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Analysis of Linkage Functions for Constituent Energy Terms? 
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ABSTRACT: Resolution of the linkage functions between ox- 
ygenation and subunit association-dissociation equilibria in 
human hemoglobin into the constituent microscopic terms has 
been explored by numerical simulation and least-squares 
analysis. The correlation properties between parameters has 
been studied using several choices of parameter sets in order 
to optimize resolution. It is found that, with currently available 
levels of experimental precision and ranges of variables, neither 
linkage function can provide sufficient resolution of all the 
desired energy terms. The most difficult quantities to  resolve 
always include the dimer-tetramer association constant for 
unliganded hemoglobin and the oxygen binding constants to  
cup dimers. A feasible experimental strategy for overcoming 
these difficulties lies in independent determination of the 

I t  has been recognized for some time that subunit dissociation 
studies may provide an effective means of probing intersubunit 
contact energy changes which accompany cooperative ligand 
binding in human hemoglobins and a number of experimental 
studies have been aimed toward this goal (Anderson et al., 
1970; Kellett, 1971; Gilbert et al., 1975; Thomas and Edelstein, 
1972, 1973; Ip e t  al., 1976; Williams and Kim, 1975; Ackers 
et al., 1976). The dissociation properties of hemoglobin tet- 
ramers into dimers are  linked to the ligand binding reactions 
of those species so that an important manifestation of subunit 
dissociation is the concentration dependence of oxygenation 
curves. Recent technical developments (Imai et al., 1970; Imai, 
1973) have greatly increased the feasibility of experimentally 
studying this important linkage function. Such a study is de- 
scribed in the previous paper (Mills et  al., 1976). Progress is 
also being made in the development of more sensitive tech- 
niques capable of directly studying subunit dissociation of 
partially liganded hemoglobins in dilute solution (Crepeau et 
al., 1974; Williams, 1976; Ackers et al., 1976). Although 
subunit dissociation is not of physiological interest per se, 
studies of dissociation are  of great value in relating changes 
in the intersubunit contact energies to functional properties 
of hemoglobin tetramers (Noble, 1969; Thomas and Edelstein, 
1972; Weber, 1972; Ackers and Halvorson, 1974; Ip et al., 
1976). They provide a means to  explore the ways in which 
cooperative interactions between remote binding sites a re  ex- 
pressed as energetic constraints across subunit contact 
planes. 
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dimer-tetramer association constants for unliganded and fully 
oxygenated hemoglobin. These constants, in combination with 
the median ligand concentration, provide an estimate of the 
energy for total oxygenation of tetramers which is essentially 
independent of the other constituent energies. It is shown that 
i f  these separately determinable parameters are  fixed, the re- 
maining terms may be estimated to good accuracy using data  
which represents either linkage function. In general it is de- 
sirable to combine information from both types of experimental 
quantities. A previous paper (Mills, F. C., Johnson, M.  L., and 
Ackers, G. K .  (1 976), Biochemistry, 15, the preceding paper 
in this issue) describes the experimental implementation of this 
strategy. 

Recently a model-independent linkage analysis has been 
formulated, delineating the thermodynamic relationships 
between oxygenation and subunit dissociation equilibria in 
hemoglobin (Ackers and Halvorson, 1974). In that study some 
preliminary numerical analyses were carried out to explore the 
sensitivity of the linkage functions to various ways of distrib- 
uting the oxygenation-linked subunit interaction energy with 
respect to the sequential binding steps. 

I n  the present study we have investigated, by numerical 
analysis, the problem of actually resolving all the relevant 
energy terms from the experimentally determinable linkage 
functions vs. [P,] (Figure 1) and IK2 vs. [XI (Figure 2). 
Numerical analysis provides considerable insight into the re- 
quirements of experimental design which must be implemented 
to extract the desired information. Since the parameters to be 
estimated are not statistically independent, it is of critical 
importance to establish the conditions under which a particular 
set of derived energy terms will be reliable. In the previous 
paper (Mills et al., 1976) we presented an experimental study 
which provides a complete resolution of the energy distribution 
problem for human hemoglobin under one set of conditions. 
The analyses described in this paper provide the background 
necessary to the interpretation of that study. 

Since the relationships between energy terms obtained under 
many sets of conditions and for different hemoglobins (e.g., 
mutants and chemically modified species) may ultimately be 
more important than their actual values, we are  mainly con- 
cerned a t  this stage with generating the capability (both ex- 
perimentally and analytically) of studying a variety of hemo- 
globin systems rather than with the determination of a par- 
ticular set of energy terms pertaining to any one set of condi- 
tions. Accordingly, we present results of detailed analyses on 
an illustrative case which is relevant to real hemoglobin sys- 
tems, and which embodies the general features and conclusion 
of a much larger class of possibilities. It is recognized that 
saturation curves, F, as a function of protein concentration, 
[P,], and macroscopic dimer-tetramer association constants, 
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