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ABSTRACT: The concept of free energy couplings has been extensively used in studies of the ligand-linked 
subunit assembly of oligomeric proteins such as human hemoglobin A [cf. Ackers, G. K. (1980) Biophys. 
J .  32, 33 1-3461. Recently, the concept of “order” of free energy couplings has been introduced as a description 
of the number of protein subunits that must be liganded to effect changes in intersubunit interactions [Weber, 
G. (1984) Proc. Natl. Acad. Sci .  U.S.A. 81,7098-71021. That report utilized the concept of order of free 
energy couplings to analyze a set of previously published equilibrium constants derived from data pertaining 
to the chemical equilibrium between oxygen and stripped hemoglobin A [Mills, F. C., Johnson, M. L., & 
Ackers, G. K. (1976) Biochemistry 15, 5350-53621. The Weber report claims to have “unequivocally” 
demonstrated that the coupling between oxygenation and subunit assembly in hemoglobin A is “first order”. 
In the present report, it is demonstrated that free energy couplings of both the first and second order are 
capable of describing the original oxygen binding data. 

A large amount of information regarding structural changes 
within human hemoglobin that accompany oxygenation has 
been provided by X-ray crystallographic studies [cf. Baldwin 
& Chothia (1979) and Perutz et al. (1969)l as well as X-ray 
absorption fine structure spectroscopy (Eisenberger et al., 
1978), resonance Raman spectroscopy (Asher et al., 1981), 
and NMR spectroscopy (Russu et al., 1983; Viggiano & Ho, 
1979; Viggiano et al., 1979). In addition, ligand binding 
studies have provided a knowledge of the free energy changes 
that are concomitant with the oxygenation-deoxygenation 
cycle [cf. Ackers (1980), Ackers & Halvorson (1974), Ackers 
& Johnson (1981), Chu et al. (1984), Flanagan et al. (1981), 
Johnson & Ackers (1982), Mills & Ackers (1979), Mills et 
al. (1976), Pettigrew et al. (1982), and Smith & Ackers 
(1985)l. The combination of these findings imposes stringent 
constraints on the nature of the structural and thermodynamic 
interactions responsible for cooperativity in human hemoglobin. 

A number of “models” of cooperativity of oxygen binding 
to hemoglobin have appeared in the literature [cf. Ackers & 
Johnson (1981), Herzfeld & Stanley (1974), Johnson & 
Ackers (1982), Johnson et al. (1984), Koshland et al. (1966), 
Lee & Karplus (1983), Monod et al. (1965), Perutz (1970a,b), 
Szabo & Karplus (1972), and Weber (1972, 1982)l. Some 
of these models have been explicitly formulated to include the 
linkage between subunit assembly and oxygen binding (Ackers 
& Johnson, 1981; Johnson & Ackers, 1982; Johnson et al., 
1984). Recently, Weber (1984) claimed to have demonstrated 
that the concept of a first-order free energy coupling’ is 
necessary and sufficient to describe the Linkage between subunit 
assembly and oxygen binding in human hemoglobin A. 
However, a number of the literature models are capable of 
predicting the same equilibrium constants that Weber used 
for his demonstration and at  the same time are inconsistent 
with the concept of first-order free energy coupling (Ackers 
& Johnson, 1981; Johnson & Ackers, 1982; Johnson et al., 
1984; Lee & Karplus, 1983). The purpose of this report is 
to demonstrate that second-order free energy coupling is also 

‘This work was supported by Grants AM-22125 and GM-28928 from 
the National Institutes of Health. 

0006-2960/86/0425-0791$01.50/0 

capable of describing the original oxygen binding data. The 
oxygen binding data employed for this demonstration are the 
same data that were used to evaluate the equilibrium constants 
(Mills et al., 1976) that Weber (1984) subsequently used to 
assert that free energy coupling in human hemoglobin is first 
order. 

EXPERIMENTAL DATA EMPLOYED 
Two independent sets of previously published data were used 

in this study (Chu et al., 1984; Mills et al., 1976). Both sets 
represent the binding of oxygen to stripped human hemoglobin 
A as a function of both hemoglobin concentration and oxygen 
concentration. In addition to the oxygen binding data, each 
of these sets of data includes an independent evaluation of the 
dimer to tetramer association constant for both oxygenated 
and deoxygenated hemoglobin. The actual experimental 
conditions for both data sets were 0.1 M tris(hydroxy- 
methy1)aminomethane (Tris), 0.1 M NaCl, and 1.0 mM di- 
sodium ethylenediaminetetraacetate (Na2EDTA), titrated to 
pH 7.4 with concentrated HCl, at 21.5 OC. The “Mills et al. 
data” were used to evaluate the equilibrium constants that 
Weber subsequently used to describe the order of free energy 
couplings. The other data set will be referred to as the “Chu 
et al. data”. 

In both of these sets of data the binding of oxygen was 
measured as a function of oxygen concentration at a range of 
hemoglobin concentrations. For example, the range of protein 
concentration in the Chu et al. data was from 4.5 to 382 pM 
heme. It has previously been shown that at these low con- 
centrations of hemoglobin a significant fraction of the oxy- 
genated hemoglobin will occur as dimers while the deoxy- 
genated hemoglobin will exist predominantly as tetramers 
(Ackers & Halvorson, 1974; Johnson & Ackers, 1977; Johnson 

I The order of free energy coupling refers to the number of hemo- 
globin subunits that must be liganded in order to induce an alteration in 
the free energy of interaction between the specific subunits. It does not 
refer to a specific sequence of adding ligands to the hemoglobin tetramer. 
See Order of Free Energy Couplings Concept for a more complete de- 
scription. 
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