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1t is commonly believed that the tetrameric Adair constants for oxygen binding to human hemoglobin can be evaluated from a single
oxygenation experiment at ‘high’ hemoglobin concentration without considering the consequence of the presence of af dimers. We
present examples which demonstrate that this is a very dangerous assumption. Without a knowledge of the complete oxygenation-
linked dimer-tetramer association reaction (aBX;« (aB),X,), it is impossible to predict a priori how high of a hemoglobin
concentration would be required to make this assumption. Furthermore, without a knowledge of the complete oxygenation-linked
dimer-tetramer association reaction, it is impossible to predict a priori the direction and magnitude of the systematic errors which are

induced by making this assumption.

1. Introduction

Hemoglobin is probably the most widely
studied of all proteins which show cooperativity.
Hemoglobin has been used extensively for mecha-
nistic and model studies of cooperativity (e.g., see
refs 1-9) because of the large amount of experi-
mental data which is available. As a consequence
of these mechanistic and model studies, even more
experimental data has become available.

In a number of these studies [1-9], it has be-
come obvious that the ability to distinguish be-
tween mechanistic models is dependent upon the
evaluation of highly accurate Adair binding con-
stants. The level of discrimination required in
current work requires that the free energy changes
for the successive oxygen-binding steps be
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evaluated to within a few tenths of a kcal /mol
[7-9]. The determination of accurate Adair bind-
ing constants is dependent on precise experimen-
tal data and its correct interpretation. The correct
interpretation of the experimental data requires
that all of the assumptions of the method of data
analysis be met.

The most commonly used method of analysis
for oxygen-binding data is nonlinear least-squares.
Nonlinear least-squares analysis is a two-step pro-
cess. First, the parameter values (Adair constants)
with the highest probability of being correct are
evaluated [10,11} and second the statistical confi-
dence (standard error) of these parameters must
be evaluated [7,10-12]. One of the assumptions
which must be made in order to utilize nonlinear
least-squares to evaluate parameter values is that
the functional form of the equation which is used
to describe the data is correct {10]. It is impossible
to predict a priori how much systematic error will
be introduced into a parameter value (Adair con-
stant) by using an incorrect formulation [10].
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The theoretical [13] and experimental [14-18]
demonstration of the linkage between oxygen
binding and dimer-tetramer subunit assembly in
human hemoglobin A, (aBX; «» (aB),X;) is well
documented. This work [13-18] has demonstrated
that seven equilibrium constants are required to
describe the oxygen-binding behavior of human
hemoglobin if only the oxygen concentration is
varied, i.e., in the absence of allosteric effectors.
Of these seven equilibrium constants, two describe
the oxygen-binding behavior of the af dimer of
hemoglobin, four describe the oxygen-binding be-
havior of the (af), tetramer of hemoglobin and
one describes the dimer-to-tetramer subunit as-
sembly of the hemoglobin [13].

It is commonly believed that the reason the
seven-parameter formulation was used [3-7,9-17)],
instead of the more convenient four-parameter
Adair formulation [19,20], is that it was required
because the oxygen-binding curves were measured
at very low hemoglobin concentrations. In actual-
ity, the experiments were designed such that the
oxygen-binding curves were measured at very low
hemoglobin concentration so that the protein-con-
centration-dependent linkage between subunit as-
sembly and oxygenation binding would provide
two dimensions (hemoglobin and oxygen con-
centration) to probe the mechanism of cooperativ-
ity in hemoglobin, It was correctly assumed that
the measurement of oxygen binding as a function
of both oxygen and hemoglobin concentration
would provide a better resolution of the problem.
This improved resolution is analogous to that
which is obtained with two-dimensional electro-
phoresis or two-dimensional NMR.

It is also commonly believed that the tetrameric
Adair constants can be evaluated from a single
oxygenation experiment at ‘high’ hemoglobin con-
centration. In the early 1970’s it was assumed that
60 uM heme was sufficient [21-25). It was subse-
quently demonstrated [26] that this value was in-
sufficient. It is currently assumed by some labora-
tories {27] that 600 pM heme is sufficiently high.
Other laboratories have used somewhat higher val-
ues (1-2. mM heme), but still assume that they
have used a hemoglobin concentration which is
sufficient to remove the contribution of af dimers
[28].

There are two purposes of this work. First, to
review the advantages of using the complete
seven-parameter linkage between ligand binding
and subunit assembly. Second, to demonstrate
that it is impossible to assume a priori that the
hemoglobin concentration is sufficient to allow
the use of the four-parameter tetramer Adair for-
mulation for the analysis of hemoglobin-oxygen
binding data.

2. Methods

Hemoglobin A, is known to undergo a reversi-
ble dimer (af) to tetramer ((aB),) association
reaction which is linked to the degree of oxygena-
tion of both the dimeric and tetrameric species
[13]. These reactions are shown schematically in
fig. 1. The stepwise Adair constants for dimer and
tetramer and the dimer-to-tetramer assembly con-
stants are defined by this scheme.
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Fig. 1. The seven-parameter oxygenation-linked dimer, aB, to
tetramer, (af3),, reaction scheme as defined by Ackers and
Halvorson [13]. The ‘Kzs are the subunit assembly constants to
form a tetramer with (i ligands bound. The k,;5 and k ;s
denote the stepwise Adair constants for binding oxygen to
hemoglobin dimers and tetramers, respectively.
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The seven-parameter binding formulation is:

)1/2 _ Zz}

Vu= {2+ |2i{(2} + K, Z,[R]
><(4Z4)“]}

x{z,+ (2} + 401(224[3])1/2}_l (1)

where
zZ,=1+ K21[Xl + Ky [X]2 (2)
Z; =K, [X] + 2K, [X]2 (3)
Zy =1+ Kg[X] + Koo [X] + Ko [X] + Ku[X]*
' (4)
Z; = Ko[X] + 2K [X] + 3K [X]" + 4K [X]*
(5)

where K,; and K,, are the product Adair con-
stants for oxygen binding to the af dimer, Ky,
K, K4 and K4, the tetrameric product Adair
constants, K. » the dimer-tetramer association con-
stant (af <> (af),) at zero oxygen concentration,
[X] the oxygen concentration, and [Pt] the heme
concentration. The product constants are defined
in terms of the stepwise constants as:

Kn=kn (6)
Ky =knky (N
Ky=kag (8)
Ko =kaks (9)
Ky =kakpka (10)
Ky =kakakakag (11)

For a more complete description of these equa-
tions, the reader is referred to the paper of Ackers
and Halvorson [13].

The four-parameter Adair formulation is:

Y,=Z,/4Z, (12)

The ‘induced systematic errors’ are evaluated
as:

8AGy; = RT In(Ky; oo/ Kai) (13)
8Ag, =RT ln(k4i,app/k4i) (14)

where k,; and K,; denote the actual stepwise and
product tetramer Adair constants and the sub-
script app refers to the values determined by the
use of the four-parameter tetramer Adair formula-
tion.

Simulated oxygenation curves were generated
on the basis of the hemoglobin-concentration-de-
pendent seven-parameter oxygen-binding formula-
tion (eqs 1-5) [13], and were analyzed by a nonlin-
ear least-squares procedure [10] in terms of the
four-parameter tetrameric Adair formulation (eq.
12) [19,20]. By comparing the results with the
initial values, we can directly evaluate the sys-
tematic errors (egs 13 and 14) which were induced
by the use of the incorrect fitting equation.

Each simulated data set had 50 data points
which were equally spaced and encompassed a
range of fractional saturation from 0.0 to 0.99.
These data were simulated to approximate the
data which are obtained with an Imai-type
oxygenation apparatus [3-7,9,13-17,21-25]. How-
ever, the conclusions which we present are a func-
tion of the form of eqs 1-5 and 12, and conse-
quently are common to all types of oxygenation
instruments.

3. Results

The objective in this section is to evaluate how
much systematic error is induced in the values of
the tetramer Adair binding free energies by the
use of the tetramer Adair formulation (eq. 12) at
less than infinite concentration. Unfortunately,
this can be solved for specific values of the linkage
free energies, and distributions of oxygen and
hemoglobin concentrations, but not for the gen-
eral case. Furthermore, it is virtually impossible to
evaluate the induced systematic errors at all possi-
ble values of the free energy changes due to the
number of possible permutations.

Consequently, we decided to evaluate the.in-
duced systematic errors for two specific cases from
the literature; hemoglobin A, [17] and hemo-
globin Kansas [16]. The Kansas equilibrium con-
stants [16] in table 1 were evaluated from a data
set which contained nine separate oxygen titra-
tions (332 data points) at hemoglobin concentra-
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Table 1
Seven-parameter linkage constants

The values for hemoglobin A were taken from ref. 17; the
experimental conditions were 0.1 M Tris, 0.1 M NaCl, 1.0 mM
Na,EDTA (pH 7.4) at 21.5°C. The equilibrium constants for
hemoglobin Kansas were taken from ref. 16; the experimental
conditions were 0.05 M Tris, 0.1 M NaCl, 1.0 mM EDTA (pH
7.5) at 20°C,

Hb A Hb Kansas
Ky 3.09%10¢ 1.93%x10°
Ky 2.39x10% 6.00x 10"
Kq 4.26%10* 8.44%10*
K4z 8.22x10° 1.50%10°
Ky 7.96 % 10" 1.43x 10"
Kas 1.24x10% 2.07x10"
%%, 440101 1.59 %10

tions ranging from 6.24 mM heme down to 0.362
pM heme, a gel permeation determination of the
dimer-to-tetramer association constant for the fully
liganded hemoglobin (*K,), and a kinetic de-
termination of dimer-to-tetramer association con-
stant for the unliganded hemoglobin (°K,). The
hemoglobin A, equilibrium constants presented
by Chu et al. [17], and listed in table 1, are
actually composite values for five pH 7.4 data
sets; one published in ref. 17, one in ref. 14, and
three complete data sets which were measured by
Mills and Ackers [15]. Each of these hemoglobin
A, data sets contains multiple oxygen titrations at
different hemoglobin concentrations and indepen-
dent determinations °K2 and “K,. The two sets of
equilibrium constants (table 1) were measured un-
der nearly identical solvent conditions, but repre-
sent two different hemoglobins, studied at two
different laboratories. Furthermore, Atha et al.
[16] used both the Imai cell and the Gill cell to
perform the oxygen titrations, while Chu et al. [17]
obtained data with the Imai cell.

In the first example, sets of synthetic data were
generated at a series of different hemoglobin con-
centrations utilizing the seven equilibrium con-
stants given in ref. 17 and using eqs 1--5. Each of
these data sets was then analyzed by nonlinear
least-squares [10] according to eq. 12 to obtain a
set of ‘apparent’ Adair binding constants. We
then compared the apparent free energy changes
for each of the oxygenation steps of the tetramer

3 Hb A,

o
»

o
o

4"

FREE ENERGY CHANGE
o
'S

2
0.000I

0.001 0.01 Q.
HEME
Fig. 2. The induced systematic error for hemoglobin Ay [17].
Some of the values are listed in table 2. These were evaluated
as in table 2 by the use of eq. 13.

at each of the hemoglobin concentrations with the
value which was used to generate the data. The
difference between these numbers is a direct mea-
sure of the systématic errors induced in tetramer
Adair parameters by the use of the incorrect four-
parameter Adair formulation (eq. 12). A plot of
the differences of the free energy changes corre-
sponding to K4, K4, K43 and Ky, is shown in
fig. 2. The values of the induced systematic errors
at 1.0 and 3.0 mM are also listed in table 2. The
largest induced systematic error at 1.0 mM heme
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Fig. 3. The induced systematic error for hemoglobin Kansas
[16). Some of the values are presented in table 3. This was
evaluated as in table 2 by the use of eq. 13.
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Table 2
Induced systematic errors for hemoglobin A,

The 84G,;s are the induced systematic errors in the free energy
changes which correspond to the tetrameric product Adair
constants. The 84g,;s are the induced systematic errors in the
free energy changes which correspond to the tetrameric step-
wise Adair constants. ¢? denotes the variance which was
induced by the use of the incorrect functional form for the
nonlinear least-squares data analysis, i.e., eq. 12. The units of
hemoglobin concentration are molar hemoglobin monomers
(heme).

[Heme]
1.0 mM 3.0mM
8AG41 - 0.07 -0.04
8AG,, —-0.26 -016
84G,, 0.14 0.07
8AG -0.06 -0.03
84842 -0.19 -0.12
CSA 843 0.40 0.23
84844 -0.20 -0.10
o? 1.11x1077 3.84x107%

is 0.40 kcal/mol and 0.23 kcal/mol at 3.0 mM
heme.

In the second example we utilized the equi-
librium constants for hemoglobin Kansas reported
by Atha et al. [16]. The resulting plots of the

Table 3
Induced systematic errors for hemoglobin Kansas

The 8AG,;s are the induced systematic errors in the free energy

changes which correspond to the tetrameric product Adair

constants. The 84g,,s are the induced systematic errors in the
frec energy changes which correspond to the tetrameric step-
wise Adair constants. ¢? denotes the variance which was
induced by the use of the incorrect functional form for the
nonlinear least-squares data analysis, i.e., eq. 12. The units of
hemoglobin concentration are molar hemoglobin monomers
(heme).

[Heme]

1.0 mM 3.0 mM
8AG,, 0.02 0.01
84G,, -0.24 -0.15
84G,, -0.22 014
SAG,, —0.48 =029
84%4 0.26 0.16
84843 -0.02 -0.01
8884 0.26 0.15
o? 9.74%x10~8 3.96x1078

induced systematic errors for hemoglobin Kansas
are given in fig. 3 and the values at 1.0 and 3.0
mM heme are given in table 3. The largest sys-
tematic error is 0.48 kcal/mol at 1.0 mM heme
and 0.29 kcal /mol at 3.0 mM heme.

4. Discussion

Originally, the choice was made to utilize the
subunit dissociation because it was felt that the
hemoglobin concentration would provide a better
resolution of the oxygen-binding properties of hu-
man hemoglobin A . In retrospect, it is clear that
the approach which was taken by Ackers and
co-workers [3-7,9,13-15,17,26] and others [16] has
a number of advantages. These include:

(1) Better resolution.

(2) Ability to combine multiple types of experi-
ments.

(3) More flexible choice of parameters.

(4) Inability to predict how ‘high’ a concentration
is needed to neglect dimer formation.

The use of the full linkage scheme (eqs 1-5)
clearly offers more resolution than the tetramer
Adair formulation (eq. 12). It does involve more
parameters and is more complex, however, it also
aliows the use of multiple binding curves at differ-
ent hemoglobin concentrations as well as kinetic
and equilibrium data which pertain to the subunit
assembly reactions. For example, the Kansas equi-
librium constants [16] in table 1 were evaluated
from a data set which contained nine separate
oxygen titrations at hemoglobin concentrations
ranging from 6.24 mM heme down to 0.362 pM
heme, a gel permeation determination of the di-
mer-to-tetramer association constant for the fully
liganded hemoglobin, and a kinetic determination
of dimer-to-tetramer association constant for the
unliganded hemoglobin. The variation in the he-
moglobin concentration adds an additional di-
mension of resolution to the study of hemoglobin
cooperativity. This is analogous to the use of
two-dimensional vs one-dimensional electrophore-
sis and/or the use of two-dimensional vs one-di-
mensional NMR. o

An example of the use of the added resolvabil-
ity provided by the use of the linkage scheme (fig.
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1) is presented in the Ackers and Johnson [3]
extension of the concerted (MWC) model [1] to
include ligand-linked subunit assembly in human
hemoglobin. In the simplest version of this ex-
tended model, the dimer is equivalent to half of an
R-state tetramer. This simplest version of the ex-
tended model was found to be excluded unequiv-
ocally by data for both hemoglobins A, and
Kansas when the a and S chains have equal
binding affinities. When this two-state model was
modified to permit nonequivalent affinities for the
chains, the model could describe the hemoglobin
Kansas data but not that of hemoglobin A,. A
more complex model, in which the dimers are
allowed to exist in a state different from either the
R-state or T-state tetramers, was found to be
consistent with the data for hemoglobin A,. It
would have been nearly impossible to make these
observations about the model-dependent relation-
ship of dimer and tetramer binding properties
without having data which reflects the properties
of both dimeric and tetrameric species and the
interaction between them.

The original pH 7.4 data of Mills et al. [14], the
three additional pH 7.4 data sets of Mills and
Ackers [15], the five temperature-dependent data
sets of Mills and ‘Ackers [29], the six pH-depen-
dent data sets of Chu et al. [17], and the hemo-
globin Kansas data set of Atha et al. '[16] all
contain multiple types of experimental measure-
ments in addition to oxygen-binding data using an
Imai cell. All of these sets of data include an
evaluation of the fully oxygenated dimer-to-tetra-
mer association conmstant, ‘K,, measured by gel
permeation column chromatography. All of the
data sets include a kinetic determination of the
dissociation and association . rates for the un-
liganded dimer-to-tetramer reaction. The Kansas
data combines oxygen-binding data from both an
Irhai cell and a Gill cell [16). The combination,
and consistency, of these different types of experi-
ments add a significant amount of information to
the data ‘sets, more than sufficient to offset the
additional parameters required by the lmkage
scheme (fig. 1).

When using the four-parameter Adair formula-
tion the choice of parameters is restricted to either
the k,s, the. K s, or their corresponding free

energy changes. The reader will note that ten
equilibrium constants are defined in the dimer-to-
tetramer linkage scheme (fig. 1), but only seven of
these are independent. This provides considerable
flexibility in the choice of parameters to be esti-
mated by the nonlinear least-squares procedure.
Consequently, parameters can be chosen because
they are of particular interest, or allow assump-
tions to be made and tested, or can be measured
mdependently For example, Mills et al. [14] chose
to use Kz, K2 and K,, which then defines K,
because of the cyclic nature of the scheme. Both
K2 and I(2 are measured independently. The
dimeric species were assumed to be noncooper-
ative which, because of the cyclic nature, defines
k,, and k,,. They chose the ratio of Kz/lK2 asa
fitting parameter which defmcs K, (and ky).
They chose the ratio of Kz/ ‘K, as a fitting
parameter which defines k4. The choice of the
ratio of Kz/ ‘K, is also of particular interest
because it is directly proportional to the
quatemary enhancement effect’ {15]. If the ratio
of Kz/ K, is significantly different from 2 (a
statistical factor) then the quaternary enhance-
ment effect [15] exists. This effect is currently of
great interest in the literature [7-9]. By making the
quaternary enhancement effect a fitting parame-
ter, the investigators were able to carry out direct
evaluation of the parameter and the associated
statistical confidence (standard error). This is again
an example of how a data set which includes data
pertaining to the dimeric species’ properties can
provide information which is difficult if not im-
possible to obtain by other methods. The last
parameter which Mills et al. [14] used was the
square root of k.. The square root was used to
ensure positive values for k,; and k ;. The reader
should note that the parameter set chosen by Mills
et al. [14] is only one of a large number of possible
parameter sets.

Fig. 2 and table 2 show the expected systematic
errors in the evaluation of the tetrameric Adair
constants if a oxygen binding experiment were
performed on hemoglobin A, at 1.0 and 3.0 mM
heme, under  specific solution conditions, and
analyzed by the tetramer Adair formulation (eq.
12). It is expected that the free energy to bind the
third oxygen will contain a systematic error of
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0.40 kcal/mol at 1.0 mM, and 0.23 kcal/mol at
3.0 mM heme. This would lead to the conclusion
that the triply liganded hemoglobin tetramer is
present at much lower concentration than is actu-
ally the case.

Is the underestimation of the concentration of
triply liganded species a general phenomenon
which can be expected for all hemoglobin solu-
tions and conditions, or is it specific to the par-
ticular distribution of equilibrium constants de-
fined in the first column of table 1? The values of
6Ag,, and 8AG,, for the Kansas data (fig. 3 and
table 3) are in the other direction. This indicates
that the triply liganded species for some distribu-
tions of Adair constants may be underestimated
or overestimated for other such distributions.

Can an investigator use the concentration de-
pendence of the median ligand concentration to
predict what hemoglobin concentration is ‘high’
enough to allow the use of the tetramer Adair
formulation? No! The median ligand concentra-
tion is proportional to the fourth root of the K,,.
In table 3 the values of 8AG,, for hemoglobin
Kansas are —0.48 and ~0.29 kcal /mol at 1.0 mM
heme respectively. These correspond to changes in
the median ligand concentration of 19 and 11%.
This expected shift is clearly shown in the first
figure of the paper by Atha et al. [16). However,
the values of 8AG,, for hemoglobin A, in table 2
are —0.06 and — 0.03 kcal /mol, respectively. This
corresponds to a shift in the median ligand con-
centration of 2.5 and 1.3% for hemoglobin A,
between 1.0 and 3.0 mM heme. Consequently, an
overall measure of affinity, such as the median
ligand concentration, cannot be used reliably as a
method to predict the hemoglobin concentration
that is high enough to allow the use of the tetra-
mer Adair formulation.

Can an investigator use an increase in the vari-
ance of fit, 02, as a diagnostic tool to determine
the hemoglobin concentration that is high enough
to allow the use of the tetramer Adair formula-
tion? No! A typical o for an actual experiment is
on the order of 2 X 107 in fractional saturation
units and the values given in tables 2 and 3 are
several orders of magnitude lower than what is
experimentally observed. This indicates that the
systematic errors which we predict will not cause

an increase in the variance with actual experimen-
tal data. These systematic errors arise because the
presence of dimers slightly alters the shape of the
binding isotherm. When these data are analyzed
by a tetramer Adair formulation, the slightly al-
tered data can be fitted with excellent precision,
but generate a systematic perturbation of the Adair
constants.

How accurate do the Adair constants need to
be? Or, are the induced systematic errors shown in
tables 2 and 3 significant? The quaternary en-
hancement effect for hemoglobin A, is 0.81
kcal /mol [29). Ackers and co-workers reported the
value of the free energy to bind the second oxygen
to a hemoglobin A, aff dimer as — 8.38 kcal /mol
[14], —8.34 kcal/mol [15] and —8.35 kcal/mol
[17]. In a recent paper, Philo and Lary [8] have
used a kinetic method to suggest that the value is
—8.66 kcal/mol. Obviously, in these studies a
difference of a few tenths of a kcal/mol must be
considered as significant. If we refer to tables 2
and 3 it is clear that even at 3.0 mM heme the
systematic errors induced by neglecting dimers
can be a few tenths of a kcal/mol and must be
considered as significant.

It is evident that significant systematic errors
can occur if the dimeric species are neglected. It is
particularly important to note that the induced
systematic errors which are expected for hemo-
globin A, are quite different from those for hemo-
globin Kansas. This means that these results can-
not be used to predict the results of neglecting
dimeric species for other hemoglobins or simply
changes in buffer conditions. Furthermore, overall
measures of ligand affinity, such as the median
ligand concentration, cannot be reliably used as
indicators of when this problem will occur. Fi-
nally, the direction and magnitude of these sys-
tematic errors cannot be predicted a priori without
having previously determined all of the equi-
librium constants for the linkage scheme (fig. 1).
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