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Analyses of low concentration oxygenation curves for apparent Adair constants in which the effects of dimersis ignored 
have been explored using recently determined values of the overall ener,v coupling parameters. For hish affinity systems 
and favorable energy distributions. it is found that the errors in estimated binding free energies may be less than one kcd 
provided the measurement errors are strictly random and of small magnitude. These errors are nevertheless quite substantial 
as compared with the differences between values for the sucassive binding steps. 

1. Introduction 

An extensive body of apparent Adair constants has 
been derived from oxygenation curves determined for 
human hemoglobin using the automatic oxygenation 
technique of Imai [l-S] _ The method is most con- 
veniently adapted for use with dilute hemoglobin 
solutions (e.g. 60 &i heme) where appreciable dimers 
may be present. Since the dimeric species have higher 
oxygen binding affinity than the tetramers of interest 
it is important to evaluate the possible effects of di- 
merit species upon the shapes of measured curves 
and upon estimation of the Adair constants from ex- 
perimental data. In order to do so it is necessary to 
know: (a) the free energies of dimer--tetramer associa- 
tion in both the unliganded and fully oxygenated states 
(their difference being the overallfree energy coupling), 
(b) the partitioning of this coupling energy into parts 
associated with the successive binding steps, and (c) the 
free energy for binding four oxygens onto tetramers. 

In a recent study [6] we explored by numerical 
analysis the resolvability of Adair constants by fitting 
low concentration simulated oxygenation curves to the 
tetramer Adair equation, when the simulations were 
based upon the best available estimate of the total free 
energy coupling, 8 kcal [7,8]. For a wide range of 
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energy distributions (i-e- different ways of partitioning 
the 8 kcal with respect to the binding steps) the estima- 
tion of Adair constants was found to be seriously per- 
turbed by the presence of dimers. The degree of per- 
turbation is highly dependent upon the dimer--tetra- 
mer association constant for fully oxygenated hemo- 
globin, axld the overall oxygen affinity of tetramers 
(item (c) above). In the previous study most of the 
analyses pertained to hemoglobin systems of “medium 
affinity” (i.e. PsO = 15 mmHg) and large oxygenation- 
linked subunit dissociation enerw (8 kcal). 

Recently we have developed a method for accurate 
determination of the total free energy coupling [9] 

and found it to be only 6.3 kcal in 0.1 h¶ Tris HCL, 
0.1 M NaCl, I m&l NaZEDTA, pH 7_4,21S”C (a “high 
affinity” system with PSO = S mm Hg for tetramers). 
Under these same conditions we have succeeded in 
determining the complete set of equilibrium constants 
for oxygen binding and subunit dissociation [ lo,1 I]. 
The free energies are listed in table 1, case I. Since the 
actual free energy coupling has been found to be sub- 
stantially lower than the previous estimates [7,8], it 
seemed likely that a decreased error in estimation of 
Adair constants from oxygenation curves at low con- 
centration would result. Consequently we have invest- 
igated the effects of varying the total free energy coup- 
ling upon these determinations. The results indicate 
that when the energy coupling is below 7 kcal the errors 
in estimation of apparent tetramer binding free energies 
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Table 1 
Free energies used in generating simulated oxygenation curves a) 

case Subunit association 

'A& 4AGz 

I -14.38 -8.05 

II -16.05 -8.05 
III -IS.05 -8.05 
IV -13.55 -8.05 
V -14.38 -8.05 

02 binding to dimers 
- 

A& I 42 

-8.78 -7.97 
-9.20 -8.39 
-8.94 -8-13 
-8.57 -7.76 
-7.99 -7.18 

02 binding to tetramers 

AC4 1 AGz AG43 A‘344 

-6.26 -5.51 -7.56 -7.85 
-6.02 -5.48 -7.46 -8.22 
-6.16 -5.41 -7.62 -7.99 

-6.39 -5.62 -7.51 -7.66 

-5.47 -4.16 -7.3 1 -7.05 

a) Notation used has been defined previously [ 121. ‘AC2 and 4AGz are dimer-tetramer association energies for unliganded and 
fully oxygenated hemogIobin, respectively, and are expressed in kcal/mole dimer. AGz 1 and AC22 are free energies for sequen- 
tial oxygen binding steps to dimer. AG 41 pertain simiktrly to tetramcr. The free energies correspond to equilibrium constants 
uncorrected for statistical factors. 

SAG4i from oxygenation data at CO fl heme do not 
exceed 1 kcal provided the measurement errors are 
strictly random snd of small magnitude. Previous 
conclusions regarding the devastating effects of the 8 
kcal linkage are still valid, and are particularly appli- 
cable to low affinity systems. 

values of the correct (i.e. originally assumed) Adair 
constants k+ and the apparent constant k$‘p derived 
from fitting to the tetramer Adair equation, the devia- 
tion 6AG4i is calculated a~ R T In (k4ifkzp). 

2. Methods 

Simulated oxygenation curves were generated on 
the basis of the generaIized binding equation for the 
dimer-tetramer linkage system [ 121 and were analyzed 
in terms of the tetramer Adair equation. Numerical 
methods for simulation and analysis of oxygenation 
curves were the same as described previously [6] _ 
Values of the free energies used are listed in table 1, 
Case I is the set of experimentally derived energies 
mentioned earlier [IO,1 I]. Cases II-IV represent varia- 
tions in the overall coupling energy while maintaining 
the same fractional partitioning of this energy with 
respect to successive binding steps, the same value of 
4AG2, and the same overall tetramer oxygen binding 
energy (-27.18 k&/4 moles 02). Case V represents a 
Iowered tetramer binding energy (-24 kcal). We have 
also explored the effect of decreasing ‘AC2 so that 
substantially more dimeric species are created. 

3. Results 

Results are expressed in terms of free energies since 
these am generally the quantities of interest. From 

Fig. 1. Effect of hemoglobin concentration on resolvability of 
the successive binding energies for case I (tabIe I) where the 
overall free energy coupting is 6.34 kcal. Oxygenation curves 
were simulated without errors according to the generaIized iso- 

therm which takes into account the dissociation of tetramers in- 
to dimen- Resulting error-free cumes were then analyzed accord- 
ing to the tetramer Ad& equation for apparent Adair constants 
+$P. The deviation in free energy from correct values (listed 
in table 1) plotted above are caIculated as AG,i = RT in (k& 
kyfp) where k4i are the true values. 
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Fig. 2. Effect of overall energy coupling upon resolvability of 
the successive binding energies at a hemoglobin concentration 
of 60 PM heme. The free energy coupling &AC04 reprcscnts 
the difference in subunit dissociation free energy between un- 
liganded and fully liganded species. Values of all energies used 
are listed in table 1 (cases 1-V). 

3-i. Effect of total hemoglobin concentralion (Pt) 

The effect of varying total hemoglobin concentra- 
tion upon resolvability of the Adair constants is shown 

in fig. 1 for the system we have experimentally solved 
(case I, table 1). It can be seen that the errors in bind- 
ing energy do not exceed OS kcal for concentrations 
above approximately 10e4 M heme and that Q1 and 
ku are generaiiy resolved much better than ke2. k43. 
For concentrations of 60 PM the error on kd3 is seen 
to be approximately 1 kcal and to exceed 2 kcal at 
1 &I heme. The variance of the fit shown in fig. 1 is a 

measure of the vstematic errors induced by neglecting 
dimeric species. 

3.2. Effect of overali free energy coupling 

The effect of variations in total coupling energy 

6AGw is shown in fig. 2 for a concentration of 60 pM 
heme. As the coupling energy increases From 5.5 kcal 
to 8 kcal the maximum error in estimated energies is 
seen to increase from 0.5 kcal to 1.5 kcal for this case. 

3.3. Effect of decreas&g affirziry 

When the affinity of tetramers is decreased to 
-24 kcal/4 oxygens, while using the same SAG, of 

6.34 kcal (case V, table 1) the resolvability of Adair 
constants decreases dramatically. The values of 6AG~i 

at 60 PM heme are: 6AG41 = -0.1 kcal, &AG,, = 
-1.5 kcal, 6AG,, = 0.5 kcal, 6AG, = 0.2 kcal. Pre- 
vious calculations have shown the much greater errors 
for such low affinity systems based on 8 kcal overall 
ener,7 coupIing [6]. 

3.4. Variation of ‘AG, 

Similarly when the dimer-tetramer association ener- 
gy is decreased so that more dimers are produced while 
maintaining the same energy coupIing (i.e. ‘ACT2 = 

-13.98 kcal, 4AG2 = -7.64 kcal) the value of FAGJz 
becomes -0.94 kcal (as compared with -0.74 for case 1, 
table 1). 

3.5. Effects of random and systematic errors 

The calculations presented here are based upon 

simuIated oxygenation curves which are error-free (i.e. 
the variance is <lO-““). Consequently the increasing 
variance of fits shown in fig. 1 represent systematic 
errors induced by fitting to a model which does not con- 
sider dimeric species. It should be noted that in the 

neighborhood of 60 &l heme these induced systematic 
errors became quite comparable in magnitude with the 

random measurement errors corresponding to the 
highest precision measurements [l--5]. When measure- 
ment errors are then added to the simulated curves the 

confidence intervals for the tits become substantially 
wider. Any additional systematic errors (e.g. instru- 
mental artifacts) may have the effect of either aug- 

menting or smoothing out the small shape perturba- 
tions arising from the presence of dimeric species. 

4. Conclusions 

Results of this study show that for a hemoglobin 
system undergoing an oxygenation-linked dimer-tetra- 
mer equilibrium the dimer-induced errors to be ex- 
pected in resolving apparent tetramer binding energies 

may be substantially lower than indicated by previous 
calculations. This is a combined consequence of (a) a 

smaller free energy coupling, (b) a higher oxygen affini- 
ty and (cc) a larger free energy for liganded subunit as- 
sociation. The free energy errors are nevertheless quite 
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substantial as compared with the differences between 
values for the successive binding steps. For the experi- 
mental system represented by case I, for example, the 
Wyman interaction energy AGI(= AGu - AGkl) is 
only 2.8 kcal. The Mmiing energies AG4, and AC;,, 
are corrected for statistical factors in this calculation, 

maximizing their difference [l 11. 
The analyses presented here for “high affinity” 

hemoglobin systems, taken together with the previous 
analysis of “medium affinity” cases [6] provide a 
comprehensive picture of results to be expected when 
the dissociated dimers are noncooperative_ This condi- 
tion has been found to be fulfilled by the hemogIobin 
systems analyzed to date [IO,1 l]. 
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