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Thermodynamic Analysis of Human Hemoglobins in Terms of the Perutz 
Mechanism: Extensions of the Szabo-Karplus Model To Include Subunit 
Assembly? 
Michael L. Johnson* and Gary K. Ackers 

ABSTRACT: The stereochemical postulates of Perutz for the 
mechanism of hemoglobin [Perutz, M. F. (1970) Nature 
(London) 228,726-7391 have been formulated into a statistical 
thermodynamic model. The model is based on that of Szabo 
and Karplus [Szabo, A., & Karplus, M. (1972) J.  Mol. Biol. 
72, 163-1971 but has been extended to include the properties 
of dissociated dimers in equilibrium with tetramers. The 
dissociation eliminates the ala2 intersubunit contact which is 
the major site of ligand-linked structure change. The model 
quantitatively describes the coupling between binding of ox- 
ygen and protons in dimers and tetramers, the change in 
quaternary structure, and the breaking of salt bridges which 
are assumed to stabilize the deoxy quaternary structure. The 
extended model has been tested against an extensive series of 
recent experimental data from our laboratory and elsewhere 

x e  elegant structure work of Perutz et al. on the deoxy and 
ligated forms of hemoglobin (Perutz et al., 1968, 1969; Bolten 
& Perutz, 1970) led him to propose a mechanism of cooper- 
ativity in which various parts of the molecule act as a system 
of levers (Perutz, 1970a,b; cf. Perutz, 1976, 1979, for recent 
reviews). This mechanism prescribes a set of specific rules 
for the transmission of stereochemical effects between the 
oxygen-binding heme sites and a set of oxygenation-sensitive 
salt bridges which link subunits of the tetrameric structure. 
The rules also prescribe a rationale for the Bohr effect based 
on a small number of ionizable groups. 

The Perutz mechanism has been found consistent with many 
of the observed properties of normal and abnormal hemoglo- 
bins and is presented in several textbooks as the definitive 
solution to the problem of hemoglobin function (cf. Stryer, 
1981; Cantor & Schimmel, 1980). Critical testing of this 
theory, however, has awaited the development of more accurate 
and sensitive techniques and of more extensive experimental 
data reflecting physical properties of hemoglobin at the in- 

+ From the Diabetes Research and Training Center and Department 
of Pharmacology, University of Virginia, Charlottesville, Virginia 22908, 
and the Department of Biology and McCollum-Pratt Institute, The Johns 
Hopkins University, Baltimore, Maryland 21218. Received April 21, 
1981. This work has been supported by Grant PCM 78-97582 from the 
National Science Foundation and Grants GM 24486, GM 28928, 
AM22125, and GM 26894 from the National Institutes of Health. 

0006-2960/82/0421-0201$01.25/0 

on the ligand-linked dimer-tetramer assembly in normal hu- 
man hemoglobin A and in the variant hemoglobin Kansas 
(j3102 Asp - Am). Two versions of the model were used 
which differ in the properties of the dissociated dimers. For 
both hemoglobins, the models were found capable of simul- 
taneously describing the data on the ligand-linked dimer- 
tetramer assembly and predicting the tetramer Bohr effect. 
However, neither model predicted reasonable values for the 
tetramer Bohr effect without simultaneously predicting un- 
reasonable values for the affinities of individual chains. Both 
models incorrectly predict preferential binding of oxygen to 
the CY or j3 chains within the tetramer. These results argue 
against the Perutz mechanism for the molecular processes of 
hemoglobin. 

termediate states of oxygenation. Recent studies using the 
techniques of EXAFS (Eisenberger et al., 1976, 1978), reso- 
nance Raman (Nagai et al., 1978), and NMR spectroscopy 
(Viggiano & Ho, 1979; Russu et al., 1980) have provided 
critical tests of certain aspects of the Perutz mechanism. 
Thermodynamic information provides a basis for testing certain 
other aspects. In the present study, we have analyzed recent 
thermodynamic results for normal human hemoglobin and for 
the variant hemoglobin Kansas (j3102 Asp - Asn) in terms 
of quantitative models which embody the proposals of Perutz 
regarding the roles of salt bridges and ionizable Bohr groups. 

The Perutz mechanism is based upon the following as- 
sumptions: (a) The tetramer exists in either of two quaternary 
structures with no intermediate forms. (b) The unliganded 
tetramer has greater stability than the oxygenated molecule 
due to the energies of additional bonds which consist of salt 
bridges across the alp2 interface. (c) The heme iron moves 
into the plane of the porphyrin ring upon oxygenation, acting 
as a trigger for the tertiary structure change in the respective 
a or j3 chains. (d) The tertiary structure changes of the chains 
lead to the breaking of the intersubunit salt bridges and also 
of two intrasubunit salt bridges within the p chains. (e) The 
Bohr effect originates in the ionization of two sets of groups 
associated with salt bridges which are broken upon oxygena- 
tion. Within the context of these assumptions, the Perutz 
mechanism defines a set of specific rules (to be discussed) for 
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