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The temperature dependence of the oxygen binding equilibria and kinetics of Panulirus interruptus hemocyanin has been
analyzed within the context of the two-state allosteric model. Oxygenation of the T-state is characterized by a more negative
value of A A than that of the R-state; therefore, cooperative effects in oxygen binding to P. interruprus hemocyanin are
thermodynamically governed by favorable entropy changes. The allosteric transition in the unliganded derivative shows an
enthalpy-entropy compensation effect. The activation enthalpies for oxygenation and deoxygenation of the T-state are larger
than those for the R-state, while the activation entropies are favorable for the T-state and unfavorable for the R-state. Thus,
the activation free energies for oxygen binding to the T- and R-states are similar, while for the deoxygenation reaction AG# is
smaller for the T-state. The analysis reported confirms the applicability of the Monod-Wyman-Changeux two-state allosteric
model to P. interruptus hemocyanin and yields a complete thermodynamic characterization of oxygen binding under both

equilibrium and dynamic regimes.

1. Introduction

Hemoglobins and hemocyanins constitute two
classes of O,-transport proteins widely distributed
in nature. In spite of their large chemical dif-
ferences (e.g., hemoglobin has iron-porphyrin and
hemocyanin copper), their functional properties
display common general features. These aspects
have been recently discussed [1].

A more complete comparison of the structural
and functional properties of these two classes of
respiratory proteins demands quantitative studies
of the thermodynamics and kinetics of O, binding.
However, in the case of hemocyanins this type of
investigation is still very limited, and in fact par-
tially contradictory. Two papers, one on Helix
pomatia f-hemocyanin [2], and the other on
Levantina hierosolima hemocyanin [3], have shown
that the driving force for the quaternary structural

change may be different for different proteins.

If knowledge on the equilibrium thermody-
namics is limited, essentially no information is
available for the activation parameters of the
oxygen reaction with hemocyanins. Therefore, any
attempt to compare quantitatively hemocyanins
with hemoglobins, is hindered by lack of experi-
mental information, especially on the kinetics.

Previous studies performed at pH 9.6, in the
presence or absence of calcium, indicated 4] that
Panulirus interruptus hemocyanin may exist either
as a cooperative O,-binding hexamer or as a
monomer, which binds O, noncooperatively and
may be taken to represent the low-affinity state of
the protein.

In this paper we report a characterization of the
equilibria and kinetics of O, binding to this hemo-
cyanin, in the framework of a simple two-state
model: within the limitations of this approach the
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data show (i) that cooperativity is mainly, but not
exclusively, entropy driven; (ii) that the activation
enthalpy for the oxygen reactions are different for
the two allosteric states; (iii) that a favorable ent-
ropy of activation is observed only for the de-
oxygenation of the liganded T-staie. These results
are briefly discussed with reference to other re-
spiratory proteins.

2. Materials and methods

Hemocyanin was isolated as described by
Kuiper et al. [5] and stored lyophilized.

Dissociated P. interruptus hemocyanin was sep-
arated into its components by column chromatog-
raphy and monomeric fraction I was used
throughout. The hemocyanin concentration, ex-
pressed taking 75000 as the molecular weight of
the oxygen-binding site. was determined from the
absorbance at 280 nm (E}%, = 1.38).

Ethanolamine buffer (0.1 M) at pH 9.6 was
used throughout.

Oxygen-binding experiments were carried out
as described by Rossi Fanelii and Antonint [6].

Stopped-flow measurements at different tem-
peratures were carried out with a Gibson-Durrum
apparatus, having a dead-time of approx. 4 ms.
The oxygen dissociation time course was followed
by mixing a solution of oxygenated hemocyanin
with degassed buffer containing excess sodium
dithionite [7]. The reaction was monitored at 400
and 570 nm. corresponding to absorption bands of
oxygenated hemocyanin.

Temperature-jump relaxation measurements
[8.9] were carried out with an instrument built by
Messanligen Gesellschaft. Gottingen. A tempera-
ture-jump cell with a I ¢m light path and a volume
of 7.8 ml was used throughout; a temperature
increase of 4.5°C was ohtained by discharging the
condenser at 30 kV. Changes in transmission were
followed around 360 nm. The conccarration of
free oxygen-binding sites was calculated from the
tatal protein concentration and the oxygen-bind-
ing isotherm. A protein solution eqguilibrated with
air at the temperature of the experiment was prop-
erly diluted with deoxygenated buffer in order to
cover a range of oxygen saturations. Oxygen

saturations were determined directly in the T-jump
cell by measuring the absorption spectra in a
Cary-14 recording spectrophotometer.

2.1. Analysis of temperature dependencies

Enthalpy changes for O, binding to hexameric
and monomeric P. interruptus hemocyanin were
calculated from the temperature dependence of the
O, affinities using a Van’t Hoff plot on the as-
sumption of linearity over the temperature range
explored. The heat of oxygen solvation (AH, =
— 3.0 kcal mol™') was 1aken into account when
necessary.

Oxygen affinities of the T- and R-states at
different temperatures were obtained from the low
and high asymptotes of a Hill plot [10].

Fitting of the oxygen-binding isotherms was
obtained by computer analysis according to Col-
osimo et al. [15] taking the number of interacting
sites as being equal to 6 at every temperature.
Computations were carried out using a Hewlett
Packard 9830 A minicomputer.

Activation energies were obtained from the
Arrhenius equation:

dink EF
(n

= e -

d1/T R

Corresponding activation entropies were calcu-
lated according to:

kRT _ kRT _
o 201 -G R ;,\?;Te Sut/RTast R 'e3)
where: AH* = E} — RT. k is taken to be unity [11]
and # is Planck’s constant.

2.2. Simulation procedure

Simulation of the O,-dissociation kinetics was
carried out on a desk-top computer model HP87
equipped with an HP 7040 digital plotter using the
analytical solution for a chain of » monomolecular
and irreversible processes provided by Bateman
{121

The optical contribution of each intermediate
species to the overall signal was calculated assum-
ing identical extinctions for the R- and T-states
and taking into proper account the different levels
of saturation.



E. Antonini et al. /Oxygen -binding parameters of Panulirus interruptus hemocyanin 119

Switching between the two quaternary states is
defined by the so-called switch-over point, i.e,, the
number obtained from the allosteric parameters on
the basis of the formula i,= —log L/log ¢ [13]
which represents the average number of occupied
sites on the macromolecule when the transition
occurs.

3. Results

3.1. Oxygen binding of monomeric and hexameric
hemocyanin

At pH 9.6 P. interruptus hemocyanin is
hexameric in the presence of 10 mM CaCl, and
monomeric in its absence. Oxygen-binding data of
hexameric hemocyanin at three temperatures are
shown in fig. 1, together with the results for mono-
meric fraction I.

At every temperature the monomer binds
oxygen noncooperatively, while the undissociated
hemocyanin exhibits cooperative oxygen-binding

i
2
log pO,

Fig. 1. Hill plots of oxygen equilibrium curves of the mono-
meric fraction I (dashed line) and hexameric (continuous line)
P. interruptus hemocyanin at different temperatures. Condi-
tions: 0.1 M ethanolamine (pH 9.6), ionic strength 0.1, in the
absence or presence of 10 mM CaCl,. ¥, fractional saturation
with oxygen: pg,. oxygen pressure (mmHg). Continuous lines
are computed isotherms for a two-state model with r = 6 [15].
Values of the characteristic parameters of the mcdel are re-
ported in table 1.

behavior. Furthermore, the pcsition of the
oxygen-binding curve of the monomer is con-
sistent, at each temperature, with the Ilower
asymptote of the oxygen isotherm of the hexamer.
Thus, the O,-binding behavior of monomeric frac-
tion I mimics very well the low O,-affinity state of
the hexameric protein, as previously proposed [4].

Increase in temperature is associated with a
decrease in oxygen affinity and in the case of the
hexamer aiso with a change in shape of the bind-
ing curve (with an increase in the free energy of
interaction per site).

The equilibrium parameters of the hexamer and
the monomer are summarized in table 1; the same
table also reports the equilibrium constants for the
two allosteric states (K and K;) as obtained
from the asymptotic values of the binding iso-
therms, as well as the corresponding enthalpies
(AHg and AH;).

3.2. Temperature jump of monomer (fraction I)

At different initial temperatures and oxygen-
saturation levels, temperature-jump experiments
show one resolvable relaxation effect which corre-
sponds to a decrease in the copper-oxygen absorp-
tion band, in agreement with the exothermic char-
acter of binding (see above). Relaxation spectra
are always monophasic, indicating simple kinetics,
and the dependence of the reciprocal relaxation
time (1/71) on the concentration of free reactants
(hemocyanin and oxygen) follows simple bimolec-
ular behavior. The oxygen association and dissoci-
ation rate constants at different temperatures are
given in table 2. It may be seen that the effect of
temperature is much larger on the values of the
Q,-dissociation rate constants.

3.3. Temperature jump of hexamer at high satura-
tion levels

Temperature-jumnp experiments were carried out
at Y > 0.90, where the hexamer is in the R-state, as
inferred from the Hill plots presented in fig. 1.
The relaxation spectra are homogeneous, indicat-
ing simple kinetics of O, binding to thes R-state;
the oxygen combination rate constants reported in
table 2 indicate a very small temperature depen-
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Table 1

Effect of temperature on the oxygen-binding properties of monomer and hexamer of P. interruptus hemocyanin

The data for the hexamers were fitted with a number of oxygen-binding sites. r = 6. Conditions: 0.1 M ethanolamine (pH 9.6). ionic
strength 0.1 M in the absence or presence of 10 mM CaCl,. The values of p, ,, are given in mmHg to allow an easy comparison with
data on other oxygen-binding proteins. which are usually expressed in partial pressure of oxygen. The corresponding binding
constants may be calculated from the p, ,, taking into account the solubility of oxygen at each temperature and knowing that at

T =20°C, p,,, =1 mmHg corresponds to a concentration of 1.7 pM and that AH, ,; = —3 kcal/mol. AF, = [RT/ V(1 ~ )|(1 - 1 /n).
see ref. 10.
Hexamer Monomer
T P2 n AF, L, Ky AH; AHg T Pis2 n AH
(°C) (mmHg) (cal (=Ry/73) (mmHg) (mmHg) (kecal (kcal °C) (mmHg) (kcal
mol ~ 1) mol™ ') mol™ %) mol™ ")
10 1.5 29 1020 4x107% 42 9 3.7 1
20 3.5 225 1150 1.6x10~3 9.6 -1t -6 12 47 1
27 6.0 24 1410 6.5x 10~ 174 20 9.5 1 —11
27 17.4 1
35 26.6 1

dence, and therefore the uncertainty in the corre-
sponding activation energy is large.

3.4. Oxygen dissociation of hexameric hemocyanin
determined by stopped-flow

Over the temperature range explored, Y = 0.985
in air and thus the dithionite method allows the
estimation of the O, dissociation from the liganded
R-state.

Table 2

Temperature effect on kinetic parameters of oxygen binding to
monomeric (Fraction 1) and hexameric P. interruptus hemo-
cyanin

(a) Obtained by temperature jump. (b) Calculated from k&,
(given in this table) and K., (given in table 1). (c) Obtained by
stopped flow,

T(°C) &k, TEO) ko(s™hH
(167 M~ Is™ 1 2 b
(a)
Monomer 120 20 i2.0 280 200
(T-state) 16.5 22 16.5 400 300
245 37 245 1250 900
31.5 44 31.5 2750 1700
[ b
Hexamer 18.5 30 7.5 13 -
(R-state) 24.5 34 15 25 47
315 44 214 36 71
28.8 80 126

At every temperature the time course of the
decrease in absorbance is autocatalytic and inde-
pendent of dithionic concentration. At the higher
temperatures the increase in reaction rate results in
a progressive loss of optical density in the dead-
time of the apparatus in all cases, however. the
dissociation rate constant characteristic of the high
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Fig. 2. Time course of the deoxygenation of hexameric P.
interruprus hemocyanin at different temperatures. The solid
lines have been calculated at each temperature or the basis of
the model illustrated in section 2. using as values for the
intrinsic dissociation rate constants of the T- and R-states those
listed in table 2 and a switch-over point of 3, as demanded by
the equilibrium data (given in fig. 1). Conditions: 0.1 M
ethanolamine, ionic strength 0.1. in the presence of 10 mM
CaCl,.
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oxygen-affinity state of the protein (R4 ) can be
estimated by extrapolation of the apparent time
course towards time zero [13].

The values obtained at different temperatures
(see table 2) can be checked for consistency with
the independent information provided by equi-
librium experiments. The solid lines shown in fig.
2, in fact, represent the time courses expected for a
system of six sites undergoing a quaternary con-
formational transition from a high- to a low-affin-
1ty state during ligand dissociation (see section 2).
The conformational transition never rate limits the
overall kinetics, and this is the omnly ‘a priort’
assumption used throughout the calculation.
Another basic feature of the model, which is,
however, demanded by the symmetric shape of the
equilibrium isotherms of fig. 1 * is that the transi-
tion occurs around 50% saturation. The good
agreement oetween theoretical curves and experi-
mental points reinforces our confidence in the
correctness of both features.

4. Discussion

Analysis of the temperature dependence of
ligand-binding equilibria and kinetics of hemo-
cyanins within the context of the two-state allos-
teric Monod-Wyman-Changeux model [14] leads
to the estimate of the thermodynamic parameters
for O, binding by the two states (R and T) and for
the ligand-linked conformational change.

As shown in fig. 1, an increase in temperature
(from 10 to 27°C) results in a moderate increase in
cooperativity (n,; =2 to 2.4) and a concomitant
increase in the free energy of interaction per site
(see also table 1). The observed temperature de-
pendence of the binding curve of the hexamer
indicates that the heats of oxygenation of the T-
and R-states are both exothermic and quantita-
tively different.

The binding isotherms of the hexamer were
fitted to a two-state model, taking six as the num-

* The values obtained for the switch-over point (see section 2)
on the basis of the parameters in table 1 range. in the
temperature interval from 10 to 27°C, between 3.01 and 3.13.

ber of interacting sites (r = 6) [15] which corre-
sponds to the total number of sites per molecule.
The solid lines in fig. 1 represent the fit of the
results with only one disposable parameter at each
temperature, namely L.

In agreement with previous conclusions [4] the
monomer appears to mimic very well the low-
oxygen affinity (T-) -state of the hexamer at the
same pH and temperature, therefore the binding
parameters of the subunit(s) are applied to the
T-state of the hexamer. This is by itself a remark-
able fact, since generally for hemoglobins and
other hemocyanins thz isolated subunits are simi-
lar io the high-affinity state of the corresponding
protein. and their functional parameters have been
taken to represent the R-state [7.16,17].

The extensive kinetic data reported above al-
low, for the firsi time, a complete characterization
of the dynamics of O, binding to a hemocyanin.

As shown in table 2, the oxygen-association rate
constants of the T- and R-state are fairly similar
over the whole temperature range; on the other
hand, the temperature dependences of the
oxygen-dissociation rate constants of the two states
are quite different. These new results confirm that
the kinetic basis of cooperative oxygen binding
resides in a large dependence of the oxygen-dis-
sociation rate constant on the quaternary state of
the molecule [4]. This conclusion seems very gen-
eral, and it is based on the results obtained for
several hemocyanins of both molluscs and
arthropods [18]. The stopped-flow experiments
carried .out with hexameric P. interruprus hemo-
cyanin indicate that the autocatalytic nature of the
dissociation time course is fully consistent with a
progressive population of the T-state of the pro-
tein during deoxygenation, given the fact that
Tk e > Rk ¢, (see table 2 and section 3).

The activation parameters for the reaction with
O, are given in table 3. In the case of O, combina-
tion the free energy of activation is similar (=7
kcal mol™') for the two states; however, the
activation entropy of the T-state is very close to
zero (0.84 e.u.), while that for the R-state (in spite
cf the greater uncertainty) is clearly unfavorable
(— 14 e.u.). In the case of deoxygenation the rela-
tively high activation enthalpy of the T-state is
largely compensated by a favorable activation en-
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Table 3

Activation parameters for the oxygenation reactions of P. interruptus hemocyanin in the T- and R-state

Values are calculated from the equations reported in section 2. The activation free energy is given at 20°C.

Oxygenation Deoxygenation

AG#* AH* As#* AGH AH* AS*

(kcal mol~ 1) (kcal mol™ 1) (cal deg ™ 'mol ™) (kcal mol™ 1) (kcal mol™") (cal deg™ 'mol )
T-state 7.1 74 0.84 13.2 18.1 16.6
R-state 7.1 3(a) —14 14.8 14 —3.1

2 This parameter is known with considerable uncertainty. ranging from 1 to 5 kcal mol ™.

tropy (+ 16.6 e.u.), which accounts for the much
faster oxygen-dissociation rate constant.

In spite of the great differences in the structure
of the active site, the kinetic features of the oxygen
reaction in hemoglobin(s) are similar to those re-
ported in this paper for P. interruptus hemocyanin.
Thus. for example, the low-O, affinity of the T-
state of hemoglobin is determined by the higher
O,-dissociation rate constant [7,19] which is con-
trolled by favorable entropy of activation [20]. It is
tempting to propose that, in view of the very large
differences in the mode of binding of O, in the
two classes of respiratory proteins. the kinetic
control of the reaction is achieved by the protein.
independently of the chemistry of the site.

The activation parameters of the oxygen and
deoxygenation reactions of the T- and R-state of
P. interruprus hemocyanin may be used to obtain

Table 4

the corresponding thermodynamic parameters
from elementary relationships. The comparison
shown in table 4 is. in most cases. more than
satisfactory and increases considerably the limits
of confidence in the estimates obtained by the
equilibrium analysis.

The enthalpy change for oxygen binding to
both allosteric states of P. interruptus hemocyanin
is negative, although the reaction of the T-state is
more exothermic. In the case of H. pomatia B-he-
mocyanin [2]. the intrinsic heat of oxygenation is
approximately the same for both states (AH =
—11 kecal mol™"), while a completely different
result was reported for L. hierosolima hemocyanin
[31(AH+= +3 kcal mol~' and AH, = —11 kcal
mol~'). These differences in thermodynamic
parameters are not understood: however, they may
possibly be ascribed to contributions frem the

Thermody namic parameters for the binding of oxygen to P. mrerruptus hemoceyanin (equilibrium and kinetie data)

Yalues in the table are expressed as kcal mol ™ T (caleulated at 20°C).

AGH® (AGE, - AGE) A (AH3 - AHYD AR 7(ASE - Asko
Binding to
T-state -6.3 -6.1 ~-11.0 -10.7 —-4.7 —-46
Binding to
R-state ® —7.6 —-7.8 —-6.0 -11.0 + 1.0 —34
Quaternary
transiton (T, = R,)) +3.7 —18 —21.7

* Values given per mol site.

P Values given per mol hexamer.

* The figure for AG,, has been calculated from the corresponding equilibrium constants (given in table 1) on the basis of the forn.ula
AGy= — RTIn K.
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binding of oxygen-linked solvent components (such
as H* or Ca®*), which may be difficult to account
for. As an example, in the case of H. pomatia
B-hemocyanin [2] the observed heat of oxygena-
tion of the T-state was — 17.5 kcal mol~', and the
ionization heat of the Bohr protons within the
T-state contributed + 5.4 kcal mol~!. For P. inter-
ruptus hemocyanin. however, the observed heat
may be considered intrinsic values, since at pH 9.6
the Bohr effect is no longer operative and no effect
of Ca® on the heat of oxygenation of the T-state
was found. In fact. the oxygen-binding enthalpy of
monomers is similar to that obtained from the
lower asymptote of the cooperative hexamer. Thus.
cooperative oxygen binding to P. interruptus he-
mocyanin is produced by a favorable difference in
binding entropy, which outweighs the unfavorable
enthalpy change (+4.4 kcal mol™'), as calculated
from AH, =AHy — AH[20].

As given in table 4, the allosteric transition
(T, = Ry) is an exothermic process. witha AH, =
— 18 kcal mol~' (hexamer), consistent with the
observation that increase in temperature is associ-
ated with an increase in homotropic interactions
(as shown in fig. 1). This result is most significant
and. in some ways, peculiar. [t may be recalled
that in hemoglobins the allosteric transition is
associated with a positive enthalpy change. with
values of approximately A H; = +16.7 kcal mol ~!
(tetramer) for human Hb and approximately A H|
= +28 kcal mol~! (tetramer) for trout HbI, two
of the more extensively investigated cases [21.22].
As a result, the entropy change associated with the
allosteric transition is favorable in the case of
hemoglobins. while is unfavorable in the case of P.
interruptus hemocyanin (7AS = —21.7 kcal mol ™!
of hexamer). This important finding seems fully
consistent with the fact that: (a) the isolated Pan-
wlirus subunits are characterized by low-O, affin-
ity, contrary to the isolated a- and B-subunits of
HbA [7] or to the isolated subunits of Limulus
polyphemus hemocyanin [23]; and (b) the de-
oxygenated derivative of P. interruptus hemo-
cyanin (L.e., the T-state) dissociates into subunits
more rapidly than the oxygenated one (i.e., the
R-state) [5], which is also opposite to the behavior
characteristic of human hemoglobin [7]. It seems,
therefore, most remarkable that the assembly of

monomers into a liganded hexamer leads, in the
case of P. interruptus hemocyanin, to a more ‘com-
pact’ structure with a lower entropy content. This
provides, among other things, the possibility to
study the properties of a monomer in the T-state,
to be compared with monomers of other species
which are stabilized in the R-state.

In summary, the thermodynamics of oxygen
binding by P. interruptus hemocyanin may be de-
scribed with the allosteric two-state model, and
thus the intrinsic thermodynamic properties of the
two functionally relevant states may be de-
termined. The transition T, —» R, in this hemo-
cyanin is favored by a negative enthalpy term,
which. however, is outweighed by an even larger
unfavorable entropy change. Tn hemoglobins the
enthalpy change for the allosteric trensition is
positive and thus opposite to that reported above
for P. interruptus hemocyanin. The thermody-
namic behavior of various respiratory proteins may
reveal different features of molecular control of
cooperative ligand binding. although additional
effects of oxygen-linked solvent components may
come into play and their role needs to be eluci-
dated.
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