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Abstract

The Monod–Wyman–Changeux allosteric model parameters evaluated from accurate oxygen equilibrium curves
(OECs) of hemoglobin that were measured in an extremely wide range of structural constraints, imposed by allosteric
effectors, yielded a closed circle when logK and log K were plotted against logL and log L , respectively,T R 0 4

showing novel phenomena thatL and L have a maximal value and a minimal value, respectively, andK andK0 4 T R

vary by more than three orders of magnitude. These phenomena were successfully described by a global allostery
model, which mathematically keeps the frame work of the MWC model, but allows thatK under a set of solutionT

conditions becomes larger thanK under another set of solution conditions and postulates that a representativeR

allosteric effector binds to both the T and R states with a lower affinity but with a larger stoichiometry for the R
state than for the T state. Thus, this global model can describe any given OEC measured under universal solution
conditions with the single adjustable parameter, the concentration of the representative effector.� 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

As an honorary enzyme, hemoglobin has been
regarded as the model allosteric protein and its
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ligand binding properties have extensively been
studied for many yearsw1–6x. The molecular
mechanism of the allostery in ligand binding was
given structural bases from X-ray crystallographic,
nuclear magnetic resonance and other techniques
w7–9x. Whereas many people thought that the
physiological functions of both hemoglobin and
myoglobin had already been established, new
aspects and proposals of their functions were
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presented recentlyw10–22x. Thus, hemoglobin, as
well as myoglobin, is the old and new subject of
study, still attracting much interest by biochemists
and biophysicists.
The Monod–Wyman–Changeux allosteric mod-

el that was proposed to explain comprehensive
allosteric regulation by enzymesw23x, as applied
to the vertebrate tetrameric hemoglobin in its
simplest form, postulates that(1) the four subunits
occupy equivalent positions, so that the hemoglo-
bin molecule can have a tetrad axis of symmetry,
(2) the four oxygen binding sites(the heme
groups) have the same symmetry as that of the
molecule,(3) association of the subunits imposes
constraints on the conformation of each subunit,
(4) the molecule is in an equilibrium(allosteric
equilibrium) between two alternative quaternary
structures, which differ by distribution and energy
of intersubunit bonds and consequently by oxygen
affinity for the heme,(5) when the molecule goes
from one state to another(allosteric transition), its
molecular symmetry is conserved. Of the two
quaternary structures, the one with stronger con-
straints is called the ‘T state’(tense state) while
the other with weaker(or non-) constraints is
called the ‘R state’(relaxed state). The oxygen
association equilibrium constant for the T state
(K ) is lower than that for the R state(K ). FromT R

the postulations stated above, it is deduced that
the oxygen affinity solely depends on the quater-
nary state, but not on the number of the oxygen
molecules bound, that is, the free energy of oxygen
binding to each state is a linear function of the
number of bound oxygen molecules(the ‘linear
energy binding’ assumption). It is implicitly
assumed that the oxygen binding cooperativity(the
homotropic effect) arises from the T-R transition
and oxygenation of neither the T nor the R state
is cooperative. This model further postulates that
the heterotropic effects, such as the Bohr effect
and the effects of Cl , 2,3-diphosphoglyceratey

(DPG) and inositol hexaphosphate(IHP) are
ascribed to shifts of the allosteric equilibrium that
arise from preferential binding of these heterotrop-
ic ligands (effectors). This implies that neither
K nor K is influenced by their binding. TheT R

oxygen equilibrium curve(OEC) of hemoglobin
is described by the following equation:

3 3Ž . Ž .L K p 1qK p qK p 1qK p0 T T R R
Ys (1)4 4Ž . Ž .L 1qK p q 1qK p0 T R

Here,Y is the fractional oxygen saturation,p is
the partial pressure of oxygen andL is the0

allosteric constant, i.e. the ratio of the population
of the T state to that of the R state in the total
absence of oxygen(L swT xywR x). Let us consid-0 0 0

er a simple case where an allosteric effector
exclusively binds to the T state(allosteric inhibitor,
I) with a stoichiometry of j per hemoglobin tetra-
mer and another allosteric effector exclusively
binds to the R state(allosteric activator,A) with a
stoichiometry ofk per hemoglobin tetramer. Then,
the effective allosteric constant in the presence of
these effectors is given by

jw x1qK IŽ .I
L s L (2)0 0,0kw x1qK AŽ .A

whereL is L in the total absence of I and A,0,0 0

and K and K are the binding constant of I andI A

A, respectively. Here, it is assumed that the binding
of I andA is statistic.

The MWC model was given a structural basis
by the Perutz stereochemical mechanismw7x,
which was mathematically expressed by Szabo and
Karplus w24x. Nowadays, the integrated treatment
of these three is sometimes called the ‘MWC-PSK
model’ w25,26x.

By means of high precision measurement and
analysis of the OECs for native and chemically
modified hemoglobins, Imaiw27x tested the appli-
cability of the MWC model. He found that not
only L but alsoK was significantly influenced0 T

by DPG, and he insisted that the MWC model in
its original form cannot describe the heterotropic
effect by DPG and it needs modifications. Similar
conclusions were reached by other investigators,
who found that protons, DPG, ATP and IHP
affected not onlyL but alsoK w28–30x. Actually,0 T

an individual OEC measured under any given
solution conditions can be fitted by the MWC
equationwEq. (1)x, but any set of OECs measured
under different solution conditions cannot be fitted
simultaneously by adjustingL only w3,31x. The0

multiplicity of the deoxy affinity state was also
suggested by Colombo and Seixasw32x.
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This apparent discrepancy let Minton and Imai
w33x propose an extension of the MWC model, a
three-state model as the minimal description of the
homotropic and heterotropic effects of hemoglobin.
In this model, a third state(S state) was introduced
to describe the effects of proton, chloride ion and
DPG. It was stressed that their heterotropic effects
were not regarded as second-order perturbations of
the T state and any ‘effective’ two-state picture
was meaningless. This extension implied that one
more state was necessary to describe the effect of
IHP, which loweredK significantly and, in a strictR

sense, the same number of affinity states as that
of added allosteric effectors were needed.
Imai w31,34x showed that, in the framework of

the original two-state MWC model, it describes a
set of OECs measured under arbitrary solution
conditions, with only one adjustable parameter,
K or L (these two parameters are not independentT 0

of each other). This approach was based on his
observation that, as long as the conformational
constraints were not extremely strong,(i.e. except
for the conditions where IHP was present at acidic
pHs), both K and L were nearly constantw3x.R 4

Here, L swT xywR xs(K yK ) L . When logK4
4 4 4 T R 0 T

and log K were plotted against logL and logR 0

L , respectively(we will call this log K vs. log L4

plot ‘allostery plot’ hereafter), all the data points
except for the points for pH 6.5 with IHP lay on
a straight line. On this plot, the paired two data
points, wlog K , log L x and wlog K , log L x,T 0 R 4

corresponding to each OEC were always related
by the equation,

log L q4log K slog L qlog K0 T 4 R

sconstant (3)

which was derived from the law of energy
conservation.
Here, the constant value was –1.6,y1.2,y0.4

and –0.7 for human, rabbit, horse and bovine
hemoglobins, respectivelyw34x.

It was known that IHP, different from other
effectors, actually reduced not onlyK but alsoT

K w3,35x. At low salt concentrations, even DPGR

reducedK as well asK w36x. This superior effectR T

of IHP or the extra effect of DPG was not given
much interest, and it was concluded that hetero-
tropic ligands such as protons, CO , Cl and DPGy

2

made major contributions to cooperativity of
hemoglobin by reducingK with K kept nearlyT R

constantw3,37x. This conclusion is valid at least
under physiological conditions.
Recently, Yonetani et al.(Yonetani et al., man-

uscript in preparation) explored the oxygenation
properties of hemoglobin under extremely wide
varieties of solution conditions from pH 10.6 with
no added allosteric effectors to pH 6.6 with 2 mM
IHP plus 10 mM BZF(bazafibrate). The combi-
nation of IHP and BZF was advantageous to
impose strong constraints on the hemoglobin mol-
ecule because they bind to different subunits of
hemoglobinw38x and their effect is additivew39x,
as is true for the combination of DPG and BZF
w40x. They further added the oxygenation data for
isolated b chains and carboxypeptidase-treated
hemoglobin(des-His-Tyr Hb) w41,42x as a model
for completely constraint-free hemoglobin(Yone-
tani et al., manuscript in preparation). The most
novel phenomenon was that theK value measuredR

under extremely strong constraints became even
lower than theK value measured under moderateT

physiological conditions, whereas separate experi-
ments indicated that the T-R transition upon oxy-
genation actually occurred under both conditions.
They concluded that(a) hemoglobin in total
absence of allosteric effectors is physiologically
inert, (b) the allosteric effectors that bind to both
the T and R states are primary responsible for the
regulation of oxygen affinity and cooperativity,
which are relevant to physiological function of
hemoglobin and(c) the heterotropic effector-linked
tertiary structural changes, rather than the homo-
tropic ligation-linked T-R quaternary structural
transition, are primarily responsible for modulation
of hemoglobin functions. The importance of effec-
tor binding to the R state was demonstrated by
careful experiments using Cys93b sulfhydryl reac-
tivity and UV circular dichoroism as structural
probes(see Tsuneshige et al., in this issue).
In the present study we explored how far the

MWC model can explain the novel behavior of
hemoglobin under extremely wide variety of solu-
tion conditions(virtually under universal solution
conditions). Here, this model was given more
global scope to allow situations such that hetero-
tropic effectors affect not onlyK but alsoK andT R
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the K value under a set of solution conditionsT

becomes larger than theK value under anotherR

set of solution conditions. We found that all the
OECs measured under universal solution condi-
tions can be described simultaneously by this
‘global allostery model’ with a single adjustable
parameter.

2. Methods

Accurate OECs were measured by an improved
version of the automatic polaro-spectrophotometric
methodw43–45x for hemoglobin samples dissolved
in a Good buffer, 0.1 M HEPES(pH 6.6–9.0) or
0.1 M CAPSO(pH 10.6) at 15 8C. The tempera-
ture used was lower than 258C, which was used
by many investigators, to attain high oxygen sat-
uration at low pH values in the presence of strong
allosteric effectors such as IHP and BZF(see
below). The concentration of hemoglobin was 60
mM on a heme basis. Other experimental details
will be fully described in a separate paper(Yone-
tani et al., manuscript in preparation).
It was pointed out that oxy hemoglobin in dilute

solutions is dissociated in part intoab dimers and
this dissociation can exert influences on oxygen
equilibrium parameters. One must work at high
protein concentrations to avoid the effects of par-
tial dissociation, or alternatively, one must incor-
porate the effects of the dimeric species into the
analysis of OECsw46,47x. The Adair constants
determined for hemoglobin solutions of 60mM or
higher concentrations were comparable to those
predicted for tetrameric hemoglobin as far as DPG
or IHP was present, whereas theK value deviated1

somewhat from the true value in their absence
w44x. The oxygen equilibrium parameters deter-
mined in the presence of DPG, IHP andyor BZF
at neutral and acidic pHs are probably equal or
close to the true values, since these effectors
stabilize the hemoglobin tetramer by imposing
strong structural constraints. In the absence of
these effectors and at high pHs, where the con-
straints are weak, the dissociation intoab dimers
will become more marked and the oxygen equilib-
rium parameters can be significantly different from
the true values. However, this apprehension is
probably made moderate by the mechanism that,

under these solution conditions, the allosteric equi-
librium of hemoglobin is greatly biased to the R
state and the partial dissociation into dimers during
oxygen binding will cause no more significant
changes in the oxygen equilibrium parameters. We
obtained firm data for constraint-free conditions
by using the isolatedb chains (see below) to
cover the inaccuracy in parameter values under
weak constraints. Thus, the present oxygenation
data are considered to express the essential features
of tetrameric hemoglobin.
The OEC data used for analysis in the present

study were:(a) those for normal human hemoglo-
bin (Hb A) at eight different pHs(from 6.6 to 9.0
with 0.4 increment and 10.6) in the presence of
six combinations of 0.1 M Cl , 2 mM DPG, 2y

mM IHP and 10 mM BZF, i.e. in the presence of
Cl , Cl qDPG, Cl qIHP, Cl qBZF, Cl qy y y y y

DPGqBZF or Cl qIHPqBZF, and in their totaly

absencew56(s8=w6q1x) solution conditions as
totalx; (b) those for des-His-Tyr Hb under the
same conditions as Hb A, except that the pH was
7.4 only; (c) those for isolatedb chains at pH 7.4
with and without Cl .y

Best-fit parameter values were obtained by fit-
ting Eq. (1) or the equations derived in the
extension of the MWC model(described later) to
the experimental OECs by using a non-linear least-
squares curve-fitting program of ‘ORIGIN’
(OriginLab Corp., ver. 6.1) which ran on a Win-
dows computer. The curve-fitting was done on the
Hill plot wlog (Yyw1yY)x vs. logpx so that thejth
observed point was weighted byw according toj

the function,

w xŽ .wsNy Y 1yYj j j

whereY was the observed fractional oxygen sat-j

uration for thejth point andN was a normalizing
factor w3,48x. The present curve-fitting analysis
fulfills the criterions described previouslyw49x.

Graphic analysis was performed using ‘Grapher’
(Golden Software Inc., ver. 2).

3. Results

3.1. Allostery plot (Log K vs. log L plot)

The allostery plot using the best-fit values of
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Fig. 1. The allostery plot(log K vs. logL plot) for the MWC parameters evaluated in extremely wide range of structural constraints
imposed by allosteric effectors. LogK and logK are plotted against logL and logL , respectively. Each OEC gives paired twoT R 0 4

points, wlog K , log L x and wlog K , log L x, which lie on a straight line with a slope of –1y4 (see text). For native Hb(Hb A),T 0 R 4

each symbol stands for different pH values from 6.6 to 10.6 with 0.4 increment in the presence of any combination of Cl , 2 mMy

DPG, 2 mM IHP and 10 mM BZF or in total absence of them. For des-His-Tyr Hb andb chain tetramer, pH was 7.4. Temperature
was 158C in all cases. The experimentally obtained closed circle was simulated by the present global allostery model, as shown
by the continuous closed circle. The numbers attached to the continuous circle correspond to the data set numbers in Table 1.

the MWC parameters yielded a closed circle(Fig.
1). Note that each set of solution conditions gives
the paired two data points that are related by Eq.
(3) and lie on a straight line with a slope of –1y
4 w31x. From this plot the following picture
emerges.

3.1.1. Phase 1 (point A)
When conformational constraints are absent or

extremely weak(in the cases of an isolatedb
chain and of des-His-Tyr Hb without added effec-
tors), both K and K are nearly equal to 10T R

torr and bothL andL aref1.y1
0 4

3.1.2. Phase 2 (segments A–B and A–C)
As the constraints are strengthened by lowering

the pH andyor adding allosteric effector(s), KT

becomes smaller,L larger, andL smaller, while0 4

K remains constant at approximately 10 torr .y1
R

The paired two points,wlog K , log L x and wlogT 0

K , log L x for each OEC move off the pointwlogR 4

Ks1, log Ls0x and get apart more and more
along the right upper half of the closed circle
(A to B and A to C). In this phase,K is loweredT

by approximately 500-fold. The maximal value of
L and minimal value ofL , are f10 and6
0 4

f10 , respectively.y4
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Fig. 2. Energetic expression of the global MWC model. The
quantity attached to each state is the population of that state
relative to the population of R .0

3.1.3. Phase 3 (segments B–D and C–D)
As the constraints become much stronger, espe-

cially by adding DPG, IHP andyor BZF in com-
bination at acidic pH values,K still becomes aT

little smaller,L smaller,L larger andK decreas-0 4 R

es by approximately 3 orders of magnitude.

3.1.4. Phase 4 (point D)
Under the extremely constrained conditions(in

the presence of Cl , IHP and BZF at the lowesty

pH), the data points tend to approach the point
wlog Ksy2.2, logLs0x.
From these behaviors of the MWC parameters,

we can summarize the following features of the
allosteric properties of hemoglobin.
1. Not onlyK but alsoK is lowered by allostericT R

effectors.
2. As the constraints become stronger,L does not0

increase infinitely but becomes smaller beyond
some degree of constraints, yielding a
maximum.

3. As the constraints become stronger,L does not4

decrease infinitely but becomes larger beyond
some degree of constraints, yielding a minimum.

4. Under extreme constraint-free conditions, the
oxygen affinity for the T and R states are equal
and the highest, and virtually these two states
are indistinguishable(L f1, L f1).0 4

5. Under the extremely constrained conditions, the
oxygen affinity for the T and R states are again
equal and the lowest, and virtually these two
states are indistinguishable(L f1, L f1).0 4

It is well established that proton, Cl , DPG,y

IHP and BZF bind preferentially to the T state and
act as allosteric inhibitors. Then, Eq.(2) indicates
that the addition of or the increase in the concen-
tration of these effectors solely cause monotonic
increases inL value, contrary to the observation0

stated above. The concomitant reduction ofKR

and increase inL with strengthening of constraints4

cannot be explained by the preferential binding of
the effectors to the T state.

3.2. Extension of the MWC model: formulation of
the global allostery model

The discrepancies stated above let us consider
the following extensions of the original model. We
will preserve the following assumptions.

1. The existence of two states, T and R, that
correspond to two distinct protein
conformations.

2. The oxygen affinity does not depend on the
number of bound oxygen(the linear energy
assumption).

3. Allosteric effectors shift the equilibrium
between the T and R states by preferential
binding to either the T or R state.

We will introduce one assumption.
1. Allosteric effectors change theK andK valuesT R

by binding to the T and R states, respectively.

In Fig. 2, a andb represent the binding poly-
nomial w50x for the binding of allosteric effectors,
A, B, « to the T state and R state, respectively.
Then,

T T T2w x w x w xas 1q k A q k A q« 1q k BŽ .Ža1 a2 b1
T 2w x Ž .q k B q« 1q «.b2

R R R2w x w x w xbs 1q k A q k A q« 1q k BŽ .Ža1 a2 b1
R 2w x Ž .q k B q« 1q «.b2

0 0( ) ( )Ž .ObservedL saL R ybR s ayb L0 0 0 0 0
0 `( ) ( )w xObservedK sf A ; K , KŽ .T T T
0 `( ) ( )w xObservedK sf A ; K , KŽ .R R R

and
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0 4 4( )Ž Ž . . Ž Ž . .ObservedL s aL K R y b K R4 0 T 0 R 0
04 4( )Ž .Ž . Ž .s ayb K yK L s K yK LT R 0 T R 0

Here,K , K , L andL are the parameters0 0 0 0( ) ( ) ( ) ( )
T R 0 4

defined in the total absence of conformational
constraints imposed by the effectors,(i.e. wAxs0,
wBxs0, ), whereasbs1. K and K are` `( ) ( )

« T R

K andK , respectively, under the extremely con-T R

strained conditions.
Let us consider such a situation that an allosteric

effector binds to the T state with a 1:1 stoichiom-
etry and a higher affinity while it binds to the R
state with a 1:2(or larger) stoichiometry and a
lower affinity. As the constraints are strengthen on
the increase in the concentration of that effector,
L is increased once by the preferential binding of0

the effector to the T state and then decreased by
more pronounced binding to the R state(note that
b becomes larger thana at sufficiently high
effector concentrations).
For simplicity let us assume that an allosteric

effector, A, represents all the effectors present in
the solution. It binds to the T state with a higher
affinity than to the R state, and it has two binding
sites on the R state molecule while it has one
binding site on the T state molecule. The binding
of A to the R state is statistical. Then, the binding
polynomials are:

T w xas1q k A (4)a1

R R 2w x w xbs1q k A q k A (5)a1 a2

The observedL is:0

0( )Ž .L s ayb L (6)0 0

Let assume that effector A changesK andKT R

in such the fashion that

0 ` `( ) ( ) ( )Ž .K sg K yK qK (7)T T T T

0 ` `( ) ( ) ( )Ž .K sd K yK qK (8)R R R R

where

yggsa (9)

yhdsb (10)

and

Ž .gsconstant )0

Ž .hsconstant )0

Note that Eqs.(7) and (8) are defined so that,
as wAx changes,g andd vary within the range of
0 to 1 and consequentlyK and K vary in theT R

range of to and to , respectively.0 ` 0 `( ) ( ) ( ) ( )K K K KT T R R

The parameters,g andh, are introduced to giveg
and d some freedom in defining the curvature of
the variation of K or K between their twoT R

extreme values. The observedL is related to these4

K andK , i.e.T R

4Ž .L s K yK L (11)4 T R 0

3.3. Simulation of experimental data

From the experimental data, some of the param-
eter values are reasonably assumed as follows.

0( )L s10
0 0 y1( ) ( )K sK s10 torrT R
` ` y1( ) ( )K sK s0.007 torrT R

` `Ž .log K slog K sy2.15T R
0 0 0 04( ) ( )Ž .L s K yK L s14 T R 0

Furthermore, we will assume that
T 8 y1k s10 Ma1
R y1k s10 Ma1
R 2 y2k s10 Ma2

gs1y2.5
hs1y4

The k and k values were guessed from theT R
a1 a1

binding constant values for DPG, IHP and BZF
w3,51–54x.
Then, Eqs.(4), (5), (7) and(8) become

8w xas1q10 A (12)
2 2w x w xbs1q10 Aq10 A (13)

y1y2.5K s9.993a q0.007 (14)T

y1y4K s9.993b q0.007 (15)R
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Eq. (6) becomes

L sayb (16)0

Finally, this global allostery model is described
by the four simultaneous equations: Eqs.(1),
(14)–(16).

3.4. Simulation of the experimental allostery plot

By substituting arbitrary values ofwAx into Eq.
(12) and Eq. (13), K , K , L and L wereT R 0 4

calculated from Eqs.(11), (14)–(16). These val-
ues yielded a continuous closed circle on the
allostery plot (Fig. 1). This simulated curve
expresses the essential feature of the experimen-
tally obtained closed circle very well. It is note-
worthy that k (s10 M ) and k (s10T 8 y1 R 2

a1 a2

M ) were adjusted to realize the maximal valuey1

of L (f10 ) and the minimal value ofL6
0 4

(f10 ), respectively, andg (s1y2.5) andh (sy4

1y4) were adjusted to simulate the shape of the
right and left half, respectively, of the plot. The
term, k (s10 M , in Eq. (5)) contributedR y1

a1

little and could virtually be omitted.
Eq. (1) was fitted to the individual OECs used

in the present study and best-fit A values for them
were obtained. Table 1 summarizes the best-fit
values of A and the MWC parameters of Eq.(1)
obtained for seven representative sets of solution
conditions that span the lowest and highest
extremes of conformational constraints(see the
data set numbers attached to the simulated closed
circle in Fig. 1). In Fig. 3, the Hill plots calculated
from the best-fit A values that were obtained for
the seven representative solution conditions are
compared with their corresponding experimental
plots. The agreement is excellent.

4. Discussion

In the previous study using the allostery plot
w31x, mainly Point B, Point C and the late stage
of the Phase 2 were observed. Paired Points 10
(pH 6.5,q2 mM IHP) in figure 2 of w31x were
indicative of Phase 3, but no attention was paid to
its meaning. The present study, using universal

solution conditions, revealed the existence of the
closed circular allostery plot.
The present analysis indicates that the whole

allostery plot can be simulated by the global
allostery model with a few parameters,k , k ,T R

a1 a1

k , g, h, K (sK ), andK (sK ), someR 0 0 ` `( ) ( ) ( ) ( )
a2 T R T R

of which have definite physical meanings and
experimentally determined. This further means
that, once these parameters have been determined,
a given OEC of Hb A measured under any solution
conditions that have been explored so far can be
described by the global allostery model with only
one adjustable parameter,wAx. The term, wAx,
which was defined as the concentration of the
representative allosteric effector, can be regarded
as the degree of constraints imposed on the hemo-
globin molecule.
The determination of the MWC parameter val-

ues under extreme solution conditions revealed
that, as the constraints are extremely strengthened,
L is decreased andL is increased, both approach-0 4

ing unity (Yonetani et al., manuscript in prepara-
tion). Such the case has never been explored in
previous studies. The constraint-dependent varia-
tion of K by more than 3 orders of magnitude isR

worthy of special note. The decrease inK valueR

could be expected by postulating binding of allo-
steric effectors to the R state. However, the pres-
ence of a maximal value ofL was the feature that0

was hardly understood in the framework of the
original MWC model(Yonetani et al., manuscript
in preparation). We explained this maximization
followed by decreases ofL with extreme strength-0

ening of constraints in terms of a larger stoichi-
ometry of effector binding for the R state than for
the T statewEqs.(4) and(5)x.

In the global model, the quaternary effect,(i.e.
the shift of the T-R equilibrium) by allosteric
effectorswEq. (16)x is linked to the tertiary effect,
(i.e. the change inK andK ) by effectorswEqs.T R

(14) and (15)x through thea and b terms wEqs.
(12) and (13)x. This is the mechanism by which
allosteric effectors exert influences on not only
L but alsoK andK .0 T R

Apparently, the whole allostery plot(Fig. 1) is
asymmetric with respect to the ordinate at logLs
0. This asymmetric shape, which is exactly repro-
duced by our global model, arises from the differ-
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Table 1
Parameter values of the MWC and global allostery models for representative OECs

Data set no. Hemoglobin Solution conditions K (torr )y1
T K (torr )y1

R L0 L4 P (torr)50 nmax Best-fit wAx (M)

1 b chain PH 7.4, no additives Observed 5.5 9.9 1.7Eq00 5.2Ey01 0.11 1.00
Calculated 5.3 10 4.9Eq00 3.9Ey01 3.9Ey08

2 Des-His-Tyr Hb PH 7.4, IHP Observed 2.3 10 5.9Eq01 1.4Ey01 0.27 1.36
Calculated 2.1 10 5.2Eq01 9.4Ey02 5.1Ey07

3 Hb A PH 10.6, no additives Observed 0.88 10 3.9Eq02 2.1Ey02 0.46 1.84
Calculated 0.96 10 3.5Eq02 3.0Ey02 3.5Ey06

4 Hb A PH 7.4, Cly Observed 0.071 7.6 1.2Eq05 9.1Ey04 2.6 2.90
Calculated 0.066 9.9 3.6Eq05 7.1Ey04 3.7Ey03

5 Hb A PH 7.0, Cl , DPGy Observed 0.016 2.8 5.9Eq05 6.3Ey04 14 2.80
Calculated 0.013 2.9 8.1Eq05 3.2Ey04 1.1Eq00

6 Hb A pH 6.6, Cl , IHPy Observed 0.01 0.19 4.3Eq03 3.3Ey02 47 1.88
Calculated 0.0075 0.15 1.9Eq03 1.4Ey02 5.3Eq02

7 Hb A pH 6.6, Cl , IHP, BZFy Observed 0.006 0.02 1.5Eq01 8.6Ey02 97 1.29
Calculated 0.007 0.014 5.1Eq00 3.0Ey01 2.0Eq05
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Fig. 3. Hill plots of oxygen binding observed under the seven representative solution conditions(Table 1). Y, fractional oxygen
saturation;PO , partial pressure of oxygen in torr. Symbols indicate observed points and lines indicate the OECs simulated by the2

present global allostery model. The plots from the left to the right correspond to the data set numbers from 1 to 7, respectively, in
Table 1.

ence in the two binding polynomials,a and b
wEqs. (4) and (5)x. Interestingly, the MWC para-
meters for Hb A under physiological conditions,
pH 7.4 with 0.1 M Cl and 2 mM DPG(K sy

T

0.030 torr , K s6.9 torr , L s1.7=10 andy1 y1 6
R 0

L s6.1 =10 ) span the largest diameter of they4
4

allostery plot, that is, the paired two data points,
wlog K , log L x and wlog K , log L x, are locatedT 0 R 4

at the most rightward(Point B) and most leftward
(Point C) positions, respectively, giving a large
ratio of K :K . Thus, the physiological conditionsR T

are optimized to produce large cooperativity. Hb
A seems to utilize this mechanism.
Even at extremely high pH, some pH-independ-

ent C-terminal salt-bridges involving thea-carbox-
yl groups of the a and b chains and the

guanidinium group of Arg-141a can remain intact
as ‘inherent’ conformational constraints. The imag-
inary Hb A, which is free of any allosteric effectors
added and lacks the pH-independent C-terminal
salt bridges would be totally non-cooperative, as
demonstrated by des-His-Tyr Hb. Hence, the total
part of the cooperativity of Hb A seems to arise
from the constraints imposed by allosteric effec-
tors, including the inherent salt bridges.
It is rather surprising that the present global

allostery model with only one adjustable parameter
can describe a given OEC measured under any set
of universal solution conditions. It contains several
simplifications as well as several assumptions. The
representation of allosteric effectors by a single
effector (A) may be an audacious simplification,
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which in turn made the binding polynomials very
simple. The present global model could be made
more elaborate by taking individual effectors in
the formulation. However, such a treatment would
cause no essential difference, as suggested by the
fact that the second term of Eq.(13) could
virtually be omitted. To know to what extent the
present model is supported by experiments, it is
important to examine the binding stoichiometry
and affinity of allosteric effectors for the T and R
states. It is reported that DPG is bound to the
same site on deoxy and oxyHbs, with a stoichi-
ometry of one mole for one mole Hb tetramer
w54,55x. IHP has two classes of binding sites on
both oxyHb and HbCOw38,53x. It was suggested
that more than two molecules of BZF per Hb
tetramer were bound to deoxyHb but not to oxyHb
w38x. These results must be re-examined at a much
wider range of pH andyor in their coexistence.
According to our recent X-ray crystallographic
observation, carbonmonoxy Hb A in the presence
of BZF and IHP at pH 6.0 is without doubt in the
R quaternary state and two BZF molecules per Hb
tetramer are bound to thea subunits(Yonetani et
al., manuscript in preparation). In the present
global allostery model, it is also important to
clarify the physical meaning and mechanism of
the linkage between the quaternary and tertiary
effects through thea andb terms. Further struc-
tural studies are needed for better understanding
of the identity of the T and R structures at both
extremes of the degree of structural constraints
(Points A and D in Fig. 1).
We point out here that the present analysis is

highly model-dependent. It is known that the actual
hemoglobin system shows some properties that do
not accord with some of the assumptions made in
the original MWC model. Through their extensive
studies, Ackers et al. showed that cooperativity of
hemoglobin depends on site-configuration and the
cooperative energies have a combinatorial charac-
ter through the oxygen binding cascade, and hence,
cooperativity does not depend solely on the num-
ber of oxygen bound, nor the occupancy of thea

vs.b chainsw6,56x. These properties are apparently
not consistent with the assumptions of the conser-
vation of tetrad-axis symmetry and linear energy
binding in the two-state MWC model described

above w57x. Also, the quaternary enhancement
observed by themw58x is not consistent with the
MWC model. Here, we insist that the approach
and aim of our study are different from those of
Ackers et al. We intended to see what happened
in hemoglobin when solution conditions were
changed in the extremely wide range that had
never been explored yet, whereas Ackers et al.
studied the energetics of hemoglobin cooperativity
mostly under a single set of solutions conditions,
i.e. 0.1 M Tris–HCl(pH 7.4), 0.1 M NaCl, 1 mM
Na EDTA, 21.58C. We intended to examine what2

extensions or modifications of the original MWC
model were required to describe the oxygenation
properties observed in universal solution condi-
tions. The only extensions made in the present
study were that allosteric effectors change theKT

and K values by binding to the T and R states,R

respectively. A model-independent interpretation
of our oxygenation data will be presented in a
separate paper(Yonetani et al., manuscript in
preparation). The present ‘global allostery model’
with a single adjustable parameter could further be
extended to accept chain heterogeneityw59x, to
introduce more than two affinity statesw33x andy
or to take into account the ligand-linked tetramer–
dimer equilibrium w60x. These extensions need
additional experimental data of functional differ-
ence between thea and b chains and tetramer–
dimer equilibrium under universal solution
conditions, and will be future subjects to be
studied.
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