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ABSTRACT Evidence is presented that a generalized
concerted transition model provides a quantitative under-
standing of (a) the molecular species that are present in
solutions of partially liganded hemoglobin and (b) the
macromolecular mechanism of cooperativity. Model
parameters for hemoglobin A and for hemoglobin Chesa-
peake were determined from studies of the binding of
spin-label triphosphates to ligand-free and partially
liganded hemoglobin solutions, and to the hybrids a:*CNg,
and a8:1°N. This model is the same as that proposed
originally by Monod, Wyman, and Changeux [J. Mol. Biol.
(1965) 12, 88] for hemoglobin, except that the a-subunits
are treated as nonequivalent to the S-subunits.

In a recent study (1), we have shown that the binding of a
spin-label triphosphate to hemoglobin can be understood in
terms of a generalized concerted transition model. This model
is essentially the same as that first introduced by Monod,
Wyman, and Changeux (2), except that the - and g-subunits
are treated as nonequivalent. We have further studied this
problem using a second spin-label triphosphate, as well as a
hemoglobin mutant (Chesapeake). The purpose of this paper
is to present these new results, and to indicate the remark-
ably large body of information on hemoglobin that is
accounted for by this generalized concerted transition model.

MATERIALS AND METHODS

Hemoglobin. Hemoglobin A was isolated (1) from blood
samples obtained through the courtesy of Dr. Christina Har-
bury of the Veteran’s Administration Hospital in Palo Alto.
Hemoglobin Chesapeake was a gift of Dr. Samuel Charache.
All hemoglobin solutions were rendered (1) phosphate-free.
In all experiments, a hemoglobin concentration of about 3 X
10— M (tetramer) was used.

Spin  Labels. 1-Oxyl-2,2,6,6-tetramethylpiperidine-4-tri-
phosphate (I) and N®-(l-oxyl-2,2,6,6-tetramethyl-4-piperi-
dinyl) adenosine triphosphate (II) were used in these studies.
The synthesis and hemoglobin-binding properties of SL (for
Spin-Label)-TP (I) have been reported (1). SL-ATP (II) was
a gift of Mr. D. Brutlag*.

Abbreviations: Hb, hemoglobin; SL, spin-label.
* Atkinson, M., Brutlag, D. & Kornberg, A., to be published.
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Binding Studies. The affinity of SL-TP for ligand-free
hemoglobin Chesapeake was measured (at ¥ = 0) by a para-
magnetic resonance technique (1); a value of 15 was used for 5.
The binding of SL-ATP to ligand-free hemoglobin A was
studied by equilibrium dialysis, where SL-ATP concentrations
were determined by assay for phosphate (3).

In this study, carbon monoxide was used as a heme ligand
in order to avoid possible small effects, due to spin relaxation,
of paramagnetic oxygen on signal amplitudes.

EXPERIMENTAL RESULTS

The dissociation constant of the ligand-free (HbA)- (SL-ATP)
complex was K, = 2.7 = 0.2 X 10— M, with a binding stoi-
chiometry of 1.0 = 0.05 mol of SL-ATP per mol of the lig-
and-free HbA tetramer. This dissociation constant and stoi-
chiometry are essentially the same as those (1) measured for
the binding of SL-TP to ligand-free HbA (K, = 2.5 = 0.5 X
10— M).

Representative data on the binding of SL-ATP to solutions
of HbA partially liganded with CO are summarized in Fig. 1.
The quantity F used in this figure has been discussed (1), and
is defined by the following equation.

F=(l°__ll(1+&’) )
Co l

Here ! is the concentration of free (unbound) spin-label tri-
phosphate, I, is the total concentration of spin-label triphos-
phate (bound plus free), ¢, is the total concentration of HbA,
and K, is the above-defined dissociation constant of the lig-
and-free (HbA)—(spin-label triphosphate) complex. In all
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F1a. 1. A plot of the function F versus 1 — Y. F is a measure
of the binding of the spin-label, SL-ATP, in hemoglobin A
solutions partially liganded with CO. The solid curve is calculated
from the generalized concerted transition model, with parameters
given in the text and in Table 2. Here ¢, = ;.

calculations, the value of K, is taken as 2.5 X 105 M for both
spin-label phosphates. The values of ! were determined di-
rectly from the paramagnetic resonance spectra (1). Note in
Fig. 1 that for CO-ligation of HbA, the function F is very
nearly equal to 1-¥, as was observed earlier for the binding of
SL-TP to HbA. Here Y is the fractional saturation of the
heme groups with CO, as determined optically.

The dissociation constant of the ligand-free (Hb Chesa-
peake)- (SL-TP) complex was Kca = 7.2 = 0.5 X 10— M,
and the binding stoichiometry was 1.0 = 0.05 mol of SL-TP
per mol of ligand-free Hb Chesapeake tetramer. Representa-
tive data on the binding of SL-TP in solutions of Hb Chesa-
peake partially liganded with CO are given in Fig. 2. For
reasons that will be clear later, the function F used in Fig. 2 is
calculated from Eq. 1, with K, equal to 2.5 X 1075 M. Values
of the free label concentration, I, were determined (1) from
the paramagnetic resonance spectra of partially liganded
hemoglobin solutions, together with the value of K¢y = 7.2 X
10— M, which was used to determine the concentration [ at
Y = 0. Note that F deviates markedly from 1-¥ in Fig. 2.

In the present study, isosbestic points (see ref. 1) were
found in the paramagnetic resonance spectra of both triphos-
phate spin-labels in solutions of partially liganded HbA and
Hb Chesapeake.
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Fia. 2. Plots of the function F versus 1 — Y. F is a measure
of the binding of the spin label, SL-TP, to solutions of hemoglobin
Chesapeake partially liganded with CO. The solid and dashed
curves are calculated from the generalized concerted transition
model with the parameters given in the text and in Table 2.
co/lois 1 for @ and ( ), and is 0.5 for O and (- - -).
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TaBLE 1. The binding of SL-T'P to hemoglobin
Dissociation [T structure]
Hemoglobin constant [R structure]
2.5 X 10-5 *.1.1 >1
aytCNg, 6.25 X 10—4*1 0.67
B TCN 3 X 105%% 0.09
Chesapeake 7.2 X 10°5* 0.53

* Measured by the paramagnetic resonance method.
t Measured by equilibrium dialysis.
1 Ref. 1.

THE GENERALIZED CONCERTED
TRANSITION MODEL

The generalized concerted transition model  [generalized
Monod, Wyman, Changeux model (2) ] has been discussed (1).
This model contains the following paramnieters. The allosteric
equilibrium constant, L, is defined by the equation

= [TV/[R] @

where [T'] and [R] are the concentrations of the two protein
structures of hemoglobin; here, the T and R structures are
identified with the ligand-free and fully liganded structures
of hemoglobin as determined by x-ray diffraction (4-6). In
addition to the constant L, the model is based on the pa-
rameters K%, K#, Kz, and K z?, which are the a- and g-sub-
unit oxygen dissociation constants in the T’ and R states. The
following values of these parameters were found to account
for our experimental results for HbA: L = 3,000; K* = 24.2,
K,® = 32.8, K, = 0.36, Kz? = 0.18 torr of oxygent. These
constants were determined as described (1), except for slight
refinements to improve agreement between the model and
experiment.

The above parameters for HbA, together with Ko, account
for (a) the oxygen-binding curve of “stripped” (phosphate-
free) human hemoglobin; (b) the oxygen-binding curve of
hemoglobin in the presence of an equimolar concentration of
SL-TP; (c) the relative dissociation constants of SL-TP com-
plexes w1th HbA and the two hybrids azTCNg, and a8, CN;
and (d) the binding of spin-label phosphates in solutions of
HDbA partially liganded with CO. The experimental and cal-
culated dependence of F on 1-¥ are compared in Fig. 1, where
F is measured with SL-ATP, and in ref. 1, where F is mea-
sured with SL-TP. In the present model, F is equal to the
fraction of the hemoglobin molecules in the T state. This
model is consistent with the observation of isosbestic points in
the paramagnetic resonance spectra of SL-TP and SL-ATP in
solutions of HbA partially liganded with CO (1).

The following parameters of the generalized concerted
transition model were found to account for our experimental
results for Hb Chesapeake: L = 0.53; Kz* = 0.36, K* =
32.8, Kz* = 0.36, Kz? = 0.18 torr of oxygen. These param-
eters, together with the value of the dissociation constant Ko
for HbA (we assume that the 7T structure is identical for HbA
and Hb Chesapeake) account for (a) the SL-TP dissociation
constant, Kca; (b) the low cooperativity for oxygen binding

1 These parameters differ slightly from those given in ref. 1.
The changes do not affect any of the calculated results or con-
clusions presented in ref. 1.
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[calculated Hill’s constant, n = 1 for stripped Hb Chesa-~
peake; observed n = 1.3 (11)]; (c) the high oxgen affinity
[observed ps = 0.28 (11), calculated ps, = 0.28]; and (d)
binding of SL-TP in solutions of Hb Chesapeake partially
liganded with CO. The experimental and theoretical depen-
dence of F on 1-Y for Hb Chesapeake are compared in Fig. 2.

The various dissociation constants discussed above are
summarized in Table 1. Table 2 gives sets of model parameters
equivalent to those used above, where

ca = Kp*/Kr* 3)
cg = KR'G/KTB 4)
v = Kz*/Kz? ()
These parameters are convenient for theoretical calculations

.

The parameters used here were determined by first setting
Kz* and Kz? approximately equal to the oxygen affinities of
isolated a- and B-chains, respectively (1,7). Values of ¢, and
cg were then calculated from a value of L (1) that was se-
lected to give, with K z* and K ?, an oxygen-uptake curve in
agreement with that obtained for stripped HbA. The values
of L, Kz, and Kz? were then systematically varied until
they gave the best fit to the experimental data for HbA, Hb
Chesapeake, a;tCNg,, and as8: T CN. The set of parameters pre-
sented in Table 2 represent what is likely to be a unique set
that best fits all of the experimental data.

A comparison of experimental and calculated (with this
model and the parameters listed in Table 2) oxygen-binding
data is given in Table 3.

DISCUSSION

As discussed above, the generalized concerted transition
model is remarkably effective in accounting for the binding of
oxygen (or carbon monoxide), and the binding of spin-label
triphosphates, as well as their linked interaction in HbA and
in Hb Chesapeake. In addition to this agreement between
model and experiment, there are further reasons for suspecting
that the model is an authentic representation of the mech-
anism of cooperativity and the structures of hemoglobin
present in solution. These reasons are enumerated below.
The relative values of the parameters for HbA and Hb
Chesapeake are readily understood from a physical point of
view if one simply assumes that the effect of the HbA — Hb
Chesapeake mutation (e-92 Arg — Leu) (12) is to lock the a-
subunits in their tertiary structure with a high affinity for
oxygen. This is-a plausible consequence of the amino-acid

TABLE 2. Model parameters used to fit experimental data

Hemoglobin L Kg* ¥ Ca cg

A 3000 0.36 2 0.0149  0.0055
ot CNg, 3000 0.36 2 0.0149 0.0055
ayB;, TCN 3000 0.36 2 0.0149  0.0055
Chesapeake 0.53 0.36 2 1 0.0055

In all calculations, ¢o = 3 X 1074, v = Kz*/KzgP, c. = Kg*/
K%, and cg = K/K1P. For astCNg, and as8:7CN, when the
ferrous subunits are ligand-free, [T]/[R] is equal to Lc,® and
Leg?, respectively. L refers to stripped hemoglobin in 0.1 M Cl-,
and increases when phosphate is added (see ref. 1).
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TaBLE 3. Comparison of experimental and calculated

ozygen-binding data

Experimental Calculated*
Hemoglobin Pso n Dso n Ref.
A
stripped 1.83 2.8 1.83 2.9 1
-+equimolar 3.13 2.3 3.17 2.4 1
SL-TP
astCNg,
stripped — — 0.23 1.1
+phosphatet (1.8,2.3) 1.1-1.3 1.12 1.6 9,10
a7.82+CN
stripped — — 0.38 1.0
+ phosphatet (1.4,2.3) 1.0 0.90 1.4 9,10
Chesapeake
stripped 0.28% 1.4 0.28 1.0 11
+phosphate§  0.48 1.6 0.50 1.2 11

* Calculated with parameters listed in Table 2. These apply for
bis-Tris buffer at pH 7.3, 0.1 M Cl1-, 13°C.

t For calculated data, [, = 1.5 X 10~3. For experimental data,
pH = 7.15 and 7, temperature is 25.5 and 20°C and buffer is

0.06 M and 0.02 M phosphate.

t Conditions: 0.05 M bis-Tris (pH 7.2), 0.1 M Cl- and 10°C.
[Hb] = 5 X 10-5 M.

§ For calculated data, I, = 6 X 10~ For experimental data,
[diphosphoglycerate] = 2 X 10~* Other conditions as in above

footnote.

substitution, and makes understandable the fact that the
model best accounts for the observed data when K = Kzp*
for Hb Chesapeake, K7 (Hb Chesapeake) = Kz*(HbA),
K# (Hb Chesapeake) = K°(HbA), and Kz?(Hb Chesa-
peake) = KzP(HbA). The lower value for L for Hb Chesa-
peake then follows immediately from the assumption that the
a-subunits of Hb Chesapeake are locked in their structure
with a high affinity for oxygen. That is, one expects that the
ratio of [T structure] to [R structure] (= 0.53) is roughly the
same as this ratio for a;TCNB, (= 0.67).

Another interesting feature of the present analysis concerns
the paramagnetic resonance spectra of SL-ATP bound to
HbA and to Hb Chesapeake]. The concerted transition model
requires that the resonance spectrum of SL-ATP bound to
HbA and Hb Chesapeake be identical, since only one phos-
phate binding (or T) structure is allowed. The apparently
lower affinity of Hb Chesapeake for SL-TP (and presumably
SL-ATP) is accounted for in the model in terms of a de-
creased equilibrium constant L, such that in a solution of
ligand-free Hb Chesapeake, only 35%, of the tetramers are in
the T state. We do find that the resonance spectra exhibited
by SL-ATP bound to HbA and to Hb Chesapeake are essen-
tially identical (Fig. 3). Since the resonance spectra of spin
labels bound to proteins are very sensitive to small changes in

t This spectral comparison is more informative for SL-ATP than
for SL-TP, because the component of the resonance spectrum
due to SL-ATP bound to HbA or Hb Chesapeake is relatively
‘“strongly immobilized”’ (8) and is, therefore, well resolved from
the spectral component due to SL-ATP free in solution. The
resonance spectrum of SL-TP bound to HbA or Hb Chesapeake is
relatively ‘“weakly-immobilized,” however, and is not clearly
resolved from the component due to free SL-TP (see ref. 1).
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Fra. 3. The paramagnetic resonance spectra of the spin label
SL-ATP in solutions of ligand-free hemoglobin A (---) and
in solutions of ligand-free hemoglobin Chesapeake (——).
Portions of the spectra shown at higher gains arise from the spin
label bound to the hemoglobin. For HbA, c/ly = 2, and for Hb
Chesapeake, ¢o/lo = 5

the protein structure (8), this result demonstrates that the
HbA tetramer that binds SL-ATP and the Hb Chesapeake
tetramer that binds SL-ATP must have very nearly the same
structure at the triphosphate-binding site. This binding site
must be identical, or nearly identical, to the 2,3-diphospho-
glycerate-binding site (1), which probably lies along the dyad
axis of symmetry of the hemoglobin molecule (13); and prob-
ably involves the a-amino groups of valines NAI (1) of the 8-
subunits (11, 14-16). Since the model-building studies of
Perutz (17) suggest that the structure of the diphosphoglycer-

ate-binding site is closely related to the quaterriary structure.

of hemoglobin, the structure of the SL-ATP binding site
must be dependent on, 4nd sensitive to, the quaternary struc-
ture of the hemoglobin molecule. Therefore, the striking
similarity of the spectra due to SL-ATP bound to HbA and to
Hb Chesapeake suggests (a) that the quaternary structures of
HbA and Hb Chesapeake are very similar and can probably
be taken to represent a single phosphate-binding or T struc-
ture, and (b) that the lower affinity of SL-TP for Hb Chesa-
peake relative to HbA is due, not to a change in the structure
of the binding site, but to a decreased effective concentration
of binding sites, i.e., a decreased equilibrium constant L.

The isosbestic points cbserved in the resonance spectra bf
both spin labels in solutions of partially-liganded HbA and
Hb Chesapeake are also in accord with a single R = T struc-
tural transition.

It is also of interest to consider the order of oxygenation of
the a- and B-subunits. According to the present model, oxy-
genation of stripped HbA yields partial saturations of the a-
and B-subunits, ¥, and ¥, that are nearly equal to ohe an-
other and to ¥, the average saturation of heme. (Phosphate
has only a small effect on the relative values of ¥, and ¥ for
HbA). In the case of Hb Chesapeake, ¥, and Y4 are distinctly
different and inore sensitive to phosphate concentration (see
Fig. 4). The calculated values of ¥, and ¥4 for Hb Chesa-
peake account for the observations of Davis et al. (18) that at

V' = 0.25, the nuclear resonance spectra of the a-heme pro-
tons indicate that (1 — ¥,)/(1 — ¥4) = 0.60. The model data
in Fig. 4 give a value of this ratio that is équal to 0.66§. Davis
et al. also report that in HbA, the a- and f-subunits oxygenate
at the same rate [(I — ¥.)/(1 — Yg) = 1], which is also in
accord with the calculated subunit saturations shown in
Fig. 4.

§ In these calculations, wé use a total triphosphate spin-label
concentration of Iy = 1.5 X 102 M. This value of I, gives a pso
for HbA (other parameters as in Table 2) approximately equal
to the observed ps of HbA in 0.1 M phosphate buffer.
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Fie. 4. Fractional a- and g-subunit saturations ¥, and ¥ in
HbA (---) and in Hb Chesapeake (——), as a function of
average heme-saturation ¥, calculated with the parameters of

the generalized concerted transition model given in the text and
in Table 2. ¢o/lo = 0.2.

The present model not only accounts for various properties
of HbA and Hb Chesapeake, but also for properties of the hy-
brids a:TCNByand @s8:1 CN. The model accounts for the bind-
ing of SL-TP to thése hybrids, relative to the binding to lig-
and-free HbA. Also this model accounts approximately for the
oxygen-binding curves of these hybrids. Observed and cal-
culated values of ps, for these hybrids are given in Table 3§.
The present model is in qualitative agreement with the nu-
clear resonance (19), kinetic (20), and heme spin-label (21)
work on these half-ferric hybrids, studies that show that the
heme groups of the a-subunits are much more sensitive to the
state of ligation of the -subunits than are the 8-hemes to liga-
tion of a-subunits. This is because the model parameters ob-
tained earlier (1) lead to the prediction that S-subunit ligation
has a greater influence on the R = T structural transition
than does a-subunit ligation (i.e., Kz*/Ks* > Kzf/K ).

“The present model also accounts quite nicely for the studies
of Maeda and Ohnishi (22) of the kinetics of paramercuri-
benzoate reactions with the g-93 SH-groups of ligand-free
hemoglobin, tetraoxyhemoglobin, and the two hybrids as*g:
and aB8:*. Maeda and Ohnishi observed the following rate
constants, respectively, for these species: 3.3 X 104, 1.5 X
108, 9.9 X 104 and 3.5 X 105 M~! sec™L. If we take 3.3 X
10 M~ sec* and 1.5 X 10° M~! sec™* to be the rate con-
stants for reactions with the 7 and R structures, then the
parameters of our model (Table 2) lead to calculated rate
constants for a2t CNg, and B> CN that are equal to those ob-
served experimentally; to well within the experimental error§.
The calculation assumes that the ratio of the T = R inter-
conversion is rapid compared to the rate of the reaction with
the mercurial. _

The present work provides strong evidence for the validity
of the generalized concerted transition model. The parameters
derived for this model permit a calculation of the concentra-
tions of the various molecular species present in partially
liganded solutions; thus, this model can be tested by spectro-

- gcopic and other experiments in addition to those described

here. Our description of Hb Chesapeake in terms of this model

9 The actual differences between calculated and observed oo
values are estimated to be much smaller than they appear in
Table 3, since the experimental values were obtained under pH
and temperature conditions not strictly comparable to those to
which the calculated values apply.
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raises the possibility that the properties of a number of hemo-
globin mutants may be understandable in terms of a small
number of physically plausible changes in the model param-
eters. It is possible that there is a class of abnormal hemo-
globins whose properties can be understood in terms of a lock-
ing of the a- or B-subunits in their structures with high or low
oxygen affinity. For example, we have noted that the oxygen
binding curve of hemoglobin Kansas (23, 24) can be accounted
for approximately.if the B-subunits are locked in their form
with low oxygen affinity. In this case, ligand-free hemoglobin
Kansas is expected to bind organic phosphates with the same
binding constant as ligand-free hemoglobin A, whereas fully
liganded Kansas is expected to bind organic phosphates with
approximately 409, the stability constant of ligand-free
hemoglobin A.
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was supported by the Office of Naval Research under Grant
N00014-67-A-0112-0045, and has benefited from facilities made
available by the Advanced Research Projects Agency through
the Center for Materials Research at Stanford University.

1. Ogata, R. T. & McConnell, H. M. (1971) Cold Spring Harbor
Symp. Quant. Biol. 36, in press.

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

3. Ames, B. N. & Dubin, D. T. (1960) J. Biol. Chem. 235, 769—
775.

© dNom »

10.
11.
12.
13.
14.
15.
16.

17.
18.

Generalized Concerted Transition Model 339

Perutz, M. F., Muirhead, H., Cox, J. M. & Goaman, L. C. G.
(1968) Nature 219, 131-139.

Muirhead, H. & Greer, J. (1970), Nature 228, 516-519.
Bolton, W. & Perutz, M. F. (1970) Nature 228, 551-522.
Edelstein, S. J. (1971) Nature 230, 224-227.

McConnell, H. M. & McFarland, B. G. (1970) Quart. Rev.
Biophys. 3, 91-135.

Haber, J. E. & Koshland, D. E. (1969) Biochim. Biophys.
Acta 104, 339-341.

Brunori, M., Amiconi, G., Antonini, E., Wyman, J. &
Winterhalter, K. H. (1970) J. Mol. Biol. 49, 461-471.

Bunn, H. F. & Briehl, R. W. (1970) J. Clin. Invest. 49, 1088—
1095.

Charache, S., Weatherall, D. J. & Clegg, J. B. (1966) J.
Clin. Invest. 45, 813-822.

Benesch, R. & Benesch, R. E. (1969) Nature 221, 618-622.
Bauer, C. (1970) Resp. Physiol. 10, 10-19.

Tomita, S. & Riggs, A. (1971) J. Biol. Chem. 246, 547-554.
Caldwell, P. R. B, Nagel, R. L. & Jaffe, E. R. (1971)
Biochem. Biophys. Res. Commun. 44, 1504-1509.

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

Davis, D. G., Lindstrom, T. R., Mock, N. H., Baldassare,
J. J., Charache, S., Jones, R. T. & Ho, C. (1971) J. Mol.
Biol. 60, 101-111.

Ogawa, S. & Shulman, R. G. (1971) Biochem. Biophys. Res.
Commun. 42, 9-15.

Cassoly, R., Gibson, Q. H., Ogawa, S. & Shulman, R. G.
(1971) Biochem. Biophys. Res. Commun. 44, 1015-1021.
Asakura, T. & Drott, H. R. (1971) Biochem. Biophys. Res.
Commun. 44, 1199-1203. .
Maeda, T. & Ohnishi, S. (1971) Biochemistry 10, 1177-1180.
Reissmann, K. R., Ruth, W. E. & Nomura, T. (1961) J.
Clin. Invest. 40, 1826-1833.

Bonaventura, J. & Riggs, A. (1968) J. Biol. Chem. 243,
980-991.



