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ABSTRACT: Employment of high-precision thin-layer methods has enabled detailed functional characterization 
of oxygen and carbon monoxide binding for (1) the fully assembled form with 70 binding sites and (2) the 
isolated chains with 7 binding sites of Octopus dofleini hemocyanin. The striking difference in the coop- 
erativities of the two ligands for the assembled decamer is revealed through an examination of the binding 
capacities and the partition coefficient, determined as functions of the activities of both ligands. A global 
analysis of the data sets supported a two-state allosteric model assuming an allosteric unit of 7. Higher 
level allosteric interactions were not indicated. This contrasts to results obtained for arthropod hemocyanins. 
Oxygen and carbon monoxide experiments performed on the isolated subunit chain confirmed the presence 
of functional heterogeneity reported previously [Miller, K. (1985) Biochemistry 24,4582-45861. The analysis 
shows two types of binding sites in the ratio of 4:3. 

H e m o c y a n i n s  are large multisubunit proteins that provide 
oxygen transport in many species of arthropods and molluscs. 
Arthropod hemocyanins contain one oxygen binding site per 
subunit (Miller & Van Holde, 1982), and native arthropod 
structures contain hexameric arrangements of subunits. The 
number of hexamers assembled to form the functional mac- 
romolecule varies among species and ranges from 1 to 8. On 
the other hand, molluscan hemocyanins are composed of 10 
or 20 subunits, arranged to form hollow cylinders (Miller & 
Van Holde, 1982), each subunit having seven or eight oxygen 
binding sites. Despite the differences in the gross structural 
anatomy of these two types of hemocyanin molecules, they bear 
strong similarities in their functional chemistry. Both bind 
oxygen in a highly cooperative manner, and both show a strong 
Bohr effect. 

In contrast to oxygen binding, carbon monoxide binds to 
hemocyanins noncooperatively, or with only slight positive 
cooperativity, and does not exhibit an appreciable Bohr effect 
(Bonaventura et al., 1974; Brunori et al., 1981; Richey et al., 
1985). This marked difference in oxygen and carbon monoxide 
binding makes these ligands useful probes for the functional 
energetics of hemocyanin. Furthermore, carbon monoxide and 
oxygen bind to the same binuclear copper site of the protein 
in a mutually exclusive manner, with identical stoichiometry. 
This type of competitive, functional linkage, termed identical 
linkage (Wyman, 1948), leads to a simplified quantitative 
description of the liganded species. Studying the simultaneous 
binding of the two ligands to several species of arthropod 
hemocyanins has given insight into the cooperative binding 
mechanism, explained in terms of two levels of allosteric in- 
teraction within these multisubunit macromolecules (Robert 
et al., 1987; Richey et al., 1985; Decker et al., 1986, 1988). 
In the present study we have applied this approach to explore 
the functional chemistry of the large multisubunit molluscan 
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hemocyanin from Octopus dofleini. 
The structure of 0. dofleini hemocyanin is among the sim- 

plest and best characterized of the molluscan hemocyanins 
(Miller, 1985; Lamy et al., 1987). It contains seven binding 
sites per subunit chain, and unlike many other molluscan 
hemocyanins, only a single type of subunit chain makes up the 
native decameric structure. Among the properties that are 
determined in this study and that serve to characterize the 
functional chemistry of the hemocyanin molecule are the 
binding capacities and linkage derivatives of oxygen and carbon 
monoxide and the C O / 0 2  partition coefficient (Wyman, 
1984). By considering these functional properties within the 
framework of a mechanistic model, we find that the combined 
use of CO and O2 provides a basis for a simple picture relating 
structural and functional aspects of a large multisite molluscan 
protein. 

MATERIALS AND METHODS 
Materials. Purification of 0. dofleini hemocyanin was 

carried out as described previously (Miller, 1985). The con- 
centration of protein used for the binding studies on the de- 
cameric form of the protein was 40 mg/mL as calculated from 
the extinction coefficient at  280 nm, t = 1.394 mg-' cm2 
(Miller et al., 1988). The solution conditions used included 
the components of a physiological saline described by Miller 
(1985), which include the major ions present in Octopus blood 
(Potts & Todd, 1965). All solutions used for the studies of 
the decameric form were buffered with 0.1 M Hepes [N-2- 
hydroxyethyl)piperazine-N'-2-ethanesulfonic acid]. Experi- 
ments were performed at  two values of pH, 7.25 and 7.60, 
chosen since under these conditions oxygen binding was high 
and moderate, respectively (Miller, 1985). The temperature 
of the solutions was kept constant at 25 OC with a water bath 
regulated by a Tronac Model PTC-40 precision temperature 
controller. To ensure that ligand-induced dissociation of the 
protein was negligible under our solution conditions, additional 
O2 binding experiments were performed with the same sample 
diluted 1:5 with buffer. The binding curves for the two con- 
centrations were essentially identical. Previous studies with 
an analytical ultracentrifuge (Van Holde & Miller, 1985) 

0006-2960/89/0428-lS35$01.50/0 0 1989 American Chemical Society 



1836 

confirm that the decamer is the stable species under the so- 
lution conditions used in this study. 

Isolated chains of hemocyanin were prepared by dialyzing 
against 0.1 M tris(hydroxymethy1)aminomethane with 10 mM 
EDTA at pH 8.0 and then redialyzing against the same buffer 
a t  pH 8.0 without EDTA (Miller, 1985). The final concen- 
tration of hemocyanin was 8 mg/mL as determined from the 
extinction coefficient for isolated subunit chains a t  280 nm, 
t = 1.356 mg-' cm2 (Miller et al., 1988). Binding curves were 
performed at 25 OC. 

Binding Curve Measurement. The binding curves were 
obtained with the thin-layer optical absorbance cell described 
previously (Dolman & Gill, 1978). Four types of experiments 
were performed. Pure O2 and CO binding curves were ob- 
tained by equilibrating the thin layer of hemocyanin with wet 
O2 or CO a t  atmospheric pressure and then diluting the gas 
phase in contact with the solution with N,. The presence of 
bound O2 was monitored by the absorbance change a t  345 nm 
and that of bound CO monitored by the absorbance change 
a t  315 nm (Bonaventura et al., 1974) with a Cary 219 spec- 
trophotometer. 

In a third type of experiment, the hemocyanin solution was 
saturated with 02, and then dilutions with CO were made to 
follow the competitive replacement binding reaction. In this 
experiment the sum of the partial pressures of oxygen and 
carbon monoxide remains constant. The fourth type of ex- 
periment was carried out by equilibrating the protein solution 
with a mixture of CO and O2 to known partial pressures. 
Dilutions of this mixture were made with N2 such that the ratio 
of partial pressures of CO and O2 remained constant. The 
bound O2 was monitored in these experiments by following 
the absorbance change a t  345 nm, where there is no contri- 
bution to the spectral signal from the CO-protein complex. 
The remarkable stability of the thin layers of solution per- 
mitted more than one type of experiment to be performed with 
the same layer, since the base-line absorbance of the thin layer 
remained stable for at least 12 h. The combination of all four 
types of experiments allowed us to study the hemocyanin in 
its various stages of ligation with the two gaseous ligands. 
Further details of these procedures have been discussed else- 
where (Zolla et al., 1985; DiCera et al., 1987a). 

Data Analysis. At each dilution step in an experiment, the 
absorbance change is computed. The observed change in 
absorbance for the ith dilution step where the ligand partial 
pressure changes from xi-, to xi  is given by 
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Mi = U T ( 6 i  - 6i-1) (1) 

where 0 is the extent of the reaction process a t  a given step 
and AAT is a fitted parameter corresponding to the asymptotic 
absorbance change between the two extreme states (i.e., states 
where 0 = 0 and 0 = 1) of the hemocyanin molecule in a 
particular experiment. For example, in the pure oxygen ti- 
tration experiment, AAT is the difference in the absorbance 
between fully oxygenated and fully deoxygenated sample. 

For the case of pure oxygen binding, the continuous rep- 
resentation of the function given in eq 1 is obtained by writing 
x,-' = x,/D, where D is the dilution factor for the thin-layer 
device (in these experiments D = 0.6951), and the resulting 
AA values are positioned a t  the arithmatic mean of the A log 
p ( 0 , )  interval. The oxygen partial pressure a t  this point, 5 ,  
is then given by the geometric mean of the initial and final 
pressures, Le., ti = ( X ~ X + ~ ) ] / ~ .  In this way, the plotted function 
is proportional to the oxygen binding capacity (DiCera et al., 
1987b) of the hemocyanin expressed in terms of finite dif- 
ferences. Similar reasoning leads to the function for the pure 
carbon monoxide binding capacity. 
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FIGURE 1 : Derivative binding data for the experiments outlined under 
Materials and Methods at pH 7.25: (A) O2 binding, (B) replacement 
of O2 by CO, ( C )  displacement of ligands at a constant ratio of O2 
to CO activities (=552.59/46.96), and (D) CO binding. Each plot 
records the changes in absorbance corresponding to the changes in 
ligand partial pressure. The titration points in each of the plots are 
positioned at the mean of the logarithms of the initial and final partial 
pressures of oxygen (panels A and C) or carbon monoxide (panels 
B and D) for each titration step (log ,$). The theoretical curves are 
thus finite difference derivatives of the binding curves and represent 
the best fit upon simultaneously fitting the data sets with the model 
given in eq 2. The standard error of a point for the simultaneous fit 
is 4.2 X lo4 absorbance. 

All binding parameters as well as the AAT)s were estimated 
by least-squares regression analysis using the Gauss-Newton 
algorithm as modified by Marquardt (Bevington, 1969). 

RESULTS 
Analysis of Oxygen and Carbon Monoxide Binding to the 

Decameric Form. Binding data for the four types of exper- 
iments outlined under Materials and Methods are shown in 
Figure 1 in the form of derivative binding curves. These plots 
represent the observed change in absorbance versus the log- 
arithm of the geometric mean of the initial and final partial 
pressures of either CO or 0, for each step. For the decameric 
form of Octopus hemocyanin, containing 70 binding sites for 
either CO or 02, a phenomenological description of the 
equilibria is represented by reactions between the possible 
ligated species as depicted in Figure 2, where M is the unli- 
gated species, X represents 02, and Y represents CO. The 
value of t (specified as tD for the Octopus hemocyanin de- 
camer) is 70. The general reaction of forming MXIYj is M 
+ iX + jY - MX,Y,. In this array there are ( t  + l)(t + 2)/2 
species and therefore one less of this number of independent 
reactions. For the decamer there are 2556 species and 2555 
reactions. Clearly it is impractical to analyze data in this way. 

By turning to a simplified, allosteric description of the 
system, one is able to provide a tractable quantitative de- 
scription of the binding process in terms of structural features 
of the multisubunit complex. The simplest allosteric de- 
scription that accounts for the cooperative binding behavior 
is the two-state allosteric model-the so-called MWC model 
(Monod et al., 1965). Higher levels of allosteric interaction 
can be formulated in nested models (Robert et al., 1987). A 
fundamental quantity, which serves as a quantitative expression 
of the physical picture embodied by any model, is the binding 
polynomial (Wyman, 1964). From the binding polynomial, 
the necessary thermodynamic parameters may be derived. 

For the 0. dofleini hemocyanin decamer, a first-level MWC 
binding polynomial expression which takes into account the 
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Table I: Binding Parameters and Partition for O2 and CO Binding to Octopus Hemocyanin 

D 

decameP subunitb 
pH 8.00 binding parameterC pH 7.25 pH 7.60 binding parameter 

KRX 0.19 f 0.054 0.23 f 0.036 K l x  0.014 & 0.002 
K R ~  1.1 & 0.3 0.46 * 0.068 KlY 0.29 f 0.05 
KTx 0.010 * 0.001 0.076 f 0.010 K2x 0.09 f 0.01 

log L 5.4 f 0.72 1.8 f 0.32 

MT 21 3.0 m2 1.3 

K T ~  0.21 & 0.014 0.23 * 0.021 K2Y 0.12 f 0.01 

mR 5.8 2.0 ml 21 

"Solution conditions: 0.1 M Hepes buffer (see Materials and Methods) at 25 OC. *Solution conditions: 0.1 M Tris buffer (see Materials and 
Methods) at 25 OC. CThe binding constants in units of Torr-' were determined by simultaneous fit of all of the experiments discussed in the text. 
The errors on the parameters are twice the value of the errors estimated in the fit. Partitions coefficients, m's, for each allosteric state of the decamer 
and each site type of the subunit are calculated from best fit parameters. 
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FIGURE 2: Species array for an identically linked system having t sites 
for either ligand, M, X, and Y represent the macromolecule, oxygen, 
and carbon monoxide, respectively. The array is triangular since no 
more than a total of t ligands, regardless of type, may be bound 
simultaneously. 

identically linked nature of oxygen and carbon monoxide 
binding is 

Pxy(decamer) = 

[ ( I  + K R &  + KRyY)" + (1 + K T P  + KTyY)nltD'n (2) 

In this equation, the K'S are the association constants for oxygen 
or carbon monoxide binding to one of the two allosteric forms 
of the macromolecule (R and T), n is the number of binding 
sites in the allosteric unit, and x and y are the activities of 
oxygen and carbon monoxide. The contribution of each al- 
losteric unit is given by the bracketed terms. Assuming each 
allosteric unit functions independently, the complete binding 
polynomial is simply given by the product of each term; i.e., 
one term is raised to the power of the number of allosteric units 
given by tD/n. The amounts of oxygen and carbon monoxide 
bound are given by the derivative of the logarithm of the 
binding polynomial with respect to the logarithm of the ac- 
tivities of oxygen and carbon monoxide, respectively (Wyman, 
1964). The theoretical curves in Figure 1 represent the best 
fit to the data based upon n = 7 and tD/n = 10. Other choices 
gave an inferior fit. 

All five binding parameters of the allosteric model, as well 
as the total absorbance changes for each derivative binding 
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FIGURE 3: Derivative binding data for the experiments outlined under 
Materials and Methods at  pH 7.6: (A) O2 binding, (B) replacement 
of 0, by CO, (C) displacement of ligands a t  a constant ratio of O2 
to CO activities (=309.74/289.40), and (D) CO binding. Each plot 
records the changes in absorbance corresponding to the changes in 
ligand partial pressure. The titration points in each of the plots are 
positioned at  the arithmatic mean of the logarithms of the initial and 
final partial pressures of oxygen (panels A and C )  or carbon monoxide 
(panels B and D) for each titration step (log 5 ) .  The standard error 
of a point for the simultaneous fit is 2.1 X lo4 absorbance. 

curve, were allowed to vary freely in the simultaneous fit of 
the four data sets of Figure 1 .  For practical purposes, we used 
the logarithm of L as a fitting parameter since this led to a 
more rapid convergence. Repeat experiments on the same 
sample preparation (data not shown) gave parameters within 
the confidence intervals reported in Table I, determined from 
the asymptotic covariance matrix (Ratkowsky, 1985). The 
same series of experiments was performed at pH 7.60, where 
the oxygen binding curve had a different shape and symmetry 
than that at pH 7.25. The two-state model adequately de- 
scribed these data also (Figure 3, Table I). 

Resolution of the binding constants of oxygen and carbon 
monoxide to each allosteric state depends on the populations 
of the states with the ligands bound. When the pure oxygen 
data set were fitted alone, resolution of each of the model 
binding parameters could be achieved. Carbon monoxide, 
however, does not promote a strong shift in the populations 
of the allosteric states upon binding. Furthermore, the af- 
finities of the ligands for each state are not greatly different. 
When the pure carbon monoxide binding data were fitted 
alone, the values of the binding constant to  the R state could 
not be resolved, nor could the value of L. The experiments 
in which both gases were present (Figures 1 and 3, panels B 
and C) permit one to probe both allosteric states with carbon 
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FIGURE 4: Chemical potential of the macromolecule ( - F ~  = RT In 
P,.,), plotted as a function of the logarithms of oxygen and carbon 
monoxide activities, revealing the states probed by the various ex- 
periments described under Materials and Methods: (A) pure oxygen 
experiment, (B) competitive displacement of carbon monoxide by 
oxygen, (C) displacement of both ligands with activities held at a fixed 
ratio, and (D) pure carbon monoxide experiment. The curvature of 
the surface along a specific path is related to the measurements 
depicted in Figures 1 and 3, as described in the text. 

monoxide bound, and therefore resolution of all binding pa- 
rameters upon simultaneously fitting the data from all four 
types of experiments. 

The number of protons released on oxygen binding was 
estimated from the constants reported in Table I. For pure 
oxygen binding the proton release is 1.7 mol of H+/mol of 
oxygen bound, in agreement with the results reported by Miller 
(1985) at 10 and 20 "C, which show virtually no temperature 
dependence of the Bohr effect. For the replacement of carbon 
monoxide by oxygen the proton release is 1.6 mol of H+/mol 
of oxygen bound. Carbon monoxide does not promote any 
appreciable proton release. 

Thermodynamic Surfaces for  O2 and CO Binding to the 
Decamer. In order to compare the binding properties of C O  
and O2 and reveal the information given by the various ex- 
periments that were used to determine the relevant properties 
of the ligands for the macromolecule, it is useful to consider 
a three-dimensional representation of the chemical potential 
of the macromolecule in terms of coordinates proportional to 
the chemical potentials of the two ligands. The result shown 
in Figure 4 was generated from the binding polynomial for 
the data collected at pH 7.25. The slope of this surface parallel 
to the chemical potential of oxygen at constant carbon mon- 
oxide chemical potential gives the amount of oxygen bound 
at a point on the surface (Wyman, 1984). The amount of 
carbon monoxide bound is given by the slope along the carbon 
monoxide coordinate at the same point. The edges of the 
surface parallel to the ligand chemical potentials were probed 
in the pure oxygen and carbon monoxide experiments. Other 
paths on this surface were followed in the mixed gas experi- 
ments, allowing the macromolecule to be studied with both 
types of ligands bound simultaneously. 

The actual experimental quantities that are measured are 
related to the second derivatives, Le., the curvature of the 
surface shown in Figure 4. Two of these quantities are the 
homotropic derivatives, termed binding capacities (DiCera et 
al., 1987b). They are a measure of the way in which the 
amount of a ligand bound changes upon changing the partial 
pressure of that ligand. Figures 5 and 6 depict the binding 
capacity surfaces for carbon monoxide and oxygen, respec- 
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FIGURE 5: Reduced oxygen binding capacity (a) and Hill slope (b) 
surfaces for 0. dofleini hemocyanin at pH 7.25. Each of these figures 
describes the cooperativity of oxygen binding as a function of the 
logarithm of the activities of CO and 02. The oxygen binding capacity 
is the curvature of the surface along the log p ( 0 2 )  axis shown in Figure 
4. 

tively, normalized to the number of binding sites and RT. The 
reduced binding capacities are denoted by B*, and B*, for 
oxygen and carbon monoxide and are given by B$ = t-'(aX/a 
In x), and B*, = r 1 ( a F / a  In y),., where 2 and Y denote the 
amounts of X and Y bound per mole of macromolecule and 
t is the number of binding sites.' The sharpness of the oxygen 
binding capacity surface is a clear demonstration of the co- 
operativity exhibited in the oxygen binding process. A third 
quantity is revealed through the reduced heterotropic linkage 
derivative [r*, = ?-'(&?/a In y ) ,  = r*, = t-l(aF/a In x),], 
which describes the linkage between the two ligands. It is 
described geometrically by the way the slope of the macro- 
molecular chemical potential surface in one direction changes 
with variation in the other direction. Figure 7 depicts the 

The notation used here for the reduced binding capacity (denoted 
by an asterisk) recognizes the usual convention of the subscript denoting 
fixed conditions as for heat capacity at constant pressure. The reduced 
and normal binding capacities are related by Bey = (RT/ f )By .  This is 
a convenient addition to the original notation (DiCera et al., 198713). The 
symbol B is used in this paper in place of the Russian B chosen in the 
original definition (Di Cera et al., 1988b), since the Russian B is not one 
of the characters available to this Journal. 
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FIGURE 6: Reduced carbon monoxide binding capacity (a) and Hill 
slope (b) surfaces for 0. dofleini hemocyanin. CO binding is nearly 
noncooperative in the absence of oxygen, but a definite positive co- 
operativity is present at high oxygen partial pressure. 

surface describing this linkage property. In the experiments 
that involve mixtures of both ligands, a combination of the 
binding capacities and the heterotropic linkage quantity is 
measured. More specifically, in the experiment in which the 
ratio of ligand activities is held constant, the measured de- 
rivative is the sum of the oxygen binding capacity and the 
linkage property, the sum of the curvatures in each direction 
parallel to the axes at a point along the path labeled C in the 
macromolecular chemical potential surface, i.e., I’*y + B*,. 
In the experiment that tracks along the path labeled B in the 
same surface, a weighted sum of the curvatures in each di- 
rection is measured, Le., I’*y - (y/x)B*,. 

The classical way to describe the differences in the binding 
of oxygen and carbon monoxide is to calculate the partition 
coefficient, m, defined as the ratio of carbon monoxide to 
oxygen bound times x l y  (Haldane & Smith, 1897; Wyman, 
1948). In the case that both ligands bind with the same 
cooperativity, this surface would be a plane and takes on a 
constant value at all levels of ligand saturation. The drastic 
nonuniformity in the partition coefficient plot (Figure 8) 
further enphasizes the differences in the cooperative binding 
properties of the two ligands. 

Analysis of Oxygen and Carbon Monoxide Binding to the 
Isolated Subunits. Since the isolated chain of Octopus he- 

r* 

FIGURE 7: Linkage between oxygen and carbon monoxide binding 
given by the reduced heterotropic derivative of the macromolecular 
chemical potential. The competitive binding interaction results in 
the negative values which the heterotropic property produces. 

FIGURE 8: Partition coefficient (m)  of oxygen and carbon monoxide 
at pH 7.2. The drop in partition coefficient at high ligand activities 
reflects the change in the partition coefficients for the two allosteric 
states whose populations are shifted upon ligation. At low partial 
pressures of both ligands, the macromolecule is in the T state, having 
a partition coefficient of 21 (see Table I). At high partial pressure 
of oxygen and low partial pressure of carbon monoxide, the macro- 
molecule is largely in the R state, and thus m assumes a value close 
to M R  (5 .8 ) .  

mocyanin contains seven binding sites, it is possible that co- 
operative binding can occur. However, Miller (1985) dem- 
onstrated that oxygen binding to the isolated chains produces 
Hill slopes of less than 1, suggesting the presence or more than 
one type of binding site within the subunit. By performing 
the analysis of oxygen and carbon monoxide data from ex- 
periments similar to those performed on the decamer, it is 
possible to obtain the affinities and relative numbers of the 
different types of sites within the chain (Zolla et al., 1985). 
Figure 9 shows the data for the experiments performed on the 
isolated subunit chain. Pure carbon monoxide binding curves 
were not performed owing to the small difference in the ab- 
sorbance between unliganded and carbonmonoxygenated he- 
mocyanin at the protein concentration used. The analysis does 
require this experiment to resolve the binding parameters. 

The theoretical curves in Figure 9 were developed from the 
expression for the binding polynomial for the isolated subunit. 



1840 Biochemistry, Vol. 28, No. 4, 1989 Connelly et al. 

a 

d ' ' ' " - l  - 1  0 1 2 3 

' o g  E ,  

J ' ' " " ' I  - 1  8 1 2 3 

log E,. 

.82 ,  I 

I C  

I 
0 1 2 3 

log to, 
FIGURE 9: Derivative binding data for isolated subunits: (A) O2 
binding, (B) replacement of O2 by CO, and (C) displacement of ligands 
at a constant ratio of O2 to CO activities (=148.737/144.664) at pH 
8.0. Each plot records the changes in absorbance corresponding to 
the changes in ligand partial pressure. The titration points in each 
of the plots are positioned at the arithmetic mean of the logarithms 
of the initial and final partial pressures of oxygen (panels A and C) 
and carbon monoxide (panel B) for each titration step (log [). The 
standard error of a point for the simultaneous fit is 0.9 X lo-" ab- 
sorbance. 

The most simple departure from a simple independent site 
binding model that incorporates the feature of site hetero- 
geneity is a model that assumes two types of binding sites. The 
appropriate expression for the binding polynomial relevant to 
O2 and CO binding to isolated Octopus hemocyanin chains 
is 

P,,(chain) = ( 1  + K ~ ~ X  + K ~ , , Y ) ~ ( ~  + + K ~ , Y ) ' - ~  (3) 

The K ' S  are the association constants of oxygen or carbon 
monoxide to the two different types of sites, type 1 and type 
2, of the chain, and wand t - ware the numbers of sites having 
affinities of types 1 and 2, respectively. The value o f t  for the 
isolated chain is t ,  = 7. The constants that were obtained upon 
fitting the data in Figure 9 simultaneously are reported in 
Table I .  

To facilitate a comparison of the binding properties of the 
isolated chain and decamer, surface plots of the binding ca- 

r 

b 

FIGURE 10: Thermodynamic surfaces describing the oxygen and 
carbon monoxide binding to isolated subunits of 0. dofleini: (a) 
reduced oxygen binding capacity; (b) reduced carbon monoxide binding 
capacity; (c) reduced heterotropic linkage property surface. 

pacities and linkage derivatives for the isolated chains are 
shown in Figure 10. 

DISCUSSION 
Model for  Oxygen and Carbon Monoxide Binding to the 

Decamer. Although the binding of a single type of ligand to 
a macromolecule is useful in assessing the functional properties 
of a system, deeper insight is provided by an examination of 
the binding of more than one type of ligand. In the case of 
respiratory proteins one often looks to the proton as an ad- 
ditional ligand because of its physiological significance as a 
regulator of oxygen binding. However, the large number of 
proton binding sites makes it difficult to carry out a detailed 
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analysis of proton binding in terms of specific site properties. 
Because CO and O2 bind competitively to a defined set of sites, 
it becomes feasible to determine their binding reactions in 
detail. Carbon monoxide is a particularly convenient ligand 
to study. The stoichiometry of the CO-hemocyanin complex 
is known. The amount of bound carbon monoxide is easily 
measured by a spectroscopic signal a t  315 nm (Bonaventura 
et al., 1974), and since carbon monoxide is a gaseous ligand, 
activity can be controlled to high precision. The dramatic 
differences in the functional chemistry that CO and O2 exhibit 
raise key questions about the molecular details of cooperativity. 

The simplifying features in the analysis and acquisition of 
precise binding data on both oxygen and carbon monoxide 
binding facilitate testing of a particular molecular model for 
the binding behavior. This was realized in the case of lobster 
hemocyanin in which the oxygen binding data could be de- 
scribed by a simple two-state MWC model, but the carbon 
monoxide and competitive binding data showed that the MWC 
model was inconsistent (Richey et al., 1985). Miller (1985) 
reported pure oxygen binding curves of Octopus hemocyanin 
at a series of pH's and found the MWC model to be sufficient 
to represent the data. For the Octopus hemocyanin, by ana- 
lyzing the binding of pure oxygen and carbon monoxide along 
with competitive binding of these ligands, we find a good fit 
to the simple allosteric model outlined above. 

Two criteria for determining the applicability of the allos- 
teric model described by the binding polynomial given in eq 
2 are as follows: (1) the value of n (the number of sites in 
the allosteric unit) obtained upon fitting the binding data, or 
the value of n that is fixed to a selected value in the fitting 
procedure, should correspond to a physically reasonable 
structural unit of the molecule; and (2) the value of t D / n  must 
be an integer corresponding to the structural features of the 
composite macromolecule. In the case of tarantula hemo- 
cyanin, an arthropod hemocyanin that is composed of two 
identical dodecamers, an allosteric unit size of 8 was deter- 
mined upon analysis of the oxygen binding data with the simple 
two-state model. Although t D / n  = 24/8 = 3 is an integer 
implying a trimer of independent 8-mers, this result has no 
relationship to the structure of the arthropod hemocyanin and 
is therefore ruled out. When the allosteric unit size was fixed 
to structurally meaningful values of 6, 12, or 24, an adequate 
fit was not obtained. Thus a more extended allosteric model 
was invoked to describe the data with allosteric unit sizes that 
reflected the structural features of that arthropod protein 
(Robert et al., 1987; Decker et al., 1988). 

The functional characteristics of the Octopus system de- 
termined by the procedures reported here do not warrant any 
departure from the most basic two-state allosteric description. 
Thus our expectation of nested allosteric interaction for this 
complex system was not found. It may be fortuitous that a 
single allosteric level with seven equivalent sites fits the data. 
This implies the involvement of the seven sites of the subunit 
chain as the allosteric unit. However, a constellation of seven 
sites taken from several chains may as well be the underlying 
functional unit. 

One may also extend the simple two-state allosteric model 
to allow for heterogeneity within each allosteric form. Mo- 
tivation for doing so comes from the heterogeneity observed 
when the isolated subunit is examined (Miller, 1985; also see 
Discussion below). When two types of binding sites are al- 
lowed for within each allosteric form, the fit did not improve 
significantly. 

Cooperativity, Linkage, and Partitioning of O2 and CO for 
the Decamer. The reduced binding capacity is a direct 
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measure of the cooperativity involved in a binding process and 
is given by the slope of the binding curve; Le., B*, = (de,/d 
In x),,,  It is directly related to the slope of the Hill plot, another 
more routinely used measure of the cooperativity [the Hill 
slope nH = (de/d In a)/[e(l - e ) ] ,  where 8 is the fraction of 
ligand saturation and a is the activity of the ligand, x or y ,  
for oxygen and carbon monoxide, respectively]. As seen from 
the plots in Figures 5 and 6, the reduced binding capacity and 
the Hill slope of oxygen are greatest when no carbon monoxide 
is present and decrease uniformly with increasing amounts of 
CO. In terms of the allosteric model, carbon monoxide pulls 
the equilibrium toward the T state. Since each state alone 
binds noncooperatively, the oxygen binding capacity will tend 
toward that for a noncooperative system as the activity of 
carbon monoxide is increased. On the other hand, carbon 
monoxide binds nearly noncooperatively in the absence of 
oxygen, but exhibits a definite positive cooperativity at high 
partial pressures of oxygen. In terms of the allosteric model, 
this is accounted for by the ability of oxygen to shift the 
populations of allosteric states in favor of the R state. In the 
absence of oxygen, carbon monoxide remains in the T state 
throughout most of the saturation range. 

The competition between carbon monoxide and oxygen in 
binding to the hemocyanin is clearly demonstrated by the 
linkage surface in Figure 7. This surface is negative every- 
where, except at the asymptotes where it vanishes, because 
the ligands bind competitively at the same site. The graphical 
representation of the functional properties of the macromol- 
ecule in terms of ligand chemical potentials was suggested by 
Wyman (1984) in his discussion of linkage graphs. As we have 
seen, these surfaces provide a direct means to assess the re- 
sponse of the hemocyanin macromolecule to changes in the 
ligand activities of its environment. 

A further comparison of the linked-binding properties of 
the two ligands is shown by the nonuniform nature of the 
partition coefficient surface (Figure 8). The strong shape and 
symmetry disparities in the binding curves for the individual 
ligands are evidenced by the highly curved partition coefficient 
surface. The value of the partition coefficient is greatest at 
low saturations of both ligands, where the molecule is in the 
T state. As the hemocyanin undergoes the transition to the 
R state upon binding oxygen, the partition coefficient de- 
creases. Its minimum value occurs at high partial pressures 
of oxygen and low partial pressures of carbon monoxide where 
the molecule is largely in the R state. 

Linkage and Protons and Heat with Oxygen Binding. 
Miller (1985) demonstrated that the overall Bohr effect of the 
Octopus decamer was nearly identical at 10 and 2OOC.  The 
results reported here a t  25 OC are consistent with this ob- 
servation, indicating an overall temperature-independent Bohr 
effect. Although the overall number of protons released does 
not change appreciably with temperature, the number of 
protons released as a function of oxygen saturation varies with 
both temperature and pH. We may obtain an estimate of the 
proton release from the horizontal distance between closely 
spaced binding curves at  different pH's at a particular level 
of saturation, divided by the difference in pH (Wyman, 1984). 
At a pH of roughly 7.1 (20 "C), the number of protons re- 
leased at  10% oxygen saturation is 0.45 per mole of oxygen 
bound. At 90% oxygen saturation there are 2.1 mol of protons 
released per mole of oxygen bound. At a pH of 7.85, the 
number of protons released at 10% oxygen saturation is 1.9 
and at 90% is 0.9. [These calculations were performed from 
binding curves generated from the oxygen binding constants 
obtained by fitting the data of Miller (1985) (Zhou et al., 
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was obtained with w = 4, meaning that the numbers of sites 
with affinities of type 1 and type 2 are 4 and 3, respectively. 
The relative amount of functional heterogeneity found here 
for 0. dofleini hemocyanin chains is 417 and 317 or 57% and 
43% as also found for Octopus vulgarus hemocyanin (Zolla 
et al., 1985). 

By examination of the values of the constants reported in 
Table I, it is evident that the hemocyanin chain exhibits greater 
functional heterogeneity for oxygen than for carbon monoxide. 
This effect was noticed in similar studies performed on the 
chains isolated from other molluscan hemocyanins (Zolla et 
al., 1985) and may arise from the differences in the mode of 
binding of the two ligands. Oxygen bridges the two coppers 
in the binding site whereas CO binds to only one of the coppers 
(Freedman et al., 1976). 

In light of recent work of Miller et al. (1988), the position 
of one of the low-affinity sites within the chain appears to be 
at the C-terminal end of the chain. In that study, the C- 
terminal functional unit (termed the Od 1 fragment), corre- 
sponding to one of the “beads” on the isolated chain, was 
cleaved off and purified. Moreover, it was demonstrated that 
this isolated functional unit binds oxygen reversibly and that 
there is a definite Bohr effect. The affinity of this functional 
unit at pH 8 is 0.017 Torr-’, quite close to the value (0.014 
Torr-’) of the type 1 oxygen binding sites of the chain reported 
here under similar conditions. In addition, the Hill plots of 
oxygen binding to the isolated chains at two different pH’s 
show that the asymptotes for the two plots at low oxygen 
activity are identical, whereas the asymptotes at high oxygen 
activity are well separated (Miller et al., 1985). This suggests 
that each class of sites has a different Bohr effect. However, 
a fuller characterization of the Bohr effects for the chain and 
isolated fragments is necessary to delineate the situation. 

To explore the heterogeneity of binding of the two ligands 
for the chain and to compare the binding properties of the 
decamers and isolated chains, reduced binding capacity and 
linkage property surfaces for oxygen and carbon monoxide are 
shown in Figure 10. The greater heterogeneity of oxygen 
binding is seen upon comparing the oxygen binding capacity 
at very low carbon monoxide activity (essentially the pure 
oxygen binding capacity) with the carbon monoxide binding 
capacity at very low oxygen activity. The former is strongly 
asymmetric whereas the latter is nearly as symmetrical as 
predicted for simple statistical binding in the absence of 
heterogeneity. Stronger heterogeneity of carbon monoxide 
binding is realized at higher activities of oxygen. The linkage 
property surface for the chain, just as in the decamer, is ev- 
erywhere negative, but it is much broader, due to the lack of 
positive cooperativity, than the linkage surface of the decamer 
shown in Figure 7. 

A general comparison of relative ligand affinities for Oc- 
topus hemocyanin can be made through the magnitude of the 
partition coefficient. The partition coefficients of arthropod 
hemocyanins tend to be much smaller than those for the 
molluscs due to the lower carbon monoxide affinities that 
arthropod hemocyanins have (Brunori et al., 1981). We note 
in Table I that the partition coefficients of the decamer and 
the isolated chain are all greater than 1, as is typically found 
for molluscan hemocyanins. This supports the notion that 
there are differences in the structure of the binding site for 
proteins from the two phyla, a hypothesis that finds support 
from recent sequence comparisons of arthropod and molluscan 
hemocyanins (Lang, 1988; Drexel et al., 1987). 

The Functional Chemistry of Octopus Hemocyanin. The 
simple allosteric model, which was found adequate to describe 

FIGURE 11: Binding curves for decameric Octopus hemocyanin at 
pH 8.00 for T = 10 and 20 OC. The change in the direction of the 
arrows points out the oxygen reaction is endothermic at low oxygen 
saturation and exothermic at high oxygen saturation. The curves were 
generated from the binding constants reported by Zhou et al. (1988). 

1988).] Although the sign of the Bohr effect is the same under 
a range of reported conditions, the relative magnitude of the 
effect clearly depends upon oxygen saturation. In contrast, 
the Bohr effect in human hemoglobin is nearly constant over 
a wide range of oxygen saturation, so that the binding curves 
at  different pH’s are nearly parallel (DiCera et al., 1988a). 

Just as the number of protons absorbed or released at a 
particular oxygen saturation may be estimated from oxygen 
binding curves performed at different pHs, the amount of heat 
absorbed or released may be estimated from binding curves 
performed at different temperatures. The relevant linkage 
relation is ( a A H / a a ,  = R(d In x /dT)x ,  where AH is heat 
of oxygen binding. Thus the change in heat with oxygen 
saturation may be approximated again by a finite difference 
between binding curves at a particular level of saturation: 
[-2.303R(A log x)]/(A log 7‘). From the fitted constants 
reported by Zhou et al. (1988) we generated the binding curves 
for pH 8.00 at  10 and 20 OC (Figure 11). The striking result 
is that the two binding curves cross. Thus at low oxygen 
saturation heat is absorbed and at  high saturation heat is 
released upon oxygen binding. For example, at 15’ saturation, 
AH = 5.1 kcal per mole of oxygen bound whereas a t  85% 
saturation, AH = -7.6 kcal per mole of oxygen bound. The 
overall enthalpy of the reaction at  pH 8.00 is barely exo- 
thermic, -0.8 kcal/mol of 02. This phenomenon was also 
noted for carbon monoxide binding to trout I hemoglobin 
(Barisas & Gill, 1979) and was suggested there to confer 
favorable oxygen delivery at  lower temperatures. 

Functional Heterogeneity within the Isolated Chain. Since 
the cooperativity of the decamer might be due to an allosteric 
cluster based on the subunit chain with seven sites, it is of 
interest to determine the binding properties of isolated subunits. 
Miller (1985) reported on the oxygen binding to the isolated 
chains and concluded from the slopes of Hill plots that no 
positive cooperativity was present. Furthermore, regions of 
the Hill plots produced slopes of less than 1, suggesting that 
there are different classes of binding sites. By analyzing the 
binding of oxygen and carbon monoxide within the framework 
of a model that assumes two different types of binding sites, 
we were able to determine the affinities and numbers of the 
different types of binding sites. 

The number of sites of one type is w and of the other type, 
t ,  - w. The value of t ,  is known from previous structural 
studies (Lamy et al., 1987). In the initial fit, w was treated 
as a variable parameter. The closest integer to the value 
obtained upon convergence was 4, so that, in the final analysis, 
the value of w was fixed to 4. As a check, the value of w was 
fixed to the other possible integral values (1-7). The best fit 
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the cooperativity and linkage properties of oxygen and carbon 
monoxide, assumes a cluster of seven binding sites, functioning 
independently, with affinities specified by two allosteric forms 
within the decameric assembly. In view of the absence of a 
higher level of nested interaction involving larger allosteric 
clusters, one naturally wonders why nature has chosen such 
a highly aggregated structure to serve as the biologically active 
form of this protein. Clearly, the aggregated assembly of the 
protein is neccessary to confer the allosteric integrity re- 
sponsible for cooperative binding. From the complexity of the 
structure (Van Holde & Van Bruggen, 1971; Lamy et al., 
1987) there is no obvious cluster of sites coming soley from 
the 7-mer subunit chains. Indeed cluster formations involving 
sites from several chains might be imagined. 

In order to create cooperative units, a complex assembly is 
required, and the stability of the assembled structure becomes 
paramount for the ultimate functionality of the molecule. Thus 
one reason for the large size of the native molecule may be 
to provide sufficient stabilizing interactions between the sub- 
units. This argument has been made for the preservation of 
the functional integrity and maintenance of the native struc- 
tures of many proteins due to polysteric forces, Le., aggregation 
processes (Robert et al., 1989). In the cases of tarantula and 
lobster hemocyanins it appears that, in addition to the stability 
lent by the formation of a macromolecular assembly, there is 
the ability to fine tune the allosteric control rendered through 
strong subunit interactions. This is manifested by the presence 
of a functional hierarchy of control which is deeply rooted in 
the structure of these proteins and which is embodied by a 
concept known as nesting (Wyman, 1984; Robert et al., 1987). 
In the case of the molluscan hemocyanin examined here, the 
benefits reaped by the formation of a decameric structure lead 
to a simpler type of control in which the clusters function 
independently. The maintenance of a multisubunit hemo- 
cyanin structure may be just one example of a common 
mechanism used to ensure the functional integrity of macro- 
molecules. Anthropomorphically speaking, there is strength 
in numbers. 
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