shown).
Gilutaraldehyde eliminates the smooth baseline
elevation, but produces two new minor peaks of 87
S and 145 S (fig. 4c). The latter is due to three half
molecules joined together, whereas the former may
represent two incorrectly joined half molecules.
i.e.. not aligned as a perfect cylinder. No elevated

baseline occurs after cross-linking with dimethyl
suberimidate [16].

4.3.2. Low ionic strength
As ionic strength is reduced below 0.1 the dis-
sociation of whole into haif molecules occurs at

Fig. 6. Differential sedimentation enrichment of intermediate components of a~hemocyanin in 0.005 / Tris buffer (pH 7.4). (a)
Sedimentation pattern of original solution. Protein concentration. 5 mg/mil: 37020 rpm. 20°C. (b) Sedimentation pattern of
reconcentrated supernatant after partial pelleting of 100 S molecules at 145000X g for 60 min: 30 mm cell. 37020 rpm. 20°C.
Sedimentation coefficients of enriched intermediates as indicated. (¢) Electron micrograph of negatively stained original .nixture of
whole and half molecules: magnification. X 200000 (d) Electron micrograph of supernatant: arrows indicate large irregular molecules.

presumably 80 S molecules: same magnification.
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progressively lower pH in the alkaline range {4].
Simultaneously, the elevation of the baseline be-
tween 60 S and 100 S peaks diminishes. and it is
virtually absent below 0.01 J. Examples of sedi-
mentation patterns in 0.01 [ Tris buffer (pH 7.63)
and 0.002 J Tris buffer (pH 7.24) are shown in fig.
5. It is of additional interest that in 0.01 I Tris
buffer (pH 7.65) there is essentially no reactivity in
stopped-flow dilution experiments. as shown in
fig. Sc.

Hence, the protein fraction that is in equi-
librinm at any pH appears to be much smaller at
low ionic strength. In pressure studies under such
conditions no shift occurred in the relative amounts
of 60 S and 100 S peaks. nor did any new baseline
elevation arise as a result of increasing pressure,
either during a run. at different speeds or after
overlayering with oil (fig. 3c and d).

A previously published statement that no
elevarcd baseline occurs in borate buffers at al-
kaline pH is incorrect [2]), as the sedimentation
pattern was found to be independent of buffer
type [4]. As that statement referred to experiments
performed in low ionic strength borate buffers, the
absence of baseline elevation is consistent with our
present results, and no compensating effects of
pressure on protein partial specific volume versus
borate pK are required to explain this phenome-
non. Light-scattering studies of a-hemocyanin at
200 atm showed no pressure-induced dissociation
in low ionic strength borate buffers which again is
consistent with the present results [2].

Fig. 7. Sedimentation pattern of a-hemocyanin (4.2 mg/ml) in
0.3 7 Tris buffer. 37020 rpm. 20°C. (a) pH 7.0. (b) pH 7.4.

It is noteworthy that sedimentation patterns of
some other molluscan hemocyanins such as Murex
trunculus [17). Busveon canaliculaturm [18], Buc-
cinum undartum, Neptunea antigua [19] and Pila
leopolduillensis {20] do not show the elevated base-
line between 60 S and 100 S peaks. even at ionic
strength of 0.05-0.1. No explanation is available
to explain this difference between species.

4.4, Intermediate nonequilibrivon components

Additional small Schlieren peaks are often seen
between the three main peaks of tenth. half and
whole molecules, such as those in fig. 5b. These
intermediate components occur mainly between
pH 7.0 and 7.5. and are most pronounced at low
ionic strength.

Their relative amounts can be dramatically en-
hanced by differential sedimentation. as illustrated
in fig. 6 in 0.005 I Tris buffer (pH 7.4). The profile
in fig. 6b was obtained for the superndtant after
most whole molecules in the original solution (fig.
6a) were pelleted to ihe bottom of the tube. This
pattern is stable. in that no reequilibration takes
place over several days. suggesting that the various
intermediate components are not in equilibrium
with each other, or with tenth. half and whole
molecules.

The three main extra peaks of about 30. 50 and
80 S presumably correspond to assemblies of itwo-,
four- and eight-tenth molecules. Electron micros-
copy shows an increased number of circle seg-
ments corresponding to two-tenth and four-tenth
molecules (fig. 6¢c and d). which resemble those
seen after cross-linking and dissociation of half
molecules [16]. but also a number of large irregular
structures (arrows) which must be the 80 S mole-
cules. These structures appear to be incorrectly
assembled.

Although we have now demonstrated that sta-
ble nonequilibrium components of size between
half and whole molecules do exist. their concentra-
tions are normally very low. and they certainly do
not contribute to baseline elevation effects be-
tween 60 S and 100 S peaks as observed above pH
7.5. That these are two distinct phenomena is best
illustrated at ionic strength 0.3 where dissociation
of whole molecules is initiated at lower pH [4]. At
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pH 7.4 only a smooth elevated baseline is observed
(fig. 7b). but upon lowering pH to 7.0 additional
50 S and 80 S peaks appear. the latter superim-
posed on the elevated baseline (fig. 7a).

4.5, Differential sedimentarion and stopped-flow
analvsis

In this section mixtures of 60 S and 100 S
material are subjected to series of differential sedi-
mentation runs, in a attempt to isolate material
responsible onlv for 60 S sedimentation. and
material responsible only for 100 S sedimentation
behavior. and to subject these fractions not only 1o
resedimentation analysis. but also to quantitative
stopped-flow light-scattering dilution analysis. If
the incompetent whofe molecule model [8] is rigor-
ously followed. 100 S material’ should show no
reactivity on stopped-flow dilution and all the
reactivitv should reside in *60 S material’.

Separate series were performed under three dif-
ferent conditions of pH and ionic strength corre-
sponding to those used most in previous relevant
fiterature [3.5.13].

4.5.1. 0.5 [ acetare buffer (pH 3.7}

One cascade of successive pelletings and resus-
pensions  and resedimentations was  pursued
through 20 cyvcles. A comparison of the analytical
sedimentation patterns obtained on material from
the 20th pellet and from an equally diluted aliquot
of the original solution is shown in fig. 8. This
shows that while a nonreactant 50 S peak has been
removed. there is still a residue of material sedi-
menting near 60 S. The relative amount of this
material remained virtually constant during the
last few fractionations: its carrying over may be
the result of excessive time of centrifugation. Al-
most complete removal of 100 S material with the
aid of the Yphantis-Waugh separation cell {21}
produced a fraction which did not reequilibrate to
100 S. Also. prolonged storage of fractions such as
~hown n fig. 8 produced no further regeneration
of 60 S material, confirming that there is no slow
reequilibration between 60 S and 100 S materials.

Samples of the 20th pellet and the combined
2nd and 3rd supernatant were compared with con-
trol samples of original solution in light-scattering

stopped-flow dilution with pH 5.7 buffer. It is seen
in fig. 9 that the original mixture shows a larger
scattering amplitude than does ecither the 20th
pellet material or the supernatant. However. if
only the 60 S material were responsible for dissoci~
ation on dilution. as hypothesized [8]. then the
dilution response for the supernatant should be
more than that of the original solution. In addi-
tion. the dilution response for the pellet material
containing primarily incompetent 100 S material
(fig. 8) would be expected to be far less than
shown in fig. 9.

The conclusion to be derived from these experi-
ments is that the reactivity on dilution at pH 5.7
does not appear to be attributable entirely to
species associated with the slower moving
boundary in sedimentation. as postulated [8]. While
this finding does not agree with the simplest in-
competent whole molecule model which was de-
veloped by one of us [8] at pH 5.7 as a result of the
measurements of Engelborghs and Lontie [5] at
that pH. it does not appear to contradict directly
the results of any published separation attempts
under such buffer conditions.

4.5.2. 045 I Tris buffer (pH 7.0}

The original solution has only two Schlieren
peaks. which travel at roughly 60 S and 100 S,
connected by an elevated baseline (fig. 10a). The

Fig. 8. Differential sedimentation of a-hemocyanin in 0.5 7
acctate buffer (pH 5.7). Bouom: sedimentation pattern of
original unfractionated conirol. Top: sedimentation pattern of
20th pellet solution. Protein concentration of both. 1.75 mg,/ml:
29500 rpm. room temperature.
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Fig. 9. Differential sedimentation of a-hemocyanin in 0.5 J
acetate buffer (pH 5.7). Stopped-flow dilution patterns (sweep
time 6.83 s/division. 25°C) of: (a) original unfractionated
control. (b) 20th pellet solution: (¢) combined 2nd and 3rd
supernatant; and (d) original mixture. Concentration changes
were (a.b) 3.5 to 1.75 mg/ml. (¢c.d) 2.3 10 1.15 mg/ml.

ultracentrifuge patterns of 20th pellet material and
3rd supernatant each show only a single peak,
travelling near 100 S and 60 S. respectively, indi-
cating that complete separation has been achieved
(fig. 10b and c).

A comparison of the stopped-flow dilution of
the 20th pellet material, whose sedimentation pat-
tern is shown in fig. 10¢, is made with that of

original solution at the same concentration in fig.
11a and b. It is seen that there is essentially no
residual reactivity in this 100 S material. in agree-
ment with the incompetent whole molecule model
[8]- On the other hand, the supernatant fraction
which contains only 60 S material shows less dilu-
tion reactivity than the original sample (fig. 11c
and d). implicating some intermediate material
sedimenting between 60 S as a contributor to the
observed reactivity on dilution of the original
material. In this respect. a hypothesis of only one
homogeneous reactive species is too simple [8].

4.5.3. 0.1 I Tris buffer (pH 7.76)

Under these conditions some tenth (20 S) mole-
cules are present in addition to 60 S and 100 S
molecules (fig. 12a). As demonstrated previously
[3]- isolation of 20 S material by differential sedi-
mentation is relatively easy: thie top half of the
first supernatant is shown in fig. 12b. The 20 S
material shows no relaxation amplitude in
stopped-flow dilution. While this material could
conceivably reassociate on being reconcentrated, it
did not need to be considered as a reactive species

Fig. 10. Differential sedimentation of a-hemocyanin in 0.45 /
Tris buffer (pH 7.0). Sedimentation patterns at 29300 rpm of:
(a) original unfractionated solution. 17.4 mg/ml. 3 mm cell.
after 10 min sedimentation: (b) 3rd supernatant, 1.62 mg,/ml.
after 8 min sedimentation: (¢) 20th pellet. 1.85 mg/ml. after 12
min sedimentation.
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rapid equilibrium by careful choice of sedimenta-
tion conditions, alternately removing 100 S mole-
cules by pelleting and 60 S molecules from the
upper supernatant.

In fig. 13 and 14 a comparison is shown of
stopped-flow dilution of the original mixture. 4th
pellet and total second supernatant. It is seen that
there is a greatly reduced reactivity for the pellet
on dilution, in agreement with the incompetent
whole molecule model (fig. 13). The reaction re-
sponse indicates the removal from this fraction of
some species having the greatest rates of dilution

F.g. 11. Differential sedimentation of a-hemocyanin in 0.45 7
Tris buffer (pH 7.0). Stopped-flow dilution patterns (sweep
time 13.7 s/division) of: (a) 20th pellet solution. (b) original
unfractionated solution. (¢) 3rd supernatant. (d) original solu-
tion. Concentration changes were (a.b) 1.85 to 1.32 mg/ml
(c.d) 1.62 to 1.15 mg/ml.

for the purposes of the dilution experiments con-
ducted.

While the differential sedimentation separations
were not carried through as many cycles. the puri-
fication of nonreactive whole molecules was suc-
ceeding during these cycles (fig. 12d. table 2 and
ref. 3). The bottom half of the first supernatant
shows an enhancement of intermediate material Fig. 12. Differential sedimentation of a-hemocyanin in 0.1 7

. . - Tris buffer (pH 7.76). Sedimentation patterns (at 37020 rpm.
Alativ p . Yo s
relative to 60 S and 100 S pedks (ﬁg' 12¢ and table 20°C) of: (a) original unfractionated solution. 25 mg,/ml. 3 mm

2). This suggests that it may be pOSSiFDlC to er}riCh cell: (b) upper half of Ist supernatant: (c) lower half of 1st
the solution even further with material that is in supernatant: and (d) 2nd pellet solution.
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Fig. 13. Differential sedimentation of a-hemocyanin in 0.1 /
Tris buffer (pH 7.76). Stopped-flow patterns (sweep time 15
s/division) of: (a) duplicate dilutions of 4th pellet solution.
diluted from 1.48 mg/ml to 1.07 mg/ml: and (b) two succes-
sive scans from dilution of original solution. from 1.48 mg/ml
to 1.07 mg/mil.

reaction in the original material. but the continued
presence of more slowly reacting species. Again,
the slower response of the supernatant material.
relative to the original mixture, suggests the partial
loss of reactive species intermediate between 60 S
and 100 S in sedimentation velocity (fig. 14).

5. General discussion

A more general description of a-hemocyanin
association-dissociation is required now, which

Table 2
Differential sedimentation of a-hemocyanin.
Conditions: Tris buffer (pH 7.76). ionic strength 0.1.

Fig. 14. Differential sedimentation of a-hemocyanin in 0.1 7
Tris buffer (pH 7.76). Stopped-flow patterns (sweep time 68.3
s/division) of: (a) original unfractionated solution. diluted
from 4.65 mg/ml to 2.33 mg/ml: and (b) total 2nd super-
natant. diluted from 4.0 to 2.0 mg/ml.

takes the present results into consideration. The
microheterogeneity model as originally presented
[3] needs to be modified so that it can predict the
ability of whole-half molecule mixtures to react on
dilution. In addition, experimental work in this
paper indicates that, at least at pH 5.7 and 7.76.
more extensive microheterogeneity of reactive

Weight composition (%)

Tenths Halves Intermediate Wholes I -
(T) (H) species (W) H+I1+W
hH

Oyriginal mixture 23 21 17 39 0.22

1st supernatant (top half) 85 10 3 2 0.20

1st supernatant (bottom half) 39 19 24 18 0.39

2nd pellet 2 19 29 50 0.30

4th pellet 1] 20 18 62 0.18

6th pellet (o] 16 15 69 0.15

* Fraction of intermediate material relative to 60 S and 100 S peaks.
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haif-whole molecule systems is rzcessary than in
the single reactive species model presented before
[8]

Both models as previously published need to be
extended to account for apparent reactivity in the
region between 60 S and 100 8 peaks. At each pH
studied, some reactivity in stopped-flow dilution
appears to be associated with material having sedi-
mentation coefficients between 60 S and 100 S. At
pH 5.7, the observed relaxation speeds of the
overall dissociation processes are relatively fast,
compared to those at neutral and alkaline pH
values. Qur pressure studies also indicate that at
least 15% of the protein is in rapid 60 S-1G0 S
equilibrium, even in the absence of applied pres-
sure, in buffers of sufficiently high ionic strength.
This fraction can be ‘frozen’ by either lowering the
ionic strength or addition of fixation agents.

One mechanism. which is based on a whole
series of rapidly equilibrating half molecule-whole
molecule interactions with a large range of equi-
librium constants. is proposed in the accompany-
ing paper [9].
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