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ABSTRACT: Differential binding curve measurements of carbon monoxide and oxygen binding to human 
hemoglobin Fo under near-physiological conditions (0.1 M NaCl and 15 m M  2,3-diphosphoglyceric acid, 
pH 7.35, and 37 "C) have allowed a detailed description of the binding and linkage between these two gaseous 
ligands. Comparison with human hemoglobin A. under identical solution conditions shows that fetal 
hemoglobin Fo binds oxygen and carbon monoxide with higher affinity than human hemoglobin Ao, but 
with the same cooperativity. Construction of the partition coefficient surface for carbon monoxide and oxygen 
binding reveals a failure of Haldane's laws for both hemoglobins. Linkage graphs are used to explore the 
phenomenological properties of the system. The graphs provide a quantitative description of the mechanism 
of carbon monoxide toxicity on oxygen transport by hemoglobin in vivo and demonstrate striking similarities 
between the functional properties of fetal and adult hemoglobins. 

F e t a l  hemoglobin Fo is the major O2 carrier for the fetus and 
plays an important role in newborns until a few months after 
birth (Bunn & Forget, 1986). It is composed of two QI chains 
identical with those of Hb&' and two y chains that differ from 
the 0 chains of HbAo in 39 residues (Schroeder et al., 1963). 
Notwithstanding its fundamental role in all stages of fetal 
development, little is known about the thermodynamic prop- 
erties of HbFo under physiological conditions and how they 
compare with those of HbAo. In this connection, the study 
of CO and O2 binding to Hb at the heme site provides detailed 
information regarding the fundamental energetics involved. 
These ligands are "identically linked" in the sense defined by 
Wyman (1948), where either ligand, once bound to the heme, 
excludes the binding of the other. This feature greatly sim- 
plifies the analysis of the linkage and provides insights into 
the differences between the two ligands. We have recently 
found conditions that yield high-precision differential binding 
data for both ligands, either separately or in the presence of 
each other (Di Cera et al., 1987a). In the present study we 
apply the same experimental strategy to the analysis of CO 
and O2 binding reactions to HbFo under near-physiological 
conditions and compare the results to those for HbAo. 

MATERIALS AND METHODS 
Experimental Conditions. Hemoglobin Fo samples were 

prepared from umbilical cord blood. The cells were washed 
and lysed, and HbFo was separated on a column of Bio-Rex 
70 (mesh 200-400) equilibrated against 0.050 M phosphate, 
pH 6.50, at 4 OC (Castagnola et al., 1983). The purity of the 
sample (>98% HbFo) was tested by isoelectrofocusing of the 
globin chains (Castagnola et al., 1984). The samples were then 
concentrated under N,, equilibrated against 0.1 M Hepes and 
0.1 M NaC1, pH 7.40, and frozen in liquid N2 until use. After 
thawing, the samples were reduced 4 h at 25 OC under an 
atmosphere of CO in the presence of an enzymatic reducing 
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system (Hayashi et al., 1973). The final solution conditions 
were 1.2 mM heme, 0.1 m Hepes, 0.1 M NaCl, and 15 mM 
DPG, pH 7.36 at 37 "C, for HbF,, and 2 mM heme, 0.1 M 
Hepes, 0.1 M NaCl, and 15 mM DPG, pH 7.35 at 37 OC, for 
HbAo. All components of the enzymatic reducing system, the 
Hepes buffer, and DPG were products of Sigma Corp. The 
pH was precisely adjusted at 37 OC by a special gas-tight pH 
titration apparatus (Spokane et al., 1980). The temperature 
in the apparatus was controlled with a precision of *0.01 OC 
from a water bath regulated by a Tronac, Inc., Model PTC-4 
precision temperature controller. 

Analysis of 0, and CO binding to tetrameric Hb  is faci- 
litated by the use of highly concentrated Hb  samples where 
dissociation into dimers is negligible. In a previous study we 
found that with a saturating amount of IHP (10 mM) a Hb  
concentration of 600 pM heme is high enough to neglect the 
effect of dimers (Di Cera et al., 1987a). This relatively low 
concentration further allowed us to measure the CO binding 
curve to the tetrameric form of Hb within a reasonably short 
time frame (<4 h). However, with the experimental conditions 
of the present study, we have found that, in order to neglect 
dissociation of Hb  tetramers, a higher concentration was re- 
quired. This suggests that IHP and DPG have different effects 
on the dimer-tetramer equilibrium. 

Differential Binding Measurements. Differential binding 
curves were obtained with the thin-layer technique (Dolman 
& Gill, 1978). In this method the solution activity of the 
ligand is precisely defined at each point along the binding curve 
in terms of the partial pressure of the ligand in the gas phase. 
Initially, the Hb  sample was equilibrated with O2 at atmos- 
pheric pressure or CO at 2.5% of the atmospheric pressure. 
Changes in the ligand activity were then obtained by stepwise 
dilutions of the ligand partial pressure with N, gas, by means 
of a dilution valve connected to the gas-tight sample cell. The 
ligand partial pressure xi after the ith stepwise dilution is given 
by 

(1) xi = xoDi 

I Abbreviations: Hb, hemoglobin; metHb, methemoglobin; Hepes, 
N-(2-hydroxyethyl)piperazine-N'-2-ethanesuIfonic acid; IHP, inositol 
hexaphosphate; DPG, 2,3-diphosphoglyceric acid. 
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where xo is the initial partial pressure of the ligand and D is 
a constant dilution factor (in this study D = 0.6972 f 0.0005 
for HbF, and 0.7031 f 0.0006 for H b h ) .  The path length 
of the Hb sample is determined by the thickness of the spacer 
shim used. In this study, due to the high affinity of CO and 
the high heme concentration required, we made especially thin 
stainless steel shims of thickness 7.5 pm (the shim stock was 
a gift from H. Cross Co.) to reduce equilibration time of CO 
with the sample solution to a practical value (3-20 min per 
step). Changes in the fractional saturation of either CO or 
O2 were measured as changes in absorbance with a Cary 219 
spectrophotometer in the Soret region. The percentage of 
metHb as measured by the ratio of absorbances at 578 and 
500 nm in the spectrum of the fully oxygenated molecule was 
less than 2%. 

The thin-layer method is intrinsically an equilibrium tech- 
nique, as verified (1) by the constancy of the absorbance signal 
before and after each dilution step, (2) by its reversibility, and 
(3) by the high reproducibility of experimental results (Gill 
et al., 1987). For each stepwise dilution in the ligand partial 
pressure, the absorbance change is linearly related (Doyle et 
al., 1988) to the change in fractional saturation, so that 

(2) 
Here 0 is the fractional saturation of the macromolecule at  
a given ligand partial pressure, AAT is the absorbance change 
on taking the macromolecule from zero to complete saturation, 
and ti is the geometric mean, ( x ~ + , ) ~ / ~ ,  of the partial pressures 
defining the range of each step. The degree of saturation e 
is equal to the number of ligand molecules bound per mole 
of Hb (X for O2 or Y for CO) divided by 4, the number of 
binding sites. The change in absorbance at each step can be 
assigned to any value of x in the interval from xi  to xi - l .  In 
previous studies (Gill et al., 1987; Di Cera et al., 1987a) AAi 
has been assigned to xi.  The choice of ti  is preferred here 
because the Taylor expansion of eq 2 gives with high precision 
(Di Cera & Gill, 1988) 

U ( t i )  = U T [ ~ ( X , )  - 6Yxi-l)I 

Di Cera et al. 

This relation points out that the thin-layer method allows for 
direct measurement of the binding capacity B2 as a function 
of partial pressure. In the study of chemical binding phe- 
nomena, binding capacity measurements have the same sig- 
nificance as heat capacity measurements in the study of 
thermal transitions and thus reflect fundamental thermody- 
namic properties of the system (Di Cera et al., 1988). 

Data Analysis. The overall equilibrium constant pij is de- 
fined by the reaction M + iX + j Y  - MXiYj, where M 
denotes Hb, X is for 02, and Y is for CO. These quantities, 
which determine the saturation function 8, and the optical 
parameter AAT were estimated by least-squares minimization. 
All experimental points were weighted uniformly and analyzed 
in the form taken experimentally. In the fitting procedure none 
of the parameters were fixed to values that might be estimated 
independently. The absolute minimum of the x2 in the pa- 
rameter space was searched and tested by different starting 
parameter guesses. Convergence was obtained in all cases to 
a unique set of best-fit parameter values. Reparametrization 
of the fitting problem in terms of the roots of the binding 
partition function yielded the same values of x 2  and overall 
equilibrium constants in all cases. The roots have the unique 

The symbol B (Caslon open font) is used in this paper in place of 
the Russian B chosen in the original definition (Di Cera et al., 1988), 
since the Russian B is not one of the characters available to this Journal. 

Table I: Overall Equilibrium Constants (@,,).” Median Partial 
Pressures (p,), and Partition Coefficients (m,)  for O2 and CO 
Binding to HbFo and HbA, 

O2 binding parameters CO binding parameters 
HbFo 

= 0.085 (0.074, 0.098)b Torr-’ BOl = 6.28 (5.61, 7.30) Torr-I 
BZ0 = 0.0019 (0.0016, 0.002) Torr-2 BO2 = 86.2 (73.3, 95.0) Tori2 
Bl0 = 0 (5.3 X 10”) Torr-’ bo3 = 0 (22) Torr-) 
Bo = 8.2 X 10” (7.4 X lo”, 9.0 X b04 = 1 . 1  X lo4 (9880, 

1.2 X lo4) Torr4 
pm = 18.7 (18.2, 19.2) Torr pm = 0.098 (0.095, 0.10) Torr 
U T c  = 0.3219 (0.3195, 0.3251) UT = 0.0967 (0.0956, 0.0975) 
aC = 0.00058 u = 0.00010 

10”) TorrJ 

HbAo 
Bl0 = 0.049 (0.043, 0.053) Torr-’ 
820 = 0.00094 (0.00090, 0.0010) 

= 0 (5.1 X lo-’) Torr-) 

BOl = 3.98 (3.41, 4.19) Torr-I 
boz = 40.8 (37.6, 43.2) Tori2 

603 = 0 (21) Torr-3 
Torr-2 

840 = 1.7 X 10” (1.5 X lo“, 1.9 X 604 = 2766 (2504, 2942) 
10”) Torr4 Torr4 

pm = 27.7 (26.9, 28.6) Torr pm = 0.14 (0.13, 0.15) Torr 
AAT = 0.0436 (0.0412, 0.0478) 

u = 0.00011 
ml = 8ol/Bl0 = 81 (64, 97) 

UT = 0.0900 (0.0821, 
0.0976) 

u = 0.00020 
m2 = (802/820)O.~ = 208 

(219, 194) 
m4 = (b04/&,)o~2s = 201 (190, 210) 

OB, ,  is defined for the reaction Hb + i o z  + j C 0  - Hb(O,),(CO),. 
bValues shown in parentheses represent 67% confidence upper and 
lower limits. CFitted value absorbance change; u is standard error of 
fitted absorbance values. “Partition coefficient ratios, m,, for reactions 
(l/i)Hb(02), + CO = (l/i)Hb(CO), + 02. 

advantage of being almost uncorrelated and thus drastically 
decrease the nonlinearity of the fitting procedure. They are 
calculated in any case to check the reliability of best-fit values 
obtained with other parameterizations where correlation may 
be high. Parameter errors were estimated by F tests at the 
cutoff of one standard deviation (67% confidence). Hew- 
lett-Packard 98 16 and 9000/300 computers were employed 
for all analyses. 

RESULTS 
O2 and CO Binding Curves. The CO and O2 binding curves 

of HbF, and HbAo were measured under identical solution 
conditions and the results for HbF, are shown in Figure la,b 
as differential, or binding capacity, data. The analysis of the 
O2 binding data, in the absence of CO, yields the values for 
the overall O2 equilibrium constants pl0, p2,, D30, and pa. 
Likewise the CO equilibrium constants pol, pO2, 003, and pO4 
are determined from the CO binding curve, in the absence of 
02. From Table I one sees that HbFo has a higher affinity 
than H b b  for both O2 and CO. As found in recent studies 
(Gill et al., 1987; Di Cera et al., 1987a), we observe negligible 
values of p30 and Po3 for both hemoglobins. This result points 
out that, although some structural differences do exist between 
HbA, and HbF, (Frier & Perutz, 1977), the energetic features 
of reactions for O2 and CO binding to these two hemoglobins 
are similar. This similarity is also seen in Figure 2 in the 
comparable distribution of intermediates for O2 and CO 
binding. However the plot of the binding capacity of the two 
ligands, shown in Figure 3,  clearly reveals a substantial dif- 
ference in the shape of the two binding curves, especially at  
low saturation, for both HbFo and HbAo. This observation 
agrees with the results obtained with IHP (Di Cera et al., 
1987a). A quantitative measure of the difference in O2 and 
CO binding is revealed by the partition coefficient mi defined 
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FIGURE 1 : Differential measurements of O2 and CO binding to HbFo 
in the experimental conditions described in the text. The data were 
obtained as changes in absorbance upon stepwise dilutions of the ligand 
partial pressure by means of the thin-layer method. The value E is 
equal to the geometric mean of the initial and final partial pressures 
at each dilution step. Vertical bars are four times the standard error 
of the fit. The best-fit parameter values obtained from analysis of 
the experiments are listed in Tables I and 11. (a) O2 binding curve; 
(b) CO binding curve; (c) 02-C0 competition experiment; (d) constant 
ratio experiment. 
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FIGURE 2: Ligated species fractions of stoichiometric intermediates 
for O2 (a) and CO (b) as a function of the moles of ligand bound 
per mole of macromolecule, using the best-fit values of the ps sum- 
marized in Table I: (continuous line) HbF,; (dotted line) HbAo. 
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FIGURE 3: O2 (A) and CO (0) binding capacity [B = ( l / R T ) ( d x  
8 In x),,,,,] of HbFo in the experimental conditions described in the 
text. The data obtained as shown in Figure la,b were transformed 
according to eq 3 to match the binding capacity curves drawn with 
the best-fit parameter values reported in Table I. The O2 and CO 
binding capacities of HbA, under identical solution conditions are 
shown by dotted lines. 

for the stoichiometric replacement M X i  + i Y  - M Y ,  + i X ,  
normalized by the number of ligands i (see Table I). The ratio 
of the median partial pressure (Wyman, 1964) for O2 and CO 
gives the partition coefficient m4 for the fully ligated molecule. 
The value obtained is 191 for HbF,, and 201 for HbAo, in 
essential agreement with previous work (Roughton, 1970). 
With the values of the other overall Adair constants for both 
O2 and CO, one can calculate the values of m, and m2, cor- 
responding to the singly and doubly ligated molecule. The 
value of m1 is significantly different from m4 for both HbFo 
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Table 11: Binding Parameters for the Competition and Constant 
Ratio Experiments 

Biochemistry, Vol. 28, No. 6, 1989 

competition experiment' constant ratio experimentb 

Di Cera et al. 

combination of CO and 02, were progressively populated, 
eventually leading to the unligated form. The fitting equation 
for this experiment is 
AA(t'i) = 

u T Y [ y ( x i )  - ?(Xj-l)I/4 + mTX[X(xi) - X(Xi-1)1/4 (8) 
Here the different spectral contributions of HbCO (A&) and 
HbO, (AATx) must be taken into account. Measurements at 
the isosbestic point for HbCO and H b 0 2  (where AATY = 
A A T ~  = AAT) simplify eq 8 to 

(9) 
The ratio p = x / y  (see Table 11) remains unchanged in this 
experiment, and therefore the total saturation is given by 

AA(t'i) = u T [ T ( X i )  - T(xi-I)1/4 

E l y  + 2 E g 2  + 3E3y3 + 4E4y4 

1 + E l y  + E g 2  + E3y3 + E a 4  T =  (10) 

where El  = Plop + POI, E2 = PZOP' + PIN + POZ, E3 = &oP3 
+ P2iP2 + Pi&' + 003, and E4 = P40P4 + P3iP3 + P22P2 + Pi$ + Po4. The data are shown in Figure Id. They are a measure 
of the change in the total saturation T = X + ? due to a 
change in the O2 and CO chemical potential, px and py, such 
that the difference py - px is constant. This is because the 
ratio x l y  is constant at any dilution and the partial pressures 
of both gases decrease by the same amount. Analysis of the 
results is summarized in Table 11. The best-fit value of E3 
is zero for both HbAo and HbF,, demonstrating that all the 
triply ligated species, in any combination of O2 and CO, are 
negligible. The proportions of fully ligated species in this 
experiment are in good agreement with those observed in the 
competition experiment, and the equilibrium constants for the 
singly and doubly ligated species match those found in separate 
CO and 0, binding curves. 

Simultaneous Data Analysis. The four types of experiments 
described above must form a self-consistent thermodynamic 
cycle, where the values of the overall equilibrium constants 
/3 determined in different experiments are the same (Di Cera 
et al., 1987a). In a simultaneous fit of all the data possible 
inconsistencies would be revealed. The best-fit values of the 
p ' s  obtained in the simultaneous fit are listed in Table I11 and 
are in excellent agreement with the values determined in the 
separate fits. The parameter p ,  equal to the ratio x l y  in the 
constant ratio experiment, was floated in the simultaneous fit, 
and a value identical with that expected for five dilution steps 
was obtained for both HbAo and HbF,. All parameters en- 
tering the fitting equation for each experiment were floated. 
Different starting guesses were given, and the same minimum 
was reached in all cases. 

As is to be noted in Table 111, the best-fit equilibrium 
constants for forming any of the triply ligated species are found 
to be negliglibly small. Other high-precision studies of oxygen 
binding (Mills et al., 1976; Chu et al., 1984) allow within 
indicated error estimates for the values we find using the 
thin-layer technique. We feel that the derivative measurements 
obtained by the thin-layer method provide data of higher 
precision than can be obtained by the alternative scanning 
approach, which relies upon measurements of total optical 
changes as a function of oxygen concentration determined with 
an oxygen electrode. The thin-layer method also allows use 
of high hemoglobin concentrations, which simplifies the data 
analysis to tetrameric species alone. Moreover, the different 
formulation of appropriate equations for analysis of data ob- 
tained in the respective methods leads to a fundamental dif- 
ference in the nonlinear problem defining the parameters of 
the system. Ratkowsky (1983) has discussed general aspects 
of this problem regarding the influence of specific formulations 

HbFo 
C,  = 724 (652, 802)< 
C2 = 1.9 X los  (1.6 X lo5,  2.1 X 

C, = 2.5 X lo7 (2.1 X lo', 2.8 X 

E ,  = 27.3 (24.6, 31.4) Torr-' 
E2 = 753 (626, 834) Torr-2 

E ,  = 0 (25.3) Torr-) 
105) 

107) 
c4 = 1 . 1  x 109 (1.0 x 109, 1.3 x = 1.9 x 105 (1.7 x 105, 

109) 2.2 X lo5) Torr4 
AAT = 0.4665 (0.4620, 0.4715) AAT = 0.0790 (0.0782, 0.0799) 
u = 0.00053 u = 0.00018 

HbAo 
CI = 847 (753, 932) 
C2 = 2.2 X los (1.9 X los, 2.5 X 

C, = 2.9 X 10' (2.5 X lo7, 3.3 X 

E l  = 17.7 (16.0, 20.2) Torr-' 
E2 = 280 (235, 309) Torr-2 

E ,  = 0 (35.6) Torr-, 
105) 

107) 
c4 = 1.4 x 109 (1 .3  x 109, 1.6 x = 4.7 x 104 (4.3 x 104, 

109) 5.0 X lo4) Torr4 
AAT = 0.1440 (0.1426, 0.1454) A A T  = 0.0367 (0.0363, 0.0371) 

= 0.00024 = o.ooon64 

a Parameters Ci are equal to @4-i,i/040 representing the reactions 
Hb(02)4 + i C 0  = Hb(02)e,(CO)i + io2. bParameters Ei are defined 
in the text following eq 10. <Values shown in parentheses represent 
67% confidence upper and lower limits. 

and HbAo, indicating a failure of Haldane's laws (Haldane 
& Smith, 1897). 

O2-CO Competition Experiment. The equilibria among the 
fully ligated species MX4, MX3Y, MX2Y2, MXY,, and MY4 
can be determined by saturating the molecule with one ligand 
and measuring its replacement through a series of increasing 
relative activities of the other ligand (Wyman et al., 1982; Di 
Cera et al., 1987a). In this experiment Hb was saturated with 
CO at 2.5% Pa (Pa = atmospheric pressure - vapor pressure 
of H20),  followed by dilution with O2 at pressure Pa. At each 
dilution step the CO partial pressure is 

y ,  = yoD' = 0.025PaD' 

xi = x O (  1 - D') = Pa( 1 - D') 

(4) 

(5)  
It is convenient to write the binding partition function (see 
Appendix for details) for this experiment in terms of the fully 
ligated species by taking MX4 as the reference species, so that 

(6) 

and the O2 partial pressure is 

P40X4 + P 3 i X 3 Y  P 2 2 X 2 Y 2  P13XY3  @0a4 

&ox4 
E(x,y)  = 

Upon rearrangement eq 6 becomes 

E ( Z )  = 1 + ClZ + c 2 Z 2  + c3Z3 + C4Z4 (7) 

where c1 = P 3 I l P 4 0 ,  c2 = P22IP40, c3 = P13IP40, c4 = Po41P40, 
and z = y / x .  The differential measurements are shown in 
Figure IC. Analysis of the data according to the finite-dif- 
ference fitting equation (2) yields the C s  summarized in Table 
11. For both hemoglobins these constants are statistical, 
demonstrating that all the fully ligated states from MX4 to 
MY4 are distributed as expected for a noncooperative system. 
This implies that the 02-CO replacement reaction occurs at 
each site independently (Wyman et al., 1982; Di Cera et al., 
1987a). 

The Constant Ratio Experiment. In this experiment H b  
is saturated with a gas mixture of O2 and CO produced with 
0.025Pa of CO and then diluted with pure O2 by using the 
thin-layer dilution valve. After five dilutions all the fully 
ligated species were populated. The gas mixture was then 
diluted with N2 so that all the intermediates, in any possible 
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Table 111: Equilibrium Parameters Determined by a Simultaneous 
Fit of All the Four Experiments Discussed in the Text [Pure O2 
Binding, Pure CO Binding, Competitive Binding, and Dilution at a 
Fixed Ratio (0 )“  of 0, and CO Partial Pressures1 

Cal 

FIGURE 4: Partition coefficient [m = (Y/R)(x/y)] surfaces for CO 
and O2 binding to HbFo (a) and HbAo (b) as a function of CO and 
O2 partial pressures. The surfaces were constructed according to eq 
A8 with the values of the overall equilibrium constants /3 listed in Table 
111. 

upon the bias of error estimates. Simulation studies (Gill et 
al., 1988) show (1) that the formulation used in the analysis 
of the thin-layer results leads to near-Gaussian error distri- 
butions and (2) that fixing a parameter in the fitting equation 
can have a strong influence on the values determined for other 
parameters. These effects might account for the small dif- 
ferences found between the various high-precision studies. 

DISCUSSION 

This study provides a self-consistent set of data for the O2 
and CO binding reactions to HbFo and HbA, and allows for 
quantitative conclusions on the identical linkage between these 
ligands under physiological conditions. We first find that the 
shape of the O2 binding curve for both Hbs is different from 
that of CO and thus that Haldane’s laws do not hold. Second, 
the partition coefficient surface for HbFo, shown in Figure 4a, 
is practically identical with that of HbAo (Figure 4b). One 
sees how the surface changes drastically in going from low to 
high values of x and y .  Only at high saturation is it flat, thus 
implying the validity of Haldane’s laws in this region (Wyman 
et al., 1972; Di Cera et al., 1987a). The thermodynamic basis 

HbFo 
blob = 0.088 f 0.012c Torr-’ 
p20 = 0.0019 f 0.00015 Torr-2 
,530 = 0 f 4.1 X lo-’ Torr-) 
p40 = 8.3 X 10” f 1.1 X 10“ 

pol = 5.32 f 0.88 Torr-’ 
bO2 = 76.2 f 6.6 Torr2 
603 = 0 f 47 Torr-) 
ad = 0.00040 
mlc = pol/filo = 60 f 1 1  
m4 = (&,/p40)0~25 = 184 f 24 

bl0 = 0.051 f 0.002 Torr-’ 
/320 = 0.00099 f 0.00008 Torr2 
bs0 = 0 f 9.1 X 10” Torr-) 
pa = 1.8 x io” f 1.1 x 10-7 

bOl = 3.89 f 0.24 Torr-I 
Po2 = 40.5 f 3.2 Torr2 
bo3 = 0 f 10 Torr-) 
u = 0.00016 
ml = B O ~ / P I O  = 76 f 6 
m4 = (@04/@40)0.25 = 197 & 12 

a p  is equal to the ratio of the O2/CO partial pressures, which re- 
mains constant during the experiment. *bij is defined for the reaction 
Hb + io2 + j C 0  - Hb(02),(CO),, cThe errors on the parameters are 
equal to twice the error estimates provided in the nonlinear least- 
squares minimization procedure. d u  is the standard error of the fitted 
absorbance values. CPartition coefficient ratios, mi, for reactions (1/ 
i)Hb(02)i + CO = (l/i)Hb(CO), + 0,. 

= 9458 f 72.5 Torr4 
831 = 0.0060 f 0.00081 Torr4 
@22 = 1.62 & 0.07 Torr4 

= 209 f 13 Torr4 

,!?21 = 0 f 6.9 X lo4 Torr-’ 
bI2 = 0 f 0.12 Torr-’ 
PI1 = 2.93 f 0.11 Torr2 
P = PO(O~) /PO(CO)  203 f 7 
m2 = (&2/@20)0.5 = 200 f 23 

Torr4 

bo4 = 2734 f 22.7 Torr-‘ 
831 = 0.0016 f 0.00021 Torr4 
@22 = 0.43 f 0.02 Torr4 
PI3 = 57.4 f 3.2 Torr4 

b2’ = 0 f 2.0 X lo4 Torr-) 
bI2 = 0 f 0.06 Torr-) 
,!Il1 = 1.04 f 0.06 Torr2 

m2 = (&,2/&o)0~5 = 202 f 23 

HbA, 

Torr4 

P = P0(02)/P0(c0) = 185 f 9 

I M X 4  

M X 2  __ 
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FIGURE 5: Free energy levels for the identical linkage of CO (y) and 
O2 ( x )  to HbFo calculated from the overall equilibrium constants listed 
in Table 111. The constants were all corrected for statistical factors 
to allow comparison of all levels in terms of intrinsic free energy 
changes. The statistical factors gu for the overall equilibrium constants 
0 are 4!/i9!(4-i-j)!, and the levels shown are equal to -In (Pij/gij). 
$ke reference species M has been assigned the same energy level of 
the standard state corresponding to 1 Torr in the gas phase, and the 
other levels were calculated accordingly. The manifold of the triply 
ligated species cannot be located due to their negligible contribution 
to the ligation process. 

for the failure of Haldane’s laws is revealed by the statistically 
corrected energy levels for the identical linkage between O2 
and CO. These levels are shown in Figure 5 for HbFo. The 
mixed doubly ligated species MXY is more populated than 
expected by a statistical distribution with respect to MXz and 
MY2, so that the energy level of MXY is not equal to the 
average of the energy levels of MXz and MYz. Consequently, 
cooperativity must exist in the CO-O2 replacement reaction 
for the doubly ligated molecule, unlike the case of the fully 
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FIGURE 6: Linkage graph of the number of oxygens bound, x, as a 
function of the CO partial pressure, y ,  at the indicated constant values 
of the O2 partial pressure x :  (a) HbFo; (b) HbAo. 

ligated molecule. The energetic levels of the fully ligated 
species, in fact, are equally spaced. This explains why the CO 
and O2 binding curves are not parallel at low saturation, which 
leads to a failure of Haldane’s laws. The same conclusion holds 
for HbAo. 

The choice of the particular experimental conditions used 
in this study allows one to assess some features of the identical 
linkage between O2 and CO of possible physiological relevance. 
These features are readily displayed by linkage graphs (Wy- 
man, 1984) constructed from the partition function (see Ap- 
pendix for details). The first graph shows the number of 
oxygens bound, X ,  as a function of y ,  the CO partial pressure, 
when the O2 partial pressure x is constant (see Figure 6). One 
observes that an increase of y reduces R as expected; however, 
for low values of x an increase of y leads “paradoxically” to 
an increase of X .  In this domain CO promotes O2 binding. 
As a consequence of the linkage relation eq A5a, there exists 
a domain of y where O2 promotes CO binding. This effect 
in a less comprehensive form was observed by Haldane 76 
years ago on whole blood (Douglas et al., 1912) and is a 
consequence of the cooperative nature of the O2 and CO 
binding curves. The second linkage graph depicts the number 
of oxygens bound, x, as a function of the number of carbon 
monoxides bound, p, while keeping x constant (see Figure 7). 
In the case of HbAo the upper curve is calculated for x = 150 
Torr, the value of O2 partial pressure in the lungs, and the 
lower curve for x = 40 Torr, the value of O2 partial pressure 
in the tissues. One sees how the toxicity of C O  (Le., the 
decreasing difference between these curves) is due to a pro- 

50 /~---1lilill 
0 5 10 15 2 0  25 30 

% HbCO 

FIGURE 7: Linkage graph of the number of oxygens bound, X, versus 
the number of carbon monoxides bound, F, at constant value of the 
O2 partial pressure x as indicated. The difference between the two 
curves yields the arteriovenous gradient for O2 transport from the 
placenta to tissues in the case of HbFo (a) and from lungs to tissues 
in the case of HbAo (b). 

gressive decrease of the arteriovenous gradient for O2 transport 
from lungs to tissues. In the case of HbFo the two different 
O2 partial pressures correspond to the umbilical vein (31 Torr) 
and the umbilical artery (10 Torr) (Dawes, 1976). Figure 7a 
shows that HbFo functions in vivo over a wider saturation 
range than HbAo, which results in a greater amount of O2 
being unloaded to the tissues. Furthermore, the “paradox” 
effect at 10 Torr O2 would likely have a consequence on the 
function of HbFo in vivo, unlike HbAo. This effect would 
increase H b 0 2  with increasing HbCO in the umbilical artery 
upon CO intoxication (lower curve in Figure 7a), making fetal 
blood more sensitive to CO intoxication than adult blood. 
Other linkage graphs can be constructed with the binding 
capacities of O2 and CO, in order to show the effect of one 
ligand on the cooperativity of the other, i.e., linkage of higher 
order (Di Cera et al., 1988). Figure 8 shows how the O2 
binding capacity is drastically reduced by addition of C O  in 
the case of HbFo. The effect observed in the case of HbAo 
is practically identical. The reduction of the O2 binding ca- 
pacity due to an increase in the C O  partial pressure is of 
biological relevance since the binding capacity is a thermo- 
dynamic measure of the efficiency of a macromolecule as a 
carrier. 

In conclusion, the functional properties of HbFo are found 
to parallel those of HbAo. This is indicated by (1) the neg- 
ligible contribution of the triply ligated species, in any com- 
bination of O2 and CO, to the ligation process of both Hbs, 
(2) the comparable O2 and CO binding capacities for the two 
Hbs, and (3) the striking similarity between the extent of 
failure of the Haldane laws for both HbFo and HbAo. This 
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defined by Wyman (1948), where both ligands bind to the 
same site (namely, the heme) and hence either ligand, once 
bound, excludes the binding of the other. In mathematical 
terms this means that the sum i + j cannot exceed 4, the total 
number of heme sites. The binding partition function is given 
by 

4 4-i 

i=Oj=O 
E(x,Y) = C CBijx‘V’ (A3) 

where x and y are the O2 and C O  partial pressures, respec- 
tively. The allowed species are depicted in a triangular array 
as shown: 

FIGURE 8: Linkage graph of the O2 binding capacity of HbFo as a 
function of the O2 and CO partial pressures. The graph was con- 
structed with the values of the overall equilibrium constants listed 
in Table 111. It shows the effect of the identical linkage on O2 
cooperativity, which is reduced upon addition of CO, as seen by the 
decrease of the maximum of the binding capacity. 

suggests that the allosteric mechanism underlying the energetic 
changes of HbFo in its reaction with O2 and C O  must be 
similar to that of HbA, (Di Cera et al., 198713). Nevertheless, 
the fundamental difference in the binding of O2 and C O  to 
the heme site, namely, the intrinsic tendancy of oxygen to bind 
in a bent geometry, while carbon monoxide prefers a linear 
geometry (Moffat et al., 1978), perhaps is the cause for the 
different response of cooperativity seen in both hemoglobins. 
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APPENDIX 
This appendix summarizes the basic thermodynamic prin- 

ciples of the identical linkage theory and the concepts of 
relevance in the discussion of the O2 and CO binding reactions 
to Hb. The principles apply to any system that can be de- 
scribed in terms of mass law binding phenomena (Wyman, 
1984; Di Cera et al., 1988). Although they have been partly 
discussed elsewhere (Di Cera et al., 1987a), they are recon- 
sidered here in expanded form for the sake of self-consistency 
of this paper. 

Identical Linkage Theory. The thermodynamic approach 
to the partitioning of CO and O2 to H b  is based on the 
principles of the “identical linkage” theory (Wyman, 1964). 
For a nondissociating tetrameric macromolecule the binding 
partition function, E,  can be expressed exactly in terms of four 
ligand binding sites as 

E(x) = 1 + P l x  + &x2 + P3x3 + P4x4 (Al)  

where x is the ligand activity and Pi is the overall equilibrium 
constant for the reaction M + iX = MXi (M denotes Hb). 
In the case of gaseous ligands like O2 or CO, x is the ligand 
partial pressure. When both ligands are present, the general 
reaction scheme is 

(‘42) 

where X and Y denote O2 and CO, respectively. The corre- 
sponding overall equilibrium constant for the species with i 
oxygens and j carbon monoxides bound is pi, (Poo = 1). The 
linkage between C O  and O2 to Hb is “identical”, in the sense 
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M + iX + j Y  = MXiYj 

M - M X -  

i‘yxy; MY ,. 
Y 

From eq A3 the number of moles of O2 (X) or C O  (F) bound 
per mole of H b  is obtained by differentiation: 

From the relations above one verifies that + Y I 4. 
Moreover, one can obtain a set of linkage relations such as 
(Wyman, 1948, 1964) 

which can then be used in the construction of linkage graphs 
(Wyman, 1984). The treatment given above can easily be 
generalized to the case of an arbitrary number of binding sites. 

The Binding Capacity. The linkage relations eq A5a and 
A5b involve heterotropic derivatives (Wyman, 1964) and are 
a measure of the interference of the two linked ligands. 
Homotropic cooperativity (Wyman, 1964), on the other hand, 
is a measure of the interactions involving only one type of 
ligand, e.g., O2 or CO. The thermodynamic quantity that 
describes homotropic cooperativity is a partial derivative that 
gives the change in the number of ligands bound per mole of 
macromolecule (X or F) due to a change of the chemical 
potential of the ligand and has been termed the binding ca- 
pacity B (Di Cera et al., 1988). In the case of the identical 
linkage of O2 and CO one has 

where R is the gas constant and T the absolute temperature. 
The binding capacity parallels the heat capacity in thermal 
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phenomena and is related to the Hill coefficient: 

Di Cera et al. 

This quantity is of particular interest in the analysis of binding 
phenomena and has a close connection to differential binding 
measurements (Di Cera & Gill, 1988), as described in the text. 
It leads to a deeper understanding of the underlying reactions 
of the system and gives a quantitative measure of higher order 
linkage between two ligands. 

The Haldane Laws. Haldane proposed two laws regarding 
the binding of CO and O2 to Hb  (Haldane & Smith, 1897). 
The first law says that when hemoglobin is exposed to a 
mixture of the two gases, the ratio of carbon monoxide P to 
oxygen X molecules bound is proportional to the ratio of the 
partial pressures of the two gases = pco; x = PO,) according 
to a constant factor m,  the partition coefficient; that is 

P Y  
X x  
- = m- 

The second law is a consequence of the first one. It says that 
the total saturation T = Y + X is given by 

and is a function of x + my only. According to these laws 
the CO binding curve is expected to be parallel to the O2 
binding curve, the displacement of the two curves being given 
by the constant partition coefficient m. Accordingly, the 
partition coefficient surface derived from eq A8 by plotting 
m versus x and y (or their logarithm) must be flat. These 
predictions can be tested experimentally once the functions 
Y and X are known for any value of x and y .  

T =  P + X =  f ( x + m y )  (A9) 

Registry NO. HbF,-,, 7271 1-30-9; Hb&, 54651-57-9; 02,7782-44-7; 
CO, 630-08-0. 
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