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ABSTRACT: Allosteric interactions of Callinectes sapidus hemocyanin have been investigated by generation
of precision oxygen-binding curves using a modified Imai apparatus and their subsequent analysis using
numerical methods. The Monod-Wyman—Changeux (MWC) model, the MWC model extended to include
hybrid R,T; states, and the phenomenological Adair equation were fit to the experimental data. The hybrid
MWC model provided a quantitatively better fit to the data than did the MWC model. The fits of the
hybrid model and the Adair equation were statistically similar, supporting the adequacy of the hybrid model
as a description of cooperative oxygen binding by C. sapidus hemocyanin. The hybrid model is also supported
by an apparent negative cooperativity at the fourth oxygen-binding step, a feature that is not possible with
the conventional MWC model. The oxygen-binding curves obtained at various concentrations of three
allosteric effectors, Ca, protons, and L-lactate, were analyzed in terms of the hybrid MWC model. All three
effectors altered both the affinities of the model states and the equilibrium constants between the states.
L-Lactate, which increases affinity and decreases cooperativity, increased the affinity of both the R and
T states as well as preferentially stabilizing the hybrid and R states. Protons, which decrease affinity and
cooperativity, act by reducing the affinity of both the R and T states and stabilizing the R state. Ca ions,
which increase both affinity and cooperativity, act by increasing the affinity of the R state and preferentially
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stabilizing the T state.

Hemocyanins are large, extracellular, oxygen-transport
proteins that reversibly bind oxygen at an active site comprised
of paired copper atoms. Homotropic allosteric interactions
are manifested as cooperative oxygen binding. Heterotropic
allosteric interactions are manifested as an altered oxygen
affinity in the presence of both organic (e.g., L-lactate) and
inorganic (calcium, protons, etc.) ions. Models of the oxy and
deoxy forms of the active site have been used to explain the
observed alterations in oxygen affinity during both the ho-
motropic and heterotropic allosteric interactions (Bonaventura
et al., 1982; Solomon, 1981; van Holde & Miller, 1982).
However, because the specific geometry of the active site is
still controversial, acceptance of any structural model for the
allosteric interactions has been precluded. Furthermore, as
interactions among the active sites must be communicated via
changes in protein conformation, the formulation of specific
mechanistic models will not be feasible until substantial
progress is made in the development of a high-resolution
three-dimensional model of both oxy and deoxy states of the
protein [see, however, Gaykema et al. (1986)].
Mathematical models, however, can be effective in inter-
preting function and in guiding the development of experiments
aimed at elucidating both the structure and function of pro-
teins. Analysis of oxygen equilibrium data by mathematical
modeling can suggest the presence of different affinity states
within distinct, structural states. The two-state allosteric model
of Monod, Wyman, and Changeux (MWC) (1965) has been
found adequate to describe hemoglobin oxygenation under any
single condition. The two-state model is inadequate, however,
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to describe the results from changing the concentrations of
allosteric effectors (Imai, 1982). As shown by Imai (1982),
models that allow for states having affinities different from
either the T or R state result in a better fit to the data despite
the observation of only two distinct structural states by X-ray
crystallography. These results suggest that subtle structural
changes may result in states of altered affinity.

Numerical analysis of oxygen equilibrium curves can be
performed in terms of a phenomenological equation such as
the Adair equation, which gives information about oxygen-
binding affinities at each step and also about the number,
affinity, and sequence of binding of allosteric effectors
(Brouwer, 1982a). Analysis can also be performed in terms
of a model equation, such as the original or extended MWC
models, that yields information about the change in equilibria
between states. If changes in the affinity of the states are
observed, additional states in the model may be needed
(Minton & Imai, 1974).

As with hemoglobin, most attempts to model the function
of hemocyanin begin with the two-state model of Monad,
Wyman, and Changeux (1965). With some hemocyanins
modifications of the MWC model have been found to be
necessary to describe oxygen equilibrium curves adequately.
The binding of oxygen to hemocyanin from Limulus poly-
phemus, for example, can be described by the MWC model
only if the affinity of the deoxygenated molecule is allowed
to vary in the presence of allosteric effectors (Brouwer et al.,
1977). In the analysis of oxygen-binding behavior of hemo-
cyanin from Penaeus (Brouwer et al., 1978) and Callianassa
(Miller & van Holde, 1974), the affinity of the R and T states
could be held constant, but the existence of a hybrid state
having three subunits in the R state and three subunits in the
T state had to be postulated. The reader is referred to the
Appendix for a more detailed description of the extended
(hybrid) MWC model.

© 1988 American Chemical Society
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The above conclusions about the adequacy of various models
of hemocyanin function are largely based on visual impressions
of the fit between experimental data and a theoretical curve.
It is difficult to make quantitative conclusions in this manner.
Decker et al. (1983) have introduced a graphical test for the
MWC model, but this technique also does not allow for
quantitative conclusions. We adapted the experimental
technique of Imai (1981), which is capable of producing precise
and complete oxygen equilibrium curves, to the measurement
of hemocyanin—oxygen-binding curves. Numerical techniques
were then used for the analysis of the resulting curves. Spe-
cifically, curves have been generated for Callinectes sapidus
hemocyanin in various concentrations of allosteric effectors.
These curves have been fit, where possible, to the phenome-
nological Adair equation and to the original and the extended
(hybrid) MWC model. As will be shown, the extended MWC
model is quantitatively adequate to describe the curves. The
unmodified two-state model yields fits that are statistically
significantly poorer. Data are presented on the interactions
of L-lactate, calcium, and protons with the protein. We show
that these effectors alter hemocyanin function in complex and
dissimilar ways, altering both the affinities of the R and T
states and the equilibrium between the R, T, and hybrid states.

EXPERIMENTAL PROCEDURES

Hemocyanin was prepared from the hemolymph of the blue
crab as described earlier (Johnson et al., 1984). Separation
of the dodecameric fraction was accomplished by gel filtration
on Fractogel 55S as described by Johnson (1987). Except
where noted, experiments reported are based on purified
preparations of the dodecameric form. Native preparations
used consist of approximately 80% dodecamers and 20%
hexamers. It was found that the inclusion of the hexameric
fraction does not result in appreciable change in the qualitative
or quantitative results reported herein.

All oxygen equilibrium curves were performed at 20 °C in
an automated Imai cell (Johnson, 1984). The curves were
generated in the presence of 15 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Hepes) buffer with approxi-
mately 90 mM CI™. Calcium titration experiments were done
at constant chloride concentration.

The theoretical equations described in the Appendix were
fit to the data with a nonlinear, least-squares regression pro-
gram (Johnson et al., 1981). The data were weighted during
the fitting process as described by Imai (1982). The Adair
equation was fit by using intrinsic k; terms in order that the
program would provide confidence intervals for these param-
eters. The fit was comparable when it was done in terms of
overall equilibrium parameters. The statistical significance
of the improvement in fit obtained by extending the original
MWC model to include the hybrid state was tested by using
the criterion of Mannervik (1982). The sums of the squared
residuals for the two models are compared by calculating the
quotient

(SRS, - SRS)(n = pc) /(P — P.)SRS, (1)

The number of data points is n, the number of parameters in
the original model is p, (=5) and includes the absorbances in
the presence and absence of oxygen as floatable parameters,
and the number of parameters in the extended model is p,
(=6). The sum of squared residuals for the two models is SRS,
and SRS,. If quotient 1 is greater than the F-statistic F(p,—p,,
n-p.), then the extension to the original model is warranted.

The above criterion is applicable if the two models to be
compared are similar. This similarity is seen in the comparison
of the original MWC model with the hybrid MWC model,
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FIGURE 1: Hill plots of oxygen equilibrium curves of native C. sapidus
hemocyanin in 15 mM Hepes buffer, 20 °C, with 83 mM NaCl, pH
7.56. Lactate concentrations are 0, 1.0, 4.0, 16.0, and 50.0 mM,
increasing from right to left. Solid lines are best fit to the hybrid
MWC model.
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FIGURE 2: Effect of L-lactate on the affinity and cooperativity of C.
sapidus hemocyanin. Conditions as in Figure 1.

since the latter consists of the simple addition of one parameter
to the original model.

Where two models are essentially different, as in the Adair
equation and the hybrid MWC model, the above criterion is
not valid. In such cases Mannervik (1982) has found that if
the number of data points is greater than 15, an alternative
method is acceptable. In this case the statistical significance
of the differences in fit of the two models to the data is tested
by calculating the quotient

SRSO/(” - po)

SRS./(n - p) )

If this quotient is greater than 1.5, then the model with the
higher variance is rejected.

RESULTS AND DISCUSSION

Allosteric Effects of L-Lactate, Calcium, and Protons. As
we described earlier (Johnson et al., 1984), L-lactate increases
the oxygen affinity of C. sapidus hemocyanin. An extensive
data set on oxygen binding by Callinectes hemocyanin was
collected to facilitate analysis under varied conditions and
evaluation according to the proposed mathematical models.
Figure 1 shows a series of Hill plots at concentrations of
L-lactate from O to 50 mM. A plot of the median ligand
affinity, P, and the slope of the Hill plot, N,,, as functions
of L-lactate concentration is shown in Figure 2. Under the
lower ionic strength conditions used in this set of experiments,
the change in affinity is greater than that reported in our
earlier paper. In the present experiments L-lactate at a con-
centration of 10 mM reduced the log Psy by 0.49 unit, as
compared to the change of 0.28 unit found in the earlier
experiments. We consider it probable that the anions (CI™ in
particular) present in the artificial seawater solution used in
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FIGURE 3: Effect of calcium on the Hill plot of the C. sapidus oxygen
equilibrium curve at pH 7.01 in 15 mM Hepes buffer. Total chloride
concentration was maintained at 103 mM by addition of NaCl. Ca
concentrations are 0.105, 0.56, 1.0, 4.0, 16.0, and 50.0 mM, increasing
from right to left. Solid line is best fit to hybrid MWC model.
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FIGURE 4: Effect of calcium on the Hill plot of the C. sapidus oxygen
equilibrium curve at pH 7.55 in 15 mM Hepes buffer. Total chloride
concentration was maintained at 103 mM by addition of NaCl. Ca
concentrations are 0.3, 1.0, 2.0, 4.0, 8.0, and 16.0 mM, increasing
from right to left. Solid line is best fit to hybrid MWC model.

the earlier experiments compete with the L-lactate anion for
the binding site. Experiments designed explicitly to test this
hypothesis were not carried out. However, analysis of the
effect of L-lactate on the P,* as done in Johnson et al. (1984)
indicates that the apparent affinity of the sites for L-lactate
is approximately 10 times higher in the present set of data for
which the dissociation constant is 0.22 mM and 65% confi-
dence intervals are 0.16-0.31 mM. The confidence intervals
for the number of lactate binding sites are overlapping for the
two sets of data.

Calcium, a divalent cation, interacts with C. sapidus he-
mocyanin and increases both the oxygen affinity and the co-
operativity as shown in Figures 3-5. The results shown are
very similar to those previously reported by Brouwer et al.
(1983). These results are not in agreement with the conclu-
sions reached by Mason et al. (1983), who report no effect
of calcium on the cooperativity of oxygen binding by C. sa-
pidus hemocyanin,

Brouwer et al. (1983) demonstrated the existence of 2.4-3.0
high-affinity (dissociation constant, 11-25 uM) and 14—42
low-affinity calcium binding sites (dissociation constant 1-5
mM) in each hexamer. The experiments of Brouwer et al.
(1983) suggested that the effect of calcium on oxygen affinity
was a result of interaction at the low-affinity sites. The effect
on the cooperativity reported by these authors, however, was
more pronounced at lower calcium levels, suggesting that this
effect was related to the high-affinity calcium binding sites.
Experiments for the present study were performed to provide
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FIGURE 5: Effect of calcium on the affinity and cooperativity of C.
sapidus hemocyanin. Conditions as in Figures 3 and 4. (m) pH 7.01;
(0) pH 7.55.
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FIGURE 6: Effect of pH on the Hill plot of the C. sapidus oxygen
equilibrium curve in 15 mM Hepes buffer with 10 mM CaCl, and
83 mM NaCl. The pH is 7.14, 7.61, and 8.18, increasing from right
to left. Solid line is best fit to hybrid MWC model.

FIGURE 7: Effect of pH on the affinity and cooperativity of C. sapidus
hemocyanin. Conditions as in Figure 6.

more data at low calcium levels in order to test this difference.
We found, however, that neither cooperativity nor affinity was
significantly changed at calcium levels below approximately
0.3 mM. Analysis of the effect of Ca on P, in the manner
used for the lactate analysis, indicates the existence of 1.8 (65%
confidence intervals are 1.6-2.0) sites per hexamer, with a
dissociation constant {oxyhemocyanin) of 1.4 mM at pH 7.01
(65% confidence intervals are 1.0-1.9). At pH 7.55, there are
4.3 sites per hexamer (confidence intervals 3.5-5.4), with a
dissociation constant from oxyhemocyanin of 3 mM (confi-
dence intervals 2—-6). From their affinities we conclude that
these oxygen-linked sites correspond to the low-affinity sites
measured by Brouwer et al. (1983). The number of sites
determined here, which correspond only to oxygen-linked sites,
is much smaller than the total number of sites they measured.
This difference indicates that many of the calcium binding sites
do not affect the binding of oxygen.

Figures 6 and 7 illustrate the increase in affinity and co-
operativity that occurs as the pH is raised from 7.1 to 8.1. The
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Table I. Comparison of Fits to Original and Extended (Hybrid)
MWC Models

pH model® log Pyyr log Pyyr logL logQ rms®
7.14 0O 1.28 2.63 38 0.005
H 0.9 2.65 5.7 1.0 0.001
7.61 (0] 0.48 2.54 6.4 0.007
H 0.25 2.59 7.8 1.5 0.002
8.18 (6] -0.33 2.13 7.5 0.05
H -0.48 2.21 8.4 1.6 0.002

90, original (two-state) MWC model; H, hybrid MWC model.
®Root mean square deviation between experimental data and fitted
equation. Within each data set all variances are statistically, signifi-
cantly, different (P > 0.999). Data are from the same experiments as
Figure 6.

value of the Bohr effect (0.9) is somewhat smaller than the
value (1.2) reported for the artificial seawater experiments of
our earlier paper (Johnson et al., 1984) but is very similar to
that reported by Mason et al. (1983).

Comparison of Models of Allostery. A comparison of the
ability of the original and extended MWC models (see Ap-
pendix) to describe the oxygen equilibrium curve of C. sapidus
was made by numerically fitting the data from each of several
curves to both models. A comparison of the two models at
three pHs is shown in Table I. At all pHs the decrease in
variance resulting from the additional parameter of the ex-
tended model is statistically significant at a probability level
greater than 0.999. Thus, the extended (hybrid) model pro-
vides a better description of the experimental data, confirming
the conclusions reached in other studies of crustacean hemo-
cyanins (Miller & van Holde, 1974; Brouwer et al., 1978).

The above analysis indicates that the extended (hybrid)
model provides a better description of the experimental results
than does the original MWC model. It is possible, however,
that another model might provide yet a better fit to the data.
This was tested by comparing the fit of the extended (hybrid)
MWC model with the fit of the Adair equation. Since the
Adair equation is a phenomenological equation, making no
assumption about any underlying structural features and being
capable of describing any pattern of oxygenation, it provides
a standard against which other models can be compared.
Other models may work as well as the Adair equation, but
none should work better.

The comparison to the Adair equation is, however, made
more complex by two factors. First, fitting data to the Adair
equation, particularly the six-site model, is very difficult. Often
least-squares fitting routines are unable to converge on a set
of parameters that minimize the estimated variance [even for
a four-site model (Mills, 1978)]. Convergence was obtained,
however, in many of the experimental data sets that were
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FIGURE 8: Fractional population of the different liganded species as
a function of average ligation state. C. sapidus hemocyanin measured
at pH 8.18 in 15 mM Hepes buffer with 10 mM CaCl, and 83 mM
NaCl

attempted. Second, since the Adair equation and the extended
(hybrid) MWC model are not simply interconvertible by ad-
dition or subtraction of terms and the statistical test employing
quotient 1 is thus not valid, the less rigorous test based on
quotient 2 was used.

The root mean square deviation obtained in the fit of the
extended (hybrid) MWC model and the Adair equation to a
variety of experimental data sets are shown in Table II. The
ratio of the variances, quotient 2, is less than 1.5 in all but one
case, and there the discrepancy is minor. Thus, both models
can be considered to fit the data equally well. This is strong
evidence to support the adequacy of the extended (hybrid)
MWC model as a descriptor of oxygen binding by the he-
mocyanin of C. sapidus.

Additional insight into the changing oxygen affinity of the
hemocyanin during the cooperative oxygen-binding process can
be obtained by calculating the values of the association con-
stants at each oxygen-binding step. These are the Adair pa-
rameters, and they can be obtained either by fitting the Adair
equation to the data or by calculating them from the param-
eters obtained by fitting the extended (hybrid) MWC model
to the data. While the values of the parameters calculated
by the two methods are not in exact agreement, in most cases
they are quite close (Table IT). A most important feature is
that k, is actually lower than k; for some of the data sets. The
decrease in the Adair constant is an expression of an apparent
negative cooperativity at this step, a feature that is not de-
scribable by the original MWC model. As shown in the
Appendix, the extended (hybrid) model is capable of describing
this type of negative cooperativity, thus providing further
strong support for its use.

By using the Adair parameters, it is possibile to calculate
the fractional population of the different ligation states of the
hemocyanin as a function of average saturation with oxygen.

Table II: Comparison of the Fit of Oxygen Equilibrium Data from C. sapidus to the Adair Model and the Hybrid MWC Model*

Adair constants with data set?

model 1 2 3 4 S 6 Amin Anax rms®
A 0.0018 0.0028 0.004 0.017 0.02 0.16 0.1552 1.049 0.0005
H 0.0018 0.0021 0.009 0.007 0.03 0.14 0.1552 1.048 0.0005
A 0.0025 0.007 0.00 0.3 0.02 0.9 0.2396 1.1579 0.0018
H 0.0025 0.004 0.05 0.0 0.14 0.5 0.2396 1.1593 0.0014
A 0.0371 0.008 1 0.01 0.7 0.65 0.226 1.1358 0.0019
H 0.0312 0.044 0.1 0.10 0.1 0.78 0.227 1.1353 0.0013
A 0.002 0.006 0.002 0.0 0.02 0.12 0.1549 1.1120 0.0010
H 0.002 0.003 0.012 0.0 0.04 0.10 0.1549 1.1120 0.0034
A 0.0064 0.004 1.2 0.03 1.0 3.1 0.15635 1.1810 0.0017
H 0.0061 0.012 0.4 0.04 1.0 3.0 0.15637 1.1811 0.0019

4Number of digits shown determined by confidence limits from fit to the Adair equation. Data are from the same experiments as Figures 1, 4, and
6. Data set 1, Figure 4, 0.56 mM CaClj; data set, Figure 1, 0 mM L-lactate; data set 3, Figure 1, 50 mM L-lactate; data set 4, Figure 6, pH 7.14;
data set 5, Figure 6, pH 8.18. ®A, curve fit to Adair equation; H, curve fit to hybrid MWC model. ‘Root mean square deviation between experi-

mental data and fitted equation.
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Table III: Effect of Calcium, L-Lactate, and pH on the Parameters
of the Hybrid MWC Model and on the Median Ligand Affinity

model parameter?

effector log Psog log Psor log L log Q@ log Py
lactate (pH 7.56)  -0.2* -0.5* -0.8* -0.9* -0.3*
pH (pH 7.55) —1.4*  -03*  33* 06* -0.9*
Ca (pH 7.01) -0.5* 0 1.5* 0.2 -0.2*
Ca (pH 7.55) -0.7* -0.2 1 0.9* -0.3*

4An asterisk indicates that the slope of the regression of log param-
eter vs log effector is significantly different from zero.

Cooperative oxygen binding is normally reflected as a reduction
in intermediate species. Figure 8 clearly shows that while the
population of species with two or four ligands is reduced, a
significant amount of hemocyanin with three ligands bound
is found through much of the range. This can be readily
interpreted as a reflection of the stability of the hybrid state,
with a drop in affinity at the fourth ligation step.

It is important to note that this modeling of C. sapidus
hemocyanin with the hybrid hexamer model holds true for pure
preparations of dodecamers. This result and the similarity of
oxygen affinities and cooperativities of dodecamers and hex-
amers (Brouwer et al., 1982b) suggest that cooperative in-
teractions in C. sapidus hemocyanin occur only within the
hexameric substructure. Thus, our analysis of high-resolution
data from oxygen equilibrium experiments suggests that the
dodecameric hemocyanin of this crab consists of independently
acting hexamers and that within each hexamer there are
trimers which act semiindependently.

Allosteric Effects on Model Parameters. The above con-
siderations indicate that the extended (hybrid) MWC model
provides an excellent description of the oxygen equilibrium
curves of C. sapidus hemocyanin at a given effector concen-
tration. How are the parameters of this model influenced by
the three allosteric effectors studied? In the context of either
the original or extended MWC models, the allosteric effectors
are generally described as affecting the oxygen equilibrium
curve by shifting the equilibrium between the R and T states
(that is, by changing the parameter L). Effectors that raise
the affinity do so by stabilizing the R state, that is, by de-
creasing the value of L. Effectors that lower the affinity do
0 by stabilizing the T state, that is, by increasing the value
of L.

If the affinities of the R and T states are constant, then a
plot of the Hill coefficient as a function of log Ps, should be
an inverted parabola that intercepts the 7, = 1 line at log P,
corresponding to the affinity of the R state and at log P,
corresponding to the affinity of the T state. This is true for
the hemocyanin from the ghost shrimp Callianassa califor-
niensis (Miller & van Holde, 1974) and from the shrimp
Penaeus setiferus (Brouwer et al., 1978). The data of this
study, when plotted in such a manner (not shown), clearly do
not fit such a pattern.

Allosteric effectors must interact with hemocyanin from C.
sapidus by changing the affinities of the R and T states in
addition to modifying the allosteric equilibrium constant.
Indeed, the effect of pH, L-lactate, and calcium on the oxygen
equilibria of hemocyanin from C. sapidus is to alter all of the
parameters in a complex way. This complexity is apparent
from studying Figures 1, 3, 4, and 6. The different patterns
of shifts of the asymptotes of the oxygen equilibrium curves
suggest that each effector shows a unique pattern of binding
to the different states Callinectes hemocyanin.

The influence of the allosteric effectors on the parameters
of the hybrid model can be expressed in a quantitative manner.
Table III shows the results obtained from regressions of the
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FIGURE 9: Fractional population of the R, T, and hybrid states as
a function of fractional saturation in the absence (a) and presence
(b) of 50 mM L-lactate.

logarithm of each parameter vs the logarithm of the effector
concentration. The effect of both Ca and pH was dependent
on the Ca concentration and pH. The reported values in Table
III are at 10 mM calcium for both the pH and calcium effect
and at pH 7.55 for the pH effect.

The affinities of the R and T states of Callinectes hemo-
cyanin are clearly affected by lactate concentration. The effect
is greater on the T state, where the shift is approximately 3
times greater than that for the R state. This is rather unusual
in that this effector raises the oxygen affinity of the protein
and binds preferentially to the R state of the protein, as re-
flected in its effect on the oxygen pressure required for
half-saturation and on the calculated allosteric equilibrium
constant L (Table III). L-Lactate also clearly affects the
equilibrium between the R and hybrid states (lowers Q).

Addition of L-lactate has a strong stabilizing effect on the
population of the hybrid state where three subunits are in the
R state and three are in the T state. The stabilization of the
hybrid state can be illustrated by calculating the fraction of
hemocyanin molecules in the three different states. Equations
3-5, allow these fractions to be calculated.

R =
1+ a)t

(1 + &) + L(1 + ca) + 2(L/)"/(1 + a)’(1 + ca)?

T =

(3

L(1 + ca)®
(I +a)f + L(1 + ca)® + 2(L/q)V¥1 + &)’(1 + ca)?
H=

4

2L/ + a)’(1 + ca)?
1+ a)S+ L(1 + ca)® + 2(L/q)1/2(1 + a)’(1 + ca)?

&)

The results have been plotted as a function of the fractional
saturation with oxygen and are shown in Figure 9. A com-
parison of parts a and b of Figure 9 shows that the hybrid state
is much more populated at most oxygen levels in the presence
of L-lactate.

Table III shows that the affinities of both the R and T states
are reduced by the addition of protons. In this case the effect
is greater on the R state. The equilibria both between the R
and T states and between the R and hybrid states are also
shifted by pH. While both increased L-lactate and pH raise
the affinity of the protein for oxygen, their effects on coop-
erativity of oxygen binding are opposite. This result must in
part be explained by the large stabilization of the T state
relative to the R state (increased L), resulting from increased
pH on the one hand and the large stabilization of the hybrid
and R states by L-lactate on the other.

Calcium acts to raise the oxygen affinity of Callinectes
hemocyanin. The effect on affinity is manifested as an increase
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Table IV: Binding of Effectors at Each Oxygen Ligation Step

A log k;/A log effector

effector 1 2 4 5 6 total
Ca (pH 7.01) 0.05 0.15 0.02 0.21 0.49 1.45
Ca (pH 7.55) 0.24 0.23 0.43 0.96 1.07 351
L-lactate (pH 7.56) 0.60 0.47 . 0.44 0.02 0.01 1.59
[H*] (pH 7.55) -0.30 ~0.41 -1.38 ~-0.38 -1.27 -1.45 -0.51

Table V: Relation among the Adair Parameters and the Parameters
of the Original and Extended (Hybrid) MWC Equation®

MwWC hybrid MWC

ay (Le+ 1)/(DiPsor) [H(c + 1) + Lc + 11/ (DyPsor)

a, (LA + 1)/(D1Pxr?) [H(2¢*+ 6c+2) + S(L? +
11/(5DyPsor%)

a; (L + 1)/(D\Psr®) [H(S? + 92+ 9¢c + 1) + 10(L* +
1)1/(10DyPso r%)

a; (Lt + 1)/(D1Psor®) [H(4c* + 12¢7 + 4c) + 10(Le* +
1)]/(10D,P505%)

as (Le® + 1)[(D\Psog®) [H(5¢ + 5¢%) + 5(Le® + 1)]/(5D,Pso’)

ag (LS + 1)/(D1P50,R6) [2HS + LS + 1]/(D2P50,R6)

aa, = k|, ay = kiky,etc. Dy=L+1. D,=2H+L+1.

in the affinity of the R state. There is no effect on the affinity
of the T state at pH 7.01, and the effect at pH 7.44 is not
statistically significant (Table III). Even though the affinity
of the hemocyanin is raised by Ca, the low-affinity T state is
stabilized as shown by the increase in L, the allosteric equi-
librium constant. At pH 7.5 some decrease in the stability
of the hybrid state relative to the R state is also evident.

Sequence of Effector Binding. The sequence of effector
binding to the hemocyanin is dependent on the type of effector.
This can be seen more clearly by calculating the binding of
allosteric ligands at each step of oxygenation. This can be
calculated from the change in the value of each association
constant of the Adair equation, resulting from a change in
effector concentration:

A log k;/ A log effector

The derivatives corresponding to this equation were calculated
from the slope of the regression of log k; versus log effector.
For this purpose k; was derived from the extended (hybrid)
MWC model by use of the parameter relationships shown in
Table V. A plot of log k; versus log E for calcium or protons
is curved, indicating that the number bound at each step is
dependent on the effector concentrations. The slopes were
calculated at [Ca] = 10 mM, pH 7.55. Table IV shows the
results of these calculations.

In total, approximately 1.6 molecules of L-lactate per hex-
amer are bound in going from the completely deoxygenated
state to the completely oxygenated state. This number agrees
well with the number of L-lactate binding sites calculated
earlier (Johnson et al., 1984). Approximately equal increases
in lactate binding are observed at the first, second, and fourth
steps of oxygenation, with smaller increments of cofactor
binding at the other steps. This result is consistent with the
ability of lactate to increase the oxygen-binding affinity of the
T state (Table III). Conversely, the binding of Ca is largest
at the third, fifth, and sixth steps, consistent with its major
effect on the oxygen affinity of the R state. The pattern of
proton release is similar to that of calcium binding. The
greatest changes occur at the third, fifth, and sixth steps.

CONCLUSIONS

L-Lactate, calcium, and pH alter the affinity and cooper-
ativity of C. sapidus hemocyanin. Their effects are a result
of a complex set of interactions with the protein. It is, un-
fortunately, not possible to describe all the various interactions

as being due to shifts in the equilibrium between two discrete
states of the protein having different affinities for the oxygen,
as is done with the original MWC model. It has been sug-
gested that in cases such as this, where clear changes in the
apparent affinities of the R and T states occur, it is necessary
to presume the presence of additional states of the protein
(Minton & Imai, 1974). These researchers found that the
interaction of effectors with hemoglobin could only be de-
scribed by postulating the existence of a third state and sug-
gested that it was inappropriate to analyze binding curves with
the two-state model. Such an approach has recently been used
for hemocyanin (Richey et al., 1985) and may be necessary
to describe the varied allosteric interactions in C. sapidus
hemocyanin. Such a model would probably require at least
two additional states, each with hybrids possible among all the
different states. The complexity of such a model would sub-
stantially reduce its heuristic value. Accordingly, and given
the low resolution of structural knowledge about C. sapidus,
we have not yet attempted to formulate such a model. Instead,
for any given condition we have postulated the existence of
R and T states with discrete affinities and shown the im-
provement of data fit that occurs within this context when
allowance is made for a hybrid state in which three subunits
of the hexamer assume the R state and the remaining three
assume the T state. It should be emphasized that even the
continuous distribution model proposed by Kotani (1968) that
allows for an infinite number of states cannot describe the type
of negative cooperativity seen in the oxygen equilibria of C.
sapidus hemocyanin (Imai, 1982). As pointed out above, this
can be satisfactorily explained by the hybrid model. Other
alternatives to the use of the multistate model would be either
of two recently developed models, the cooperon model (Coletta
et al., 1986) or the nested model (Decker et al., 1986). We
are currently examining the ability of the cooperon and nested
models to adequately describe the oxygen-binding data de-
scribed in this paper.

Existence of the hybrid states will only be proven, of course,
when a suitable physical technique for demonstrating their
existence is developed. The results of this paper, however, are
consistent with the existence of such hybrid conformations and
suggest conditions under which their concentrations are
maximal.

APPENDIX
The MWC model is expressed mathematically by
a(l + a)® + Lea(l + ca)’

y= 1+ a)+ L(1 + ca)t (A1)

The ratio of the oxygen affinity in the two states is c:

¢ = Psor/Psor (A2)
The oxygen concentration is expressed as a dimensionless
parameter by multiplying by kg:

a = Po,/Psor (A3)

The allosteric equilibrium constant (L) describes the equilib-
rium between the R and the T states in the absence of oxygen:



ALLOSTERY IN CALLINECTES SAPIDUS HEMOCYANIN VOL. 27, NO. 6, 1988 2001

L =[T]/[R] (A4)

While the original MWC model has successfully been used
to describe the oxygen equilibrium curves of hemoglobin, it
is inadequate to describe the oxygen equilibrium of hemocyanin
from some arthropods. An extension to the original model has
been found to describe the oxygen-binding data better for the
hemocyanins from two species of crustacea (Miller & van
Holde, 1974; Brouwer et al., 1978). The extension involves
a modification of the requirement that the protein retains its
symmetry during the conformational transition. In the ex-
tended model the protein is allowed to exist in a third state,
which is a hybrid of the R and T states. In the hybrid state
three subunits are in the low-affinity T state and three subunits
are in the high-affinity R state. The two structural trimers
that compose the hemocyanin hexamer may correspond to the
functional trimers of the hybrid. The hybrid model is expressed
mathematically as

y ={a(l + @)’ + Lea(l + ca)® + (L/ Q) {a(l +
(1 + ca)® + ca(l + a)’(1 + ca)2}/{(1 + ) +
L(1 + ca)® + 2(L/O)2[(1 + a)’(1 + ca)’]} (AS)

Q is related to the equilibrium between the hybrid and R state:
2L/Q)'* = [H]/[R] (A6)

From either version of the MWC model it is possible to
calculate the intrinsic affintiy of oxygen binding at each lig-
and-binding step. These are the parameters (k| ... k) of the
Adair equation. They are calculated by expanding the poly-
nomials in the numerator and denominator of eq Al or AS,
collecting terms in equal powers of Pg,, and comparing these
term by term to the Adair equation. Table V shows the
equivalences among these parameters.

A measure of the change in affinity can be obtained by
comparing the difference between the association constants
at successive steps of oxygen binding:

k,- - ki—l = D (A7)

In general, the Adair equation parameters can have any
nonzero values, and hence D can be positive, negative, or zero.
However, when calculated from the original MWC model, the
Adair parameters must increase monotonically at each step.
That is, negative cooperativity is not possible. Examination
of the Adair parameters calculated from the extended MWC
model, however, shows that an apparent negative cooperativity
is possible with this model. This apparent negative coopera-
tivity manifests itself as a drop in the association constant of
the fourth site relative to the third. It is, however, more an
expression of the semiindependence of the two trimers than
a reduction in the affinity of the fourth site as a result of
binding oxygen at the previous sites.

Substitution of the appropriate terms from Table V for the
Adair constants (for the third and fourth steps, for example)
for the hybrid model into eq A7, setting D = 0 and rearranging
in terms of H (H = L/Q), yields

[+ 2c5 + 3c* - 123 + 32 + 2c + 1|H? -
W[-LS+ L+ LA -(L+ D +c2+c-1]H+
100[Lc* — 2L + Lc?) = 0 (A8)

At this value of H, ligand binding at these steps is non-
cooperative. Lower values of H yield positive cooperativity,
while higher values result in an apparent negative cooperativity.
For typical values of L and ¢ (e.g., 100000 and 0.001) most

terms in eq A8 drop out, resulting in
-[H)? + 20{H] +10=0 (A9)

According to this equation the apparent negative cooperativity
will occur for values of H above approximately 20. For values
of H below 20, which includes the original MW C model where
H = 0 (and for all choices of L and c), only positive cooper-
ativity is possible.
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