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Simultaneous determination of proton uptake and oxygen binding has been carried out on Helrx pomufia /3-hemocyanin 
under equilibrium conditions in the absence of buffer and at different initial pH values. Oxygen-binding isotherms of 
unbuffered H. pomotiu P-hemocyanin, in the presence of phenol red as pH indicator, have been determined employing a 
thin-layer apparatus. Application of this very accurate technique allows monitoring of proton uptake (or release) coupled to 
0,.binding also at extremes of saturation which are often difficult to explore and analyze. The data have been analyzed within 
the framework of the cooperon model (M. Brunori, M. Colefta and E. Di Cera, Biophys. Chem. 23 (1986) 215) and compared 
with those obtained in the presence of buffer. Comparison of pH changes with ligand binding of the T state over all the 
saturation range has allowed us to discriminate and obtain quantitative e&mates of the Bohr protons associated with both 
oxygenation of the T state and quaternary allosteric transition; no protons are taken up or released during oxygenation of the 
R state. These results differ quantitatively from those obtained in the presence of buffer, which alters significantly the T state 
contribution to the overall Bohr effect. 

1. Introduction 

Hemocyanins, the respiratory proteins of a 
number of invertebrates, reversibly bind Oz or CO 
at their active site. 0, is bound cooperatively and 
marked positive or negative Bohr effects are often 
observed [1,2]; in contrast, binding of CO is essen- 
tially noncooperative and is not affected by pH 
[3-51. As in the case of hemoglobins, the classical 
two-state allosteric model [6] is adequate but not 
sufficient to describe the cooperative behavior in 
the binding of 0, by hemocyanins [7,8]. Although 
some progress has been made in describing O,- 
binding curves by introducing the concept of 
‘functional constellations’ [9], in such a model the 

* To whom reprint requests should he addressed at: Depart- 

ment of Cellular Biology, University of Camerino, Via 
Camerini 2,62032 Cam&no (MC), Italy. 

Bohr effect can only be explained by the prefer- 
ential binding of protons to one of the two 
quaternary states [6]. However, in the case of 
hemoglobins and hemocyanms, protons not only 
shift the equilibrium between the T and R state 
(quaternary-linked Bohr protons), but also affect 
the intrinsic functional properties of the state to 
which they preferentially bind [IO]. This is shown, 
for example, by the fact that the position of the 
lower asymptote of the O,-binding isotherms is 
pH-dependent, while the upper asymptote is in- 
variant with pH [7,&,10,11]. 

Recently, oxygen equilibrium data of Helix 
porn&a fl-hemocyanin have been successfully 
analyzed with a model which describes each func- 
tional constellation as being composed of smaller 
functional units, called ‘cooperons’ (12,131. Such a 
model, although maintaining several of the fea- 
tures of the MWC model, incorporates the possi- 
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bility of the coexistence of tertiary- and 
quaternary-linked heterotropic effects. Thus, in an 
attempt to dissect the relative contribution of the 
Bohr effect of H. porn&a fi-hemocyanin, we have 
analyzed accurate O,-binding curves of un- 
buffered /3-hemocyanin determined in the pres- 
ence of a pH indicator (phenol red) within the 
framework of the cooperon model [12,13]. Analy- 
sis of the data reveals that a relevant fraction of 
the Bohr protons (30-40s) is associated with 
oxygenation of the T state, while no protons are 
taken up or released on oxygenation of the R 
state. Although this feature was already foreseen 
from the binding isotherms in the presence of 
buffer, it should be mentioned that this is the fist 
direct observation and quantitative analysis of a 
tertiary Bohr effect in the T state. Moreover, in 
view of the buffer effect on P-hemocyanin previ- 
ously reported [14], the analysis has also allowed 
us to establish that the contribution of T state 
binding to the overall Bohr effect decreases sig- 
nificantly in the presence of buffer. 

2. Materials and methods 

H. pomatia @hemocyanin, prepared and regen- 
erated as described previously [7], was dialyzed 
against deionized and distilled water but contain- 
ing 17 mM CaCI,. Hemocyanin concentration is 
given in terms of O,-binding equivalents, taking 
the value of 50 kDa as the molecular mass corre- 
sponding to one binding site. Phenol red (pK,= 
7.7) was obtained from Merck. In all experiments 
the molar ratio protein/dye was 1 : 1; under these 
conditions no binding of the dye to the protein 
was observed [15]. 

Oxygen equilibrium measurements were carried 
out by the thin-layer dilution method 1161 in order 
to obtain accurate O,-binding curves, especially at 
low and high saturation levels. Basically, the 
method consists of measuring the change in opti- 
cal absorption of both protein and dye at succes- 
sive stages of deoxygenation. The partial pressure 
of O2 is adjusted in a stepwise manner by means 
of a precision dilution valve and may be con- 
stantly monitored by an oxygen electrode. At each 
oxygen dilution step the absorbance changes of 

the O,-copper band at 365 nm (the isosbestic 
wavelength of the dye) and of the dye at 560 nm 
were simultaneously recorded with a Gary 219 
spectrophotometer. 

Unbuffered hemocyanin solution, equilibrated 
with pure 0,, was brought to the desired initial 
pH by addition of dilute HCl or NaOH. The 
concentration of hemocyanin employed for the 
thin-layer apparatus ranged between 0.6 and 1.0 
mM (in binding sites), which is high enough to 
maintain a constant initial pH of the solution 
during transfer. In calculating proton uptake the 
observed value of absorbance at each stepwise 
dilution of 0, binding was converted to ApH 
using the Henderson-Hasselbach equation: 

U-1 + [ADI 
bH=pK+logIHDl _ cADl 

where [HD] and [D-l are the concentrations of 
the nonionized and ionized form of the dye, re- 
spectively; [AD], the decrease in [HD], was calcu- 
lated from the change in dye absorbance. ApH 
was converted to AH’ at each po, dilution step by 
using the titration curve of hemocyanin plus dye. 
The ApH associated with complete 0, saturation 
of protein was also measured potentiometrically 
on the same sample, following the procedure re- 
ported before [ 171. 

3. Results 

In view of the existence in H. pomatiu /3-hemo- 
cyanin of a buffer effect [14], discrimination be- 
tween buffer-linked and O,-linked Bohr effects 
requires 02-binding isotherms in the absence of 
buffer and in the presence of a suitable dye (in 
this case phenol redj that allow monitoring of the 
proton-oxygen-linked pH changes. As shown in 
previous studies [7], this hemocyanin is char- 
acterized by a marked negative Bohr effect within 
the range pH 7.0-8.0. Thus, deoxygenation of an 
unbuffered solution of /3-hemocyanin containing 
phenol red is associated with a decrease in ab- 
sorbance both at the copper-oxygen band (365 
nm) and at 560 nm, where the dye monitors the 
acidification linked to release of protons by the 



Step number of deoxygenation 
Fig. 1. Changes in optical absorbance of an unbuffered solu- 
tion of H. pomatia @-hemocyanin and phenol red indicator 
following stepwise dilution of the 0, partial pressure upon 
addition of N,. The optical changes have been recorded at 365 
nm (O-- a), which monitors the O,-copper complex of the 
protein, and at 560 nm (O------O) which monitors the dye 
absorbance. Initial pH of the solution was 7.2 at 25OC. 

protein. Simultaneous recording at both wave- 
lengths~allows one to determine the 0, saturation 
and the concomitant change in pH. A typica 
experiment performed with the thin-layer appara- 
tus at an initial pH of 7.4 is represented in fig. 1, 
where the change in absorbance at both wave- 
lengths is plotted against the number of stepwise 
dilutions of 0, partial pressure [16]. These data 
clearly show that the first steps of deoxygenation 
(observed through changes in absorbance at 365 
nm) are not associated with absorbance changes at 
the dye band (560 nm); as deoxygenation pro- 
ceeds, the absorbance changes at the two wave- 
lengths are almost linearly associated. 

Fig. 2 shows the correlation between the two 
parameters observed starting at different initial 
pH values. It may be seen that at lower pH (7.10 
and 7.20) this correlation is clearly nonlinear and 
0, saturation lags behind proton uptake at low 0, 
pressures while uptake of protons during oxygena- 
tion is over before complete 0, saturation. On the 
other hand, at pH 7.80 the uptake of protons lags 
somewhat behind 0, binding and at intermediate 
pH (7.40) the overall curve is slightly sigmoidal. 
This nonlinear relationship between proton up- 
take and 0, binding, observed at all pH values 
examined, implies a quantitatively different con- 

0 
0 0.2 0.4 0.6 0.0 10 

v 560 nm 

Fig. 2. Correlation between 0, saturation of H. pomntia p-he- 
mocyanin (recorded at 365 nm) and dye changes (measured at 
S60 nm). The continuous lines refer to experiments at different 
mitial and final pH values, as follows: (0) pH 7.80-7.72, (m) 
pH 7.40-7.28, (0) pH 7.20-7.08, (A) pH 7.10-7.04. The 
dashed line is the diagonal. Experimental conditions: protein 
and dye concentration were 800 pM, respectively, plus 17 mM 
C&l, at 25oc. 

tribution of tertiary- and quaternary-linked proton 
uptake to the observed Bohr effect. 

3.1. Binding curve analysis 

The cooperon model employed here for the 
analysis has been quantitatively discussed 
elsewhere [12]: it postulates that a macromolecule 
is composed of m noninteracting functional con- 
stellations [9], each one being in allosteric equi- 
librium between two quaternary conformations. 
Each functional constellation is formed of z func- 
tional units, called ‘cooperons’. Therefore, assum- 
ing a dimeric cooperon, the binding polynomial 
[18] of a functional constellation is 

P(X) = [&)(1+ 2Kr.X + S,K~x2)z 

+(1+2K,x+6,K~x’)=]/(l+L,) (1) 

where x is the ligand activity, K, and K, the 
observed binding constants in the two quaternary 
states, L,( = [To/R,]) the allosteric constant, and 
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S, and 6, interaction constants between the sub- 
units in a cooperon for each quaternary state 
(6 > 1, positive cooperativity; 6 < I, negative co- 
operativity; 6 = 1, no cooperativity). 

These parameters are linked through the stabili- 
zation factors, T ,,,, and p,,,( i = 0 or 1, j = 0 or l), 
characteristic for each quaternary structure (T and 
R), and refer to the tertiary state of the two 
interacting subunits of the cooperon. Thus, 

where K, and K, are the intrinsic binding con- 
stants of subunits in the two quaternary states and 
0 and 1 denote unliganded and liganded, respec- 
tively. The five parameters appearing in eq. 1 may 
be affected by heterotropic effecters, which alter 
the stabilization factors; therefore pure tertiary- or 
quaternary-linked, as well as mixed effects, are 
possible [12]. In the analysis of the data described 
in this paper it was found that 6, = 1; thus, by 
reference to eq. 1 the number of parameters neces- 
sary to describe the ligand-binding process corre- 
sponds to four. 

In the analysis of data, we have first de- 
termined the effect of the pH on the model 
parameters obtained by fitting the O,-binding iso- 
therms in a buffered solution (10 mM Tris-HCI) 
assuming a functional constellation of eight di- 
meric cooperons (z = 8). The pH dependence is 
reported in fig. 3a and b, where it appears that pH 
affects not only the quaternary constant L, but 
also the two tertiary parameters, namely, K, and 
6,. The theoretical curves of these parameters 
have been described quantitatively employing the 
following set of equations: 

K,=~.T(l+K,o,h)“/(l+K,h)P (2a) 

8, = a,(1 + K,,lh)S(l +K,J&+ + KJ?J211 

(2b) 

L, = L,((1+ K,h)“/(l + Kp,h)~) (2c) 

where h is the proton activity, K terms the values 
of the proton-binding constants associated to the 

different configurations of the cooperon, Kr, Jr, 
E, the asymptotic values of the parameters and n, 
p, r, s the number of independent titratable 
groups linked to the corresponding configuration. 
In the first column of table 1 the pK, values of 
the different classes of titratable groups are re- 
ported together with the number of groups for 
each class, Although we are not in a position to 
determine unequivocally the number of titratable 
groups involved and to assign the pK, values to 
specific groups, we deem these numbers (8 for the 
T state and 16 for the R state) reasonable; this 
also in view of the fact that the cooperon (corre- 
sponding to the - 100 kDa fragment) contains 44 
histidines 1193, even though it does not necessarily 
mean that the eight groups are all histidines. In 
the absence of buffer, the analysis of binding 
curves has been focussed on the data set around 
pH 7.4 (see fig. 2) since this pH value is close to 
the pK, of the dye and the Bohr effect is maximal, 
both conditions contributing to enhance the pro- 
ton-linked signal associated with deoxygenation of 
the protein. Since the actual pH at each saturation 
level is obtained from the absorbance of the pH 
indicator, the value of 7,. to reproduce the curve 
at pH 7.4 of fig. 2 can be determined (at a given 
pH and po,) by eq. 1 using the values of L,,, 6, 
and K, derived from buffered O,-binding curves 
at the corresponding pH value (see eqs. 2). How- 
ever, a satisfactory simulation of the experimental 
data set at pH 7.4 of unbuffered &hemocyanin 
has only been possible by modification of the pK, 
of the titratable groups reported in table 1, leaving 
unchanged the asymptotic values of the parame- 
ters determined under buffered conditions. In gen- 
eral, simulation of binding curves carried out at 
different initial pH values has always required a 
small increase of the pK, values. However, this 
modification became smaller at lower initial pH 
values of the Q-binding curve. 

The pK, values used in the simulation at pH 
7.4 are compared in table 1 with those obtained 
from the fit of the corresponding buffered O,- 
binding curves; the observed difference has been 
attributed to the effect of buffer on the proton- 
oxygen linkage in H. pomatia P-hemocyanin [14]; 
this difference disappears at lower pH, where the 
buffer is predominantly in the protonated form. 
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Fig. 3. pH dependence of the parameters for the cooperon 
model applied to H. porn&a P-hemocyanin m the presence of 
10 mM Tris-HCl. 6, (A), K, (m) and L, {O). The continuous 
lines have been obtained using eqs. 2a-c and the pK, values 
are reported in the first column of table 1. 

Using the pK, values reported in the second 
column of table 1 and eqs. 1 and 2 it is possible to 
sort out quantitatively the tertiary and quaternary 
contribution to the Bohr effect of the oxygen-pro- 
ton linkage, since the percentage of oxygenation 

Table 1 

pK, values of the different classes of titratable groups of If 
porn&a P-hemocyanin determined by fitting of buffered O,- 
binding curves and simulation of unbuffered O,-binding curves 

The number of titratable groups per cooperon unit used in the 
simulations are reported in parentheses. 

Buffered solution 

664 (R) 
6.88 (8) 
6.00 (8) 
6.74 (16) 

Unbuffered solution 

6.82 (8) 
7.07 (8) 
7.20 (8) 
6.92 (16) 

-55 0.005 ID 15 

log PO2 

-05 0.5 1.5 2.5 

log PO2 

Fig, 4. Fractional pH changes (A- A), fraction of 
oxygenated T state (y,) (H -w) and R state (Fa) 

(a- 0). v, and FR have been calculated from eq. 3 (see 
footnote, below) and eq. 2 using the pH values reported in the 
second column of table 1. The inset compares 7, of un- 
buffered (m- W) and buffered (10 mM Tris-HCI) 

(A -A). The shaded area indicates the Bohr effect due to 
oxygenation of the protein in the T state. 

of the macromolecule (y) and of the T state (r,) 
can both be calculated * at every pH and po, and 
related to the extent of the dye change along the 
bindin’g curve, as shown in fig. 4. In the inset to 
fig. 4, rT values determined for buffered and 
unbuffered &-binding curves are compared. 

4. Discussion 

Correlation of proton uptake with 0, binding 
represents a stringent test for any allosteric model 
used to describe the cooperative binding be- 
haviour of O,-carrying proteins. Analysis of pro- 
ton release in hemoglobin has provided, with some 
exceptions [20], contradictory results [21,22]; this 
is probably due to the fact that in hemoglobin the 
two allosteric states are both significantly popu- 

* Y, has been calculated at each p,,, and pH by using the 
equation: 

_ L,K,x(l+S,K,x)(l+2K,x +6,K+x*)’ 
_ I 

L,(1+2K,x+S,K:X*)R+(l+K~X)'6 

where the parameters are those defined in eq. 1 and their pH 
dependence was calculated using eq. 2a. 
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lated throughout the binding curve and can be 
primarily detected only at the very extremes of the 
saturation isotherm. On the other hand, in the 
case of H. porn&a ,&hemocyanin, the shape of 
the Q-binding curve indicates that the two 
quaternary states of the macromolecule can be 
studied individually over an appreciable range of 
0, pressures, since the conformational transition 
takes place within a relatively narrow range of 
saturations. Thus, combination of a particular 
protein such as H. pomatia fi-hemocyanin with 
methods involving high-precision determination of 
0, binding and pH changes, especially at low and 
high saturation levels, has proven to be of crucial 
importance in discriminating between tertiary and 
quaternary Bohr effect contributions. 

The data reported in fig. 1 clearly show that at 
pH 7.4 during the first steps of deoxygenation the 
pH of the solution remains constant, while once 
the quaternary conformational transition takes 
place (before the top of the curve [16]) an appre- 
ciable decrease of fractional 0, saturation and of 
pH take place simultaneously. This result indi- 
cates that virtually no Bohr effect is associated 
with 0, binding to the R state, even in the ab- 
sence of buffer, while a large release of Bohr 
protons is linked to the quaternary switch-over 
and deoxygenation of the T state. This is con- 
firmed by the results of the analysis reported in 
fig. 4 where the fractional changes of the dye are 
correlated with y, and rR. Moreover, the frac- 
tional pH change in the shaded region relates 
entirely to the r, curve, indicating unequivocally 
the existence of a (local) Bohr effect within this 
state. In view of the fact that 0, binding to the T 
state continues after the appearance of an appre- 
ciable amount of protein in the R state, approx. 
30-40% of the observed Bohr effect in the absence 
of buffer can be related to the binding of 0, in 
the T quaternary state. 

Application of the cooperon model has made it 
possible to describe quantitatively the binding data 
and to quantitate the buffer effect on tl. pomatia 
/3-hemocyanin [15]. It is found that in buffered 
solution the fraction of oxygenated T state (r-,.) is 
lower (see inset to fig. 4), and thus its relative 
contribution to the overall Bohr effect is about 
half of that expressed in the absence of buffer, as 
shown by the present analysis. A closer inspection 
of the pK, values reported in table 1 shows that 
the presence of Tris-HCl buffer (10 mM) brings 
about a ApK, = 0.17 + 0.01 for pK_ pK_, and 

PK, IIU) whereas for pK,,, the ApK, = 1.2. Thus, 
the net effect of the buffer seems to be a marked 
decrease in affinity of the Protons for the fully 
liganded form of the dimeric cooperon in the T 
conformation, since proton binding to the T state 
is negatively cooperative in the presence of buffer 
(pX,,, < pKTO,) and positively cooperative in its 
absence (pK,, , 1 pK,, ). Moreover, the increased 
number of titratable groups in the R state, from 8 
to 16 (see table l), reflects a pK, shift of some 
groups on allosteric transition. This suggests that 
in the presence of buffer, stabilization of the R 
state at lower pH may be due to a larger number 
of accessible groups rather than to a higher proton 
affinity of the R state. Furthermore, the possi- 
bility of describing the behaviour of unbuffered 
,&hemocyanin by simply shifting the pK, values 
of the different cooperon configurations without 
varying the asymptotic values suggests that the 
observed buffer effect is mediated by protons. 
Thus, the buffer 0, linkage reported could be 
defined as a pseudo-linkage [24], i.e., a conse- 
quence of the buffer-proton and proton-O, link- 
ages. This possibility should be always borne in 
mind when dealing with different heterotropic ef- 
fectors in allosteric macromolecules, and indicates 
that with complex cooperative systems it is dif- 
ficult to find a really ‘innocent’ buffer. 

The results reported above represent the first In conclusion, this analysis agrees satisfactorily 
quantitative correlation between proton release with the knowledge that in several oxygen carriers 
and oxygenation for a tertiary Bohr effect. In fact, there is a pH effect on the low asymptote of the 
previous kinetic and equilibrium experiments car- 0, isotherms; it also suggests that the previous 
ried out on fish or human hemoglobin [11,23] statement of a Bohr effect wholly associated with 
pointed out the great difficulty of studying the the quaternary transition, as obtained on the basis 
intrinsic properties of the T and R states in a of kinetic experiments [15], was an oversimplifica- 
system which displays cooperative ligand binding, tion likely due to the difficulties intrinsic to a 
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quantitative comparison of the static and kinetic 
absorbance changes of the unbuffered system, 
without however affecting the dynamic conclu- 
sions reached by analysis of the stopped-flow data 
[lS]. Moreover, the cooperon model [12,13], even 
in its simplest version, appeared perfectly suitable 
to describe quantitatively the interplay among dif- 
ferent ligands in a multimeric protein. The mecha- 
nism of the Bohr effect resulting from such an 
investigation offers a satisfactory picture of the 
whole process and a detailed description of the 
various linkages involved. 
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