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Oxygenation-Linked Subunit Interactions in Human Hemoglobin: 
Experimental Studies on the Concentration Dependence of 
Oxygenation Curves? 

Frederick C.  Mills, Michael L. Johnson,t and Gary K. Ackers* 

ABSTRACT: An experimental study on the concentration de- 
pendence of oxygenation curves for human hemoglobin has 
been carried out between 4 X lop8 M heme and 5 X M 
heme in 0.1 M tris(hydroxymethyl)aminomethane hydro- 
chloride, 0.1 M NaCI, 1 m M  disodium ethylenediaminete- 
traacetic acid, p H  7.4,21.5 O C .  With decreasing hemoglobin 
concentration the curves show pronounced shifts in position 
and shape, consistent with dissociation of tetrameric hemo- 
globin into dimeric species of high affinity and low coopera- 
tivity. Combination of these data  with independently deter- 
mined values of dissociation constants for unliganded and fully 
liganded hemoglobin permits a resolution of the seven pa- 
rameters necessary to define the linked binding and subunit 
association processes. The  total oxygenation-linked subunit 
dissociation energy (6.34 kcal) was resolved into intersubunit 
contact energy changes between (YO dimers in tetrameric he- 
moglobin which accompany binding of the first, middle two, 

Formula t ion  of a detailed mechanism for hemoglobin action 
must ultimately depend upon establishing correlations between 
structural and energetic transitions which accompany the 
successive oxygen binding steps. At  the present time there 
exists little information in either of these areas compared with 
what will eventually be required to establish a definitive theory 
for the mechanism of cooperativity and regulation in human 
hemoglobin. Knowledge of the thermodynamic states assumed 
by the tetrameric molecule during the cycle of oxygenation- 
deoxygenation is of particular importance since the very con- 
cept of cooperativity (Le., change in binding free energy with 
degree of ligation) is a thermodynamic one. Detailed ther- 
modynamic information provides a necessary guide to assessing 
mechanistic relevance of structural data  since appreciable 
rearrangements in atomic coordinates may be accompanied 
by only minor net free energy transitions and vice versa (cf. 
Lumry, 1971; Weber, 1975). 

Cooperative interactions between remote ligand binding sites 
in tetrameric human hemoglobin must be transmitted across 
contact regions’ separating the subunits containing such sites. 
Studies on the kinetics and thermodynamics of dissociation 
processes affecting those contact regions may therefore provide 
information on the nature and energetics of the subunit in- 

+ From the Department of Biochemistry, University of Virginia, 
Charlottesville. Virginia 22901. Receiued April  26, 1976. Supported by 
National Science Foundation Grant BMS 74-24507 and United States 
Public Health Service Grant GM-14493. * Recipient of United States Public Health Service Postdoctoral Fel- 
lowship AM03201. 

’ It is recognized here that the intersubunit “communication” may be 
direct, or may be mediated indirectly through shifts in distributions of 
preexisting conformational states. 
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and last oxygen molecules. The resolution is accurate to within 
approximately f 0 . 3  kcal. To within this limit the isolated di- 
mers are  found to bind oxygen noncooperatively and with the 
same affinity as  isolated cy and /3 chains. Equally good fits to 
the data are obtained when dimers are slightly anticooperative. 
At least three major energetic states are  apparently assumed 
by hemoglobin tetramers, with respect to the alp2 contact 
region, corresponding to (a)  unliganded, (b) singly liganded, 
(c) triply and quadruply liganded species. The results do not 
establish whether these states may be assumed by a single 
molecule, or whether they arise as averages over a distribution 
of conformational states. They do provide unequivocal evidence 
against a concerted transition a t  any particular binding step 
in a system with only two energetic states of tetramer (i.e., an 
all or none switchover between T and R states a t  a particular 
binding step). 

teractions involved. Of particular interest is the determination 
of changes in intersubunit contact energy’ and the corre- 
sponding changes in energy for binding ligand a t  each suc- 
cessive step. By comparing these quantities it is possible to 
establish what fraction of the cooperative energy is reflected 
at  each step within the intersubunit contact region. Funda- 
mental thermodynamic characterization of this type provides 
important constraints which must be met by any models pur- 
porting to explain the mechanism of action of hemoglobin. 

The contact region of primary interest in the present study 
is that separating cy]P’  and a2p2 dimer pairs within the tetra- 
mer. It is this contact plane where the major changes in qua- 
ternary structure are inferred from x-ray analysis to occur upon 
oxygenation (Perutz, 1970; Perutz and Ten Eyck, 1971). This 
is also the contact plane where noncovalent bonding interac- 
tions are destroyed upon dissociation of the tetramer into di- 
meric species in dilute solution near neutral p H  (Rosemeyer 
and Huehns, 1967; Soni, 1973; Hewitt et al., 1972). Deter- 
mining the energetics of hemoglobins with specific structural 

The term “contact energy” wil l  be used here to denotc the bonding 
strength between a specified pair of subunits (each subunit m a y  be <I 

combination of polypeptide chains, e.g., an CY@ dimer). Operationall) it 
equals the free energy for dissociation of the complex into i t a  constituent 
subunit species. A bond of this type will in general arise from a combination 
of many microscopic interactions within the region of contact between thc 
subunits, and will also contain contributions attributable to wlvc‘nt  i n -  
teractions. These microscopic contributions to thc bond may chanpc i n  
strength, number, or kind, in response to conformational perturbation5 
associated with changes in environmental conditions, or with ligand binding 
at sites remote from the region of contact between subunits. I t  i \  thcsc 
changes that we are  interested in measuring. The term “contact encrgl“ 
is thus a useful term for grouping energies of intersubunit interaction u hich 
contribute to the strength of association between subunit pair\. 




