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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, 331-346]. 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, 7098-7102]. 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, 5350-5362]. 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)] 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)]. 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)]. 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

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

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-
methyl)aminomethane (Tris), 0.1 M NaCl, and 1.0 mM di-
sodium ethylenediaminetetraacetate (Na,EDTA), titrated to
pH 7.4 with concentrated HC, at 21.5 °C. 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 uM
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

! 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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FIGURE 1: Geometry of the hemoglobin tetramer molecule with
individual « and @ subunits labeled. Also shown are all possible
intersubunit interactions allowed by first- and second-order free energy
couplings: o8, &', aa, and B8.

et al., 1976; Mills et al., 1976; Valdes & Ackers, 1978). The
purpose in doing the experiments at these low concentrations
was to utilize the hemoglobin concentration dependence as an
additional method of probing the intersubunit interactions
which are altered upon oxygenation. A consequence of this
is that the dimer—tetramer equilibrium and the binding of
oxygen to the dimers must be included in any method of
analysis used to evaluate the oxygen binding properties of the
tetramers from these data sets (Johnson & Ackers, 1977).
This is of particular importance for mutant hemoglobins, such
as hemoglobin Kansas for which as much as 7% of the hem-
oglobin exists as dimers at physiological concentrations within
a red blood cell (Atha et al., 1979).

For the analysis presented here, the original oxygen binding
data were used rather than equilibrium constants derived from
the data, or synthetic data generated from the derived equi-
librium constants. This use of the original data is required
since it allows the least-squares analysis method direct access
to the actual experimental observations and their concomitant
experimental uncertainties. This permits a comparison of
different mechanisms of oxygen binding and different relative
minima of the same mechanism, based on changes in the
variance of the least-squares analysis.

ORDER OF FREE ENERGY COUPLINGS CONCEPT

From X-ray crystallographic studies (Baldwin & Chothia,
1979; Perutz et al., 1969) it is known that upon oxygenation
the hemoglobin tetramer undergoes a structural isomerization
along an interface between two identical o dimers. These
dimers are referred to as «!8! and «?8%. This same nomen-
clature will be used to denote the individual o and 8 subunits
in describing the concept of the order of free energy couplings
(Weber, 1984).

The most general case of the first- and second-order free
energy couplings concept applied to hemoglobin incorporates
10 distinct parameters. Three of these describe the oxygen
binding properties of the dimeric oligomer, six describe the
oxygen binding properties of the tetrameric oligomer, and one
refers to the self-association of the dimers to form tetramers.
In this report, a number of assumptions are made to decrease
the total number of unknown parameters. These are the same
assumptions that were utilized in the original description of
the concept of order of free energy couplings in human hem-
oglobin (Weber, 1984).

In the free energy couplings concept (Weber, 1984) of the
hemoglobin tetrameter there are six possible oxygenation-
sensitive? free energies of interaction between the following
pairs of subunits: '8!, o282, a!6% 28!, aa, and B8. {a'8l,
{a2B3, (o183, {&?BY, {eal, and {86} designate the differences
between unliganded and liganded free energies of interaction
residing at the coresponding intersubunit boundaries. These

2 Oxygenation-sensitive constraints are defined as those constraints
that are altered by the state of oxygenation of hemoglobin. Examples
of these are the o8, &’@, aa, and 88 constraints of the order of free
energy couplings concepts that are altered depending on the state of
ligation of the individual « and g subunits.
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Tabie I: Constraints to Binding with Increasing Ligation for First-
and Second-Order Free Energy Couplings

remaining constraints to binding

subunits

liganded first-order coupling® second-order coupling® g
none 2 (@), 2 {aiBl, laal, 86] 2 {aiB), 2 [aB), [aal, B8] 1
a la'8, (o'}, 186} 2 {a'B, 2 (B, laal, (68} 2
8 (@8, o), faal 2 o), 2 {alf), acd, (88 2
aa (88} 2 [, 2 (o8, {6} !
88 {aa} 2 {8, 2 {o'B), faad 1
o8 faifl) (o8], 2 ('), (o] 2
o {aiB} 2 {a'B, ('@, laal 2
acf 0 «8), (o8, (86} 2
app 0 {8, {a'B), lacd} 2
aaff 0 0 1

2The 2’s in the columns below refer to the number of constraints of
the particular type.
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FIGURE 2: Alterations in intersubunit interactions, as in Table I, for
each of the 10 possible partially and fully oxygenated tetrameric states.
An oxygenated subunit is depicted with an X. The numbers at the
lower left of each of the species denote the statistical degeneracy of
that species.
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are shown diagrammatically in Figure 1. These free energies
of interaction, or thermodynamic constraints, are defined to
exist if neither of the paired subunits is oxygenated. For
first-order free energy coupling, these constraints are released
if either of the paired subunits is oxygenated. For second-order
free energy coupling, the constraints are released when both
of the subunits are oxygenated. Therefore, for these types of
interactions the reference state is defined to be the fully
oxygenated tetramer. In this work, as in the previous work
(Weber, 1984), it is assumed that {o'8!} = {«?6%} and {a'8%
= {?B'}. The free energies of these two types of interactions
are referred to as {&/8} and {8}, respectively, where i is not
equal to j. Table I is a summary of the number of constraints
of each of these types for both first- and second-order free
energy couplings for each of the 10 possible ways to partially
or fully oxygenate the hemoglobin tetramer. Figure 2 shows
these interactions for first- and second-order couplings at each
state of ligation.

Two additional parameters are required to fully describe
the binding of oxygen to tetrameric hemoglobin. These two
parameters, 84, and d45, are the free energies of interaction
of oxygen with the individual « and § subunits in tetrameric
hemoglobin. These composite parameters must include all
interactions within the hemoglobin tetramer that are not
specifically addressed by the {'8'}, {a/8/}, {aa}, and {88} de-
scribed above. More specifically, the 4, and 6,5 parameters
are composites of a large number of interactions, a few of
which are the following: (1) One interaction is the local
chemical affinity of the heme for oxygen. (2) Another type
of interaction includes all constraints, both oxygenation-sen-
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sitive and -insensitive, imposed on the heme by the a- and
B-globins. This would include, for example, the tertiary
structural changes of the individual subunits that occur upon
oxygenation. Another example of this general type of con-
straint is the energy required for the alteration of the salt
bridge that is internal to the 8 subunit but does not exist in
the « subunit (Baldwin & Chothia, 1979; Perutz et al., 1969).
(3) Another type of interaction includes any oxygenation-in-
sensitive constraints imposed along the «!3! interface when
the « and 8 subunits associate to form the o dimers.

Since these two parameters, d,, and 8,4, are actually com-
posites of a large number of different types of interactions,
it is unrealistic to assume that both parameters will necessarily
have the same numerical value. Several recent publications
(Peller, 1982; Weber, 1982, 1983, 1984) have attempted to
link the molecular origin of the asymmetry? of ligand binding
data to functional differences in the o and 8 subunits. It has
also been noted (Nobel, 1983) that the allosteric model of
Monod, Wyman, and Changeux (Monod et al., 1965) predicts
asymmetrical binding isotherms without asymmetry of the
subunits. In light of the possibility of functional differences
in the subunits it is important that 8,, and 8,4 not be required
to have the same meaning or numerical value.

In addition, the numerical values of these parameters, ,,
and 4,4, are dependent on the choice of the reference state.
For example, assume that the deoxygenated tetramer is taken
as a reference state and that it has no intramolecular inter-
actions. The free energy couplings concept would then predict
a series of interactions analogous to {/8%, {8}, {acd, and {88}
that are formed, rather than broken, upon oxygenation. The
numerical values of these free energies of interaction would
be of the opposite sign while 8,, and 6,5 would have signifi-
cantly different values.

The free energy couplings concept presented here requires
six parameters to characterize the binding of oxygen to the
hemoglobin tetramer: {8}, {84, {acd, {86}, b4, and 645 Since
the tetramer has only four oxygen binding sites, its binding
properties can also be completely defined, for a single set of
experimental conditions, by four stepwise Adair binding
constants:* ky;, ks, k43, and k4. Consequently, the translation
of the coupling free energies into Adair constants involves four
equations, one to define each of the Adair constants, with each
equation involving six variable free energies: {8}, {3, {aad,

¥ Asymmetry of ligand binding describes the shape of the ligand
binding isotherm when plotted as bound vs. log ligand concentration. It
does not refer to the structural orientation of the ligands as they are
bound to the hemoglobin tetramer. For a rigorous mathematical defi-
nition the reader is referred to Weber (1982).

* The stepwise Adair binding constants of tetrameric hemoglobin, kg,
are defined as the association constant of the ith oxygen to a tetramer
with { — 1 oxygens already bound. These are sometimes expressed as free
energies, AG;. Analogous terms are used for the dimeric oligomers, k;
and AG;. It should also be noted that the intrinsic free energy changes,
AG,/, are sometimes utilized. The difference between AG,;/ and AGy;
is that the macroscopic constant, AGy;, describes the binding of oxygen
to tetrameric hemoglobin and the intrinsic constant, AG,/, describes the
average affinity of oxygen to an individual chain within the tetramer.
The difference is a redundancy factor that describes the number of ways
that a hemoglobin with / — 1 oxygens already bound can bind an addi-
tional oxygen. For example, since unliganded tetramers can bind oxygen
to four different sites, a redundancy factor of RT In 4 is subtracted from
the macroscopic constant, AG,, in order to calculate the intrinsic con-
stant, AG,,’. For a more complete definition of this particular formu-
lation of these parameters the reader is referred to the literature (Ackers,
1980; Ackers & Halvorson, 1974; Ackers & Johnson, 1981; Atha et al.,
1979; Chu & Ackers, 1981; Chu et al., 1984; Flanagan et al., 1981; Ip
et al., 1976; Johnson & Ackers, 1977, 1982; Johnson et al., 1976, 1984;
Mills & Ackers, 1979; Mills et al., 1976, Pettigrew et al., 1982; Smith
& Ackers, 1983; Valdes & Ackers, 1978).
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{88}, 84, and 845 This implies that there is a large number
of sets of free energies of the thermodynamic constraints that
will map into the same four Adair constants and thus correctly
describe the actual oxygen binding data at a single set of
experimental conditions. Therefore, some additional as-
sumptions must be included to generate a statistically valid
least-squares fit of the actual experimental data to these
concepts (see Results).

Two additional parameters, 8,, and 8,5, pertain to the
properties of the dimeric oligomers and are analogous to the
tetramer parameters, 04, and d,5. These dimer parameters are
composites of a number of the same interactions that are
summed into the corresponding tetramer parameters. It cannot
be assumed a priori that 8,, and 8,5 have the same conceptual
meaning as the respective tetramer parameters or that they
have the same numerical values. Interactions between the o
and 3 subunits could also occur in the dimeric oligomers. It
should be noted that the interactions between a and 3 subunits
of the dimers need not be identical with the «/f interaction
within the tetrameric oligomer. The free energy couplings
concept thus requires three parameters to describe the oxygen
binding properties of the dimeric oligomers. As with the
tetramers, this is more parameters than can be accommodated
by the thermodynamic formulation. However, previous work
[cf. Mills & Ackers (1979)] has shown that the dimeric oli-
gomers bind oxygen noncooperatively. We have therefore
assumed, as Weber did in his report on the order of free energy

~couplings (Weber, 1984), that 6,, is equal to 8,5 and that no

oxygenation-sensitive interactions exist in dimeric oligomers.

The free energy couplings concept does not explicitly include
a formulation of the interactions involved in the dimer to
tetramer polymerization that are not sensitive to oxygenation.
Consequently, a mathematical formulation of the concept
requires that one of the dimer to tetramer free energies of
association be included. We chose °AG,, the free energy to
form deoxygenated tetramers from deoxygenated dimers,
because it has been measured independently under the same
experimental conditions (Ip et al., 1976) as the Mills et al.
data.

MATHEMATICAL FORMULATION

The translation of the thermodynamic concept of order of
free energy couplings into a mathematical formula that de-
scribes (1) fractional saturation as a function of oxygen and
hemoglobin concentration and/or (2) free energy of association
as a function of oxygen concentration requires two types of
information. First, the allowed types of thermodynamic in-
teractions between individual constituents of the molecule must
be explicitly defined. These free energies of interaction are
sometimes referred to as thermodynamic constraints upon the
system. Second, there must be an explicit statement of the
rules by which these constraints are altered during the func-
tional cycle. For the present example the functional cycle is
the oxygenation-deoxygenation of the hemoglobin and its
concomitant subunit dissociation and association. Once the
constraints and rules have been defined, an equation that
describes the fractional saturation with oxygen as a function
of oxygen concentration and protein concentration can be
formulated.

Least-squares techniques are then used to evaluate the
numerical values of the parameters of the free energy couplings
concept that best describe the experimental data. The
least-squares procedure that was used for the estimation of
these parameters from the raw experimental data has been
presented elsewhere (Atha et al., 1979; Johnson, 1983; Johnson
& Ackers, 1977, 1982; Johnson et al., 1976, 1981; Johnson
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& Frasier, 1985) and will not be restated here.

Once the constraints and rules have been defined, as in the
previous section, there are two alternative formalisms that can
be employed to translate the thermodynamic concepts into an
equation describing the oxygen binding data. One approach
uses statistical thermodynamic partition functions (Herzfeld
& Stanley, 1974; Hill, 1960; Johnson & Ackers, 1977; Johnson
et al.,, 1984; Lee & Karplus, 1983; Nobel, 1983; Peller, 1982;
Szabo & Karplus, 1972). The other approach is the procedure
outlined by Weber, based on the differences in the mean Gibbs
energies of hemoglobin species in various oxygenated states
(Weber, 1972, 1975, 1982, 1983, 1984), and will be referred
to as the mean Gibbs energy method. These two methods yield
quantitatively different results that are, in some cases, qual-
itatively similar. Consequently, an analysis of both the first-
and second-order free energy couplings for both methods of
formulation is presented under Results and Discussion.

Both methods of formulating the binding isotherm consist
of a two-step process. In both methods the first step is to
translate the mechanistic parameters of the first- and sec-
ond-order free energy couplings concepts into a set of seven
independent thermodynamic constants of the dimer+tetramer
linkage as depicted in Scheme I. The second step is to utilize
the previously published binding isotherm for these thermo-
dynamic constants (Ackers & Halvorson, 1974).

(A) Linkage Scheme. The ligand-linked subunit assembly
of human hemoglobin A can be described in terms of mod-
el-independent Adair constants (Ackers & Halvorson, 1974)
as shown in Scheme I, where the ‘K, are the equilibrium
constants for the formation of tetramers with 7 oxygens, X;,
bound. The tetramers are formed from the appropriate com-
binations of dimers. K,; and K, are the product (Adair)
binding constants for each stage of ligation. Previous papers
contain more detailed discussion and elaboration of the
properties of the linkage scheme (Ackers & Halvorson, 1974;
Johnson & Ackers, 1977; Johnson et al., 1976; Mills & Ackers,
1979; Mills et al., 1976; Valdes et al., 1978). Here I present
only a brief statement of the relationships to be used in the
analyses.

The mathematical form of the binding isotherm for the
ligand-linked dimer—tetramer association system of Scheme
I is (Ackers & Halvorson, 1974)

) Z) + Z/(\/ Z? + 8K, Z,[P,] - Z,) /(4Z,)
Y2,4 = (1)
Z,+ /2 + ©°K,Z,[P]

Z, =1+ K [X] + Kp[X]? (2)
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Zy = Ky[X] + 2K,[X]? (3)
Zy =1+ Ky[X] + Kp[X]? + Kia[X]? + Kpu[X]* (4)
Zy = Ky[X] + 2K,[X]? + 3K,5[X]® + 4Ku[X]* (5)

[P,] is the total protein concentration in molar heme, °K, is
the subunit association constant to form unliganded tetramers
from unliganded dimers, [X] is the molar oxygen concentra-
tion, and K and K, are the product Adair constants for dimers
and tetramers, respectively. Formulation of any mechanism
for the hemoglobin system depicted in Scheme I consists of
defining the relationships between the parameters of the
particular mechanism and the model-independent phenome-
nological Adair contants of eq 1-5 (Ackers & Johnson, 1981).

It should be noted that eq 2 and 4 are the same as the
binding polynomials formulated by Wyman (1948, 1964). In
this case eq 2 represents a species that can bind two ligands,
and eq 4 is for a species that can bind four ligands. It should
also be noted that Wyman’s binding polynomials and our eq
2 and 4 are the macroscopic analogue of the particular grand
canonical partition functions.

(B) Statistical Thermodynamic Formulation. When oxy-
gen is used as a ligand, the partition function of hemoglobin
tetramers is (Johnson & Ackers, 1982)

E4 = Ezgije_a"/(Rn[X]i (6)
i

where G;; are free energies of the various microscopic con-
figurations of the molecule with / oxygens bound, j is an index
for each distinguishable microscopic configuration of the
molecule with i oxygens bound, and g;; is the statistical de-
generacy. R is the gas constant and T is the absolute tem-
perature. The values of the statistical degeneracies of each
of the distinguishable macroscopic states of ligation are given
in Table I and Figure 2. In eq 6, [X] is the concentration of
the unbound oxygen. The relative probability of each of the
species is given in terms of a Boltzmann distribution of the
free energy of that species. The quantity £,; is a macroscopic
analogue of the grand canonical partition function {cf. Hill
(1960)] for the subsystem comprised of n-mers with i ligands
bound and is defined by

Eni = ?gije_au/(RT) (7)

The relationship between the subsystem partition function £,
and the other system properties is readily seen by noting that
the expression on the right of eq 6 may be written as a sum
of terms in increasing powers of [X], from 0 to 4.

Ey=bgo + E[X] + £o[X]? + £,4[X]3 + £4[X]* (8)

A term by term comparison of this expression with eq 4, which
is a macroscopic analogue of the grand partition function in
terms of product Adair constants, yields

Ky = E4i/bao 9)

Analogous relationships are used for dimers.
Substituting eq 9 into eq 8 yields the partition function in
terms of the product Adair constants:

By =1+ Ky[X] + Ko[X]? + Ki[X]P + K[X]* (10)

The mean number of ligands bound, N,, can be expressed in
terms of the partition function as (Hill, 1960)

N,=dlnE,/d1n [X] (11)

Applying the transformation, eq 11, to eq 10 yields the
well-known Adair equation:

4 4
N, = ;me'[X]i/(l + §K4i[xli) =7Z//Zy (12)
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Table II: Intrinsic AG,; Values from Literature References
Mills et al. (1976) Chu et al. (1984)

0AG, ~14.38 £ 0.2 -14.35 % 0.1
AGy’ -8.38 + 0.28 -8.35 + 0.1
AGyy -8.38 & 0.21 -8.35 £ 0.1
AG -5.45 % 0.21 ~5.43 % 0.11
AGy -5.28 + 0.54 ~5.54 + 1.3
AGyy ~7.80 £ 0.63 -6.96 % 1.1
AG,y -8.65 + 0.42 ~9.16 % 0.35
o? 2.25 X 107 1.70 x 107

4Corresponds to a 1 standard deviation confidence interval.

Within the framework of these relationships, the remaining
requirement is to evaluate the free energy G,; of each micro-
scopic configuration of tetramers or dimers. These are
evaluated as the sum of all of the thermodynamic interactions
within a given distinguishable species relative to the reference
state.

The resulting values of K,; and K,; and the value of °K,
derived from the independently measured °AG, are then
utilized with eq 1-5 to evaluate the fractional saturation of
hemoglobin as a function of oxygen and hemoglobin concen-
tration.

(C) Mean Gibbs Energy Formulation. The first step in this
formulation, which is the method used by Weber (1984), is

to calculate a mean Gibbs energy AG, at each state of ligation.
For tetramers, these are defined as

Z_6:' = LGg,e %/ RD /¢, (13)
J

where Gy;, g, and &, are as defined in the statistical ther-
modynamic formulation. The macroscopic Adair constants
for the binding of oxygen to tetramers are then evaluated as

K, = e"(8GraGy/(RT) (14)

Analogous relationships are used for dimers. As with the
statistical thermodynamic formulations, the values of X,; and
K, are used in conjunction with °K;, to evaluate the fractional
saturation of oxygen.

(D) Comparison of the Formulations. The statistical
thermodynamic formulation and the mean Gibbs energy
formulation are identical if, and only if, the hemoglobin tet-
ramer can exist in only five possible configurations: unli-
ganded, single liganded, double liganded, triple liganded, and
fully liganded. If it is possible for multiple distinguishable
configurations of the hemoglobin tetramer with a particular
degree of ligation to exist, then the two formulations average
these multiple configurations differently. The formulation of
the concepts of first- and second-order free energy couplings
involves two distinguishable singly liganded species, four
distinguishable doubly liganded species, and two distinguish-
able triply liganded species (see Table I and Figure 2). As
a consequence, the mathematical descriptions of the binding
isotherm are different for the two formulations.

RESULTS AND DISCUSSION

Table II presents the intrinsic free energy changes that
define the binding of oxygen to stripped hemoglobin A as
derived from the two sets of previously published oxygen
binding and kinetic observations (Chu et al., 1984; Mills et
al,, 1976). Weber used the free energy changes reported by
Mills et al. (1976) in his analysis of the order of free energy
couplings in human hemoglobin (Weber, 1984). In the present
report the original oxygen binding data as a function of hem-
oglobin and oxygen concentration is used in conjunction with
9K,. Using the actual data makes it possible to include the
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experimental uncertainties of the data into the analysis of the
order of free energy couplings. The confidence intervals of
the derived free energy changes, as presented in Table II,
embody a complex cross-correlated average of the experimental
uncertainties of the actual data and as such are extremely
difficult to treat correctly in an analysis that fits parameters
to these equilibrium constants rather than actual data.

As previously noted, the mathematical description of the
first- and second-order free energy couplings concepts consists
of ten adjustable parameters: six parameters that describe the
binding of oxygen to the tetrameric oligomer of hemoglobin,
three parameters that describe the binding of oxygen to the
dimeric oligomer, and a constant to describe the dimer—tet-
ramer association. The previous model-independent thermo-
dynamic analysis (Ackers & Halvorson, 1974) indicates that
the linkage between oxygen binding and polymerization can
be completely described by the seven free energy changes
presented in Table II. Thus, of the ten parameters needed to
formulate the free energy couplings concepts only seven are
independent. As noted in the description of the model, two
of these parameters can be eliminated by the assumption that
the dimers bind oxygen noncooperatively: AG,, = AGy,.
However, an assumption is still required to map uniquely the
six parameters describing the order of free energy couplings
for the binding of oxygen to tetrameric hemoglobin into the
four Adair constants. When reasonable values for two of the
parameters are assumed, the remaining four parameters can
be estimated by the least-squares procedure.

The X-ray crystallographic structures (Baldwin & Chothia,
1979) of liganded and unliganded hemoglobin tetramers yield
information that can be used for assumptions about two of the
six parameters. First, in both the liganded and unliganded
structures the interactions between the « and 3 subunits of
the «'B' and «4? dimers appear to be identical. As a con-
sequence, | have assumed, as Weber (1984) did, that the
parameter {3} has a value of 0. Second, in both the liganded
and unliganded structures the two 8 subunits are not in
physical contact with each other. It is therefore reasonable
to assume that the interaction free energy between the two
£ subunits, the {33} free energy change, is 0. The least-squares
parameter estimation procedure is then used to evaluate the
remaining parameters that will best describe the experimental
data, subject to the stated assumptions. To demonstrate that
second-order free energy coupling is consistent with the actual
experimental data, all that is required is that one set of pa-
rameters be found that allows the second-order free energy
coupling to fit the raw experimental data to within the same
precision as the first-order free energy coupling and the original
thermodynamic analysis in terms of Adair constants.

Table III presents an analysis of the Mills et al. (1976) data
by both formulations of the first- and second-order free energy
couplings concepts. For these analyses the values of °AG,, 65,
and 4,5 were taken to be the values that gave the lowest
variance from the thermodynamic analysis in terms of Adair
constants (see Table IT). It is apparent that all four of these
calculations yield the same variance and cannot be distin-
guished on that basis. It should also be noted that the free
energies corresponding to the Adair constants, AGy;, that are
calculated from these analyses are in agreement with each
other and with the model-independent thermodynamic pa-
rameters.

To demonstrate that the above conclusions are not de-
pendent on a specific set of data, these four analyses were also
performed on the set of data presented by Chu et al. (1984).
As above, all four calculations (Table IV) resulted in as good
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Table III: Free Energies (kcal/mol) of the First- and Second-Order Constraints from Analysis of the Mills et al. (1976) Data

mean Gibbs energy

statistical thermodynamic

first order

second order

first order

second order

Fitted Parameters

Derived Parameters?

I -8.37 (-8.22, -8.50) -4.07 (-3.15, —4.55)
d4s -8.37¢ -6.33 (-6.30, -6.36)
{aad ~2.01 (-1.64, -2.36) 3.22 (2.29, 4.86)
{8aY 0.00 0.00

ol By 0.00 0.00

{3} ~2.08 (-1.97, -2.17) 1.64 (1.59, 1.74)
o? 2.46 X 10 2.46 X 107

AG,/ -5.42 -5.47

AG,y -6.10 -5.78

AGyy -6.61 -7.11

AGy -9.18 -8.94

-9.36 (-9.27, ~9.45)

-9.36¢

-3.01 (-2.63, -3.36)
0.00
0.00

-3.57 (~3.49, -3.64)
2.48 X 1078

-5.39
-6.22
-6.33
-9.36

~2.98 (~2.74, -3.19)
-5.87 (~5.84, -5.91)
4.13 (3.40, 4.99)

0.00

0.00

2.73 (2.50, 2.97)
2.46 X 1075

~-5.47
-5.78
-7.11
-8.94

99AG,, AGy, and AG,, were assumed to be the thermodynamic values presented in Table II. *The numbers in parentheses correspond to a 1
standard deviation confidence interval. These are present only for the parameters that were actual fitting parameters. ¢ Assumed to have the same

value as 8,,. ¢Assumed values; see text for reasons for the assumptions.

Table IV: Free Energies (kcal/mol) of the First- and Second-Order Constraints from Analysis of the Chu et al. (1984) Data

mean Gibbs energy

first order

second order

statistical thermodynamic

first order

second order

Fitted Parameters

bas -9.07 (~8.70, =9.69)° -3.41¢ -9.74 (-9.34, -10.11) -1.58 (-0.16, -2.33)

84 ~9.077 -6.28 (-6.27, —6.29) -9.744 -5.87¢

{aa) -3.75 (-3.02, -4.97) 3.14 (2.62, 3.68) -4.33 (-3.44, -5.17) 3.87 (3.60, 4.06)

{8g1° 0.00 0.00 0.00 0.00

{algt 0.00 0.00 0.00 0.00

{o'f} -2.78 (-2.41, -3.40) 2.21 (1.95, 2.48) -3.83 (-3.48, -4.15) 4.09 (3.26, 5.65)

ot 1.28 X 1073 1.33 X 107% 1.24 x 107% 1.28 X 1073
Derived Parameters®

AGy’ -5.47 -5.45 -5.51 -5.47

AG,y -~5.78 =5.77 -5.63 ~-5.75

AG4y -5.83 -6.32 -6.10 -6.03

AG, -9.88 -9.41 -9,74 -9.71

29AG,, AGy;, and AG,, were assumed to be the thermodynamic values presented in Table II. ? Assumed values; see text for reasons for the
assumptions. ‘The numbers in parentheses correspond to a 1 standard deviation confidence interval. These are presented only for the parameters
that were actual fitting parameters. ¢ Assumed to have the same value as é,,. ¢ The parameters from this fit were so highly cross-correlated that it

was impossible to evaluate a reasonable confidence interval.

a variance as the original thermodynamic analysis (Table II),
and predicted, within the experimental uncertainties, the same
values of the AG,’s as the thermodynamic analysis. The
results of these analyses are shown in Table IV,

Based solely on the Mills et al. and Chu et al. data sets, the
order of free energy coupling could be either first or second
order since there is no basis to assign a priori values to the
parameters. However, on the basis of information other than
the actual Mills et al. and Chu et al. data, it might possibly
be argued that the values of the composite parameters d,, and
045 are unrealistically small for second-order free energy
coupling. If additional information is to be employed to
distinguish first-order from second-order free energy couplings,
then the entire body of experimental information pertaining
to the oxygenation of human hemoglobin must be considered.
There are at least three experimental observations that are
difficult, if not impossible, to reconcile with either the first-
or the second-order free energy coupling concept.

First, the model of Monod, Wyman, and Changeux (Monod
et al., 1965) is inconsistent with the order of free energy
couplings concept. However, from the X-ray crystallographic
structures (Baldwin & Chothia, 1979; Perutz et al., 1969) it
is known that hemoglobin undergoes at least a two-state
transition similar to what is described by the Monod, Wyman,
and Changeux model (Monod et al., 1965). This inconsistency
could be interpreted as indicating that neither first- nor sec-
ond-order free energy coupling is capable of describing the

multistate structural transition that is known to exist in hem-
oglobin (Noble, 1983).

If it is assumed that the values of 8,,, 8,4, 84,, and 844 are
all equal, then another inconsistency is introduced. It is an
experimental observation that the last oxygen binds to the
tetrameric oligomer with a higher affinity than the oxygens
that bind to the dimeric oligomer. This phenomenon is called
“quaternary enhancement” (Chu et al., 1984; Johnson et al.,
1984; Mills & Ackers, 1979; Valdes & Ackers, 1978). This
phenomenon is evident in the model-independent thermody-
namic parameters presented in Table II. The only way to
accommodate this phenomenon into the order of free energy
couplings concept is to assume that é,, is not equal to §,,
and/or that d,4 is not equal to 8.

A recent paper has experimentally resolved the cooperative
free energy of oxygen binding at each of the 10 ligation states
of human hemoglobin (Smith & Ackers, 1985). This work
has shown that the hemoglobin tetramer functions as a
“combinatorial switch” when it is “ligated” by conversion into
the cyanomet form (Fe**CN). The functional cycle of this
combinatorial switch is inconsistent with both first- and sec-
ond-order free energy couplings. It should be noted that CN
and O, are not the same ligand so this inconsistency is only
indicative rather than a disproof of the concepts of first- and
second-order free energy couplings.

In conclusion, it has been shown that the second-order free
energy coupling concept (Weber, 1984) is consistent with the
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original oxygen binding data. Therefore, the assertion that
the first-order free energy coupling concept is the only possible
mechanistic description of the functional cycle of human
hemoglobin (Weber, 1984) is not justified.

Registry No. Hemoglobin A, 9034-51-9; O,, 7782-44-7.

REFERENCES

Ackers, G. K. (1980) Biophys. J. 32, 331-346.

Ackers, G. K., & Halvorson, H. R. (1974) Proc. Natl. Acad.
Sci. US.A. 71, 4312-4316.

Ackers, G. K., & Johnson, M. L. (1981) J. Mol. Biol. 147,
559-582.

Asher, S. A, Adams, M. L., & Schuster, T. M. (1981) Bio-
chemistry 20, 3339-3346.

Atha, D. H., Johnson, M. L., & Riggs, A. F. (1979) J. Biol.
Chem. 254, 12390-12398.

Baldwin, J., & Chothia, C. (1979) J. Mol. Biol. 129, 175-220.

Chu, A. H., & Ackers, G. K. (1981) J. Biol. Chem. 256,
1199-1205. ‘

Chu, A. H., Turner, B. W., & Ackers, G. K. (1984) Bio-
chemistry 23, 604—617.
Eisenberger, P., Shulman, R. G., Kincaid, B. M., Brown, G.
S., & Ogawa, S. (1978) Nature (London) 274, 30-34.
Flanagan, M. A., Ackers, G. K., Matthew, J. B., Hanania,
G. I. H, & Gurd, F. R. N. (1981) Biochemistry 20,
7439-7449.

Herzfeld, J., & Stanley, E. H. (1974) J. Mol. Biol. 82,
231-265.

Hill, T. L. (1960) Introduction to Statistical Thermodynam-
ics, Addison-Wesley, Reading, MA.

Ip, S. H. C., Johnson, M. L., & Ackers, G. K. (1976) Bio-
chemistry 15, 654—660.

Johnson, M. L. (1983) Biophys. J. 44, 101-106.

Johnson, M. L., & Ackers, G. K. (1977) Biophys. Chem. 7,
77-80.

Johnson, M. L., & Ackers, G. K. (1982) Biochemistry 21,
201-211.

Johnson, M. L., & Frasier, S. G. (1986) Methods Enzymol.
(in press).

Johnson, M. L., Halvorson, H. R., & Ackers, G. K. (1976)
Biochemistry 15, 5363-5371.

Johnson, M. L., Correia, J. J., Yphantis, D. A., & Halvorson,
H. R. (1981) Biophys. J. 36, 575-588.

VOL. 25, NO. 4, 1986 797

Johnson, M. L., Turner, B. W., & Ackers, G. K. (1984) Proc.
Natl. Acad. Sci. US.A. 81, 1093-1097.

Koshland, D, E., Nemethy, G., & Filmer, D. (1966) Bio-
chemistry 5, 365-385.

Lee, A. W., & Karplus, M. (1983) Proc. Natl. Acad. Sci.
U.S.A. 80, 7055-7059.

Mills, F. C., & Ackers, G. K. (1979) Proc. Natl. Acad. Sci.
US.A. 76, 273-2717.

Mills, F. C., Johnson, M. L., & Ackers, G. K. (1976) Bio-
chemistry 15, 5350-5362.

Monod, J., Wyman, J., & Changeux, J.-P. (1965) J. Mol. Biol.
12, 88-118.

Nobel, R. W. (1983) Nature (London) 304, 190.

Olson, J. S., Andersen, M. E., & Gibson, Q. H. (1971) J. Mol.
Biol. 246, 5919-5923.

Peller, L. (1982) Nature (London) 300, 661-662.

Perutz, M. F. (1970a) Nature (London) 228, 726-734.

Perutz, M. F. (1970b) Nature (London) 228, 734-739.

Perutz, M. F., Muirhead, H., Mazzarella, L., Crowther, R.
A., Greer, J., & Kilmartin, J. V. (1969) Nature (London)
222, 1240-1243.

Pettigrew, D. W, Romeo, P. H., Tsapis, A., Thillet, J., Smith,
M. L., Turner, B. W., & Ackers, G. K. (1982) Proc. Natl.
Acad. Sci. US.A. 79, 1849-1853.

Russu, I. N., Ho, N. T., & Ho, C. (1983) Biochemistry 22,
5031-5043.

Smith, F. R., & Ackers, G. K. (1983) Biophys. J. 41, 415a.

Smith, F. R., & Ackers, G. K. (1985) Proc. Natl. Acad. Sci.
US.A. 82, 5347-5351.

Szabo, A., & Karplus, M. F. (1972) J. Mol. Biol. 72, 163-197.

Valdes, R., & Ackers, G. K. (1978) Proc. Natl. Acad. Sci.
US.A.75,311-314.

Viggiano, G., & Ho, C. (1979) Proc. Natl. Acad. Sci. U.S.A.
76, 3673-3677.

Viggiano, G., Ho, N. T., & Ho, C. (1979) Biochemistry 18,
5238-5247.

Weber, G. (1972) Biochemistry 11, 864—878.

Weber, G. (1975) Adv. Protein Chem. 29, 1-83.

Weber, G. (1982) Nature (London) 300, 603—607.

Weber, G. (1983) Nature (London) 304, 190.

Weber, G. (1984) Proc. Natl. Acad. Sci. U.S.A. 81,
7098-7102.

Wyman, J. (1948) Adv. Protein Chem. 4, 407-531,

Wyman, J. (1964) Adv. Protein Chem. 19, 223-286.



