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Abstract

Studies of the allosteric mechanism of hemoglobin (Hb) have evolved from phenomenological descriptions to structu
molecular mechanisms, as the molecular structures of Hb in deoxy and ligated states have been elucidated. The MWC
concerted model has been the widely accepted as the most plausible of the allosteric mechanisms of Hb. It assumes t2-
affinity of Hb is regulated/controlled primarily by the T/R quaternary structural transition and that heterotropic effecto
preferentially to T (deoxy) Hb to shift the T/R allosteric equilibrium toward the T state. However, recent more compre
O2-binding measurements of Hb have revealed a new mechanism, the Global Allostery model. It describes that the O2-affinity
and the cooperativity are modulated in greater extents and the Bohr effect is generated primarily by the tertiary structura
in both T (deoxy) and R (ligated) states of Hb. Differential interactions of heterotropic allosteric effectors with both T (
and R (ligated) states of Hb induce these tertiary structural changes. The X-ray structure of a complex of R (ligated)
BZF, a potent heterotropic effector, has revealed the stereo-chemical influence of these effectors on the structure of R
Hb, resulting in the reduction of the ligand affinity in R (ligated) Hb. This model stresses the fundamental importanc
heterotropic interactions in regulation/control of the functionality of Hb. They alter the tertiary structures of both T (deox
R (oxy) Hb, leading to large-scale modulations of the O2 affinity (KT andKR), and consequently the cooperativity (KR/KT)

and the Bohr effect (�P50/�pH) from a global viewpoint of allostery in Hb.To cite this article: T. Yonetani, A. Tsuneshige,
C. R. Biologies 326 (2003).
 2003 Académie des sciences. Published by Éditions scientifiques et médicales Elsevier SAS. All rights reserved.

Résumé

Modèle de l’allostérie globale de l’hémoglobine : un mécanisme allostérique impliquant des interactions homotropes
et hétérotropes. L’élucidation des structures cristallographiques de l’hémoglobine dans ses états déoxy et oxy ont
aux études portant sur le mécanisme allostérique de l’hémoglobine (Hb) de passer de descriptions d’ordre
phénoménologique à l’élaboration de mécanismes s’appuyant plutôt sur des considérations structurales. Le modèle
fondant sur l’existence de ces deux états de la molécule d’hémoglobine, a longtemps été considéré comme le modèle
mesure d’expliquer le fonctionnement allostérique de cette molécule. Ce modèle propose que le mécanisme régulateu
l’affinité de l’hémoglobine pour l’oxygène provient principalement de la transition structurale quaternaire R/T et q
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effecteurs hétérotropiques se lient de façon préférentielle à l’hémoglobine T, décalant ainsi l’équilibre allostérique T/R v
T. Cependant, des mesures d’oxygénation très détaillées effectuées récemment ont permis d’élaborer un nouveau mé
modèle d’allostérie globale. Ce modèle propose que l’affinité de l’hémoglobine pour l’oxygène, l’effet de coopération e
Bohr soient contrôlés par des changements de structure tertiaire se produisant dans les deux états de l’Hb, c’est-à
l’état T (déoxy) autant que dans l’état R (lié). Le modèle propose que les interactions des effecteurs allostériques ave
états (T et R) provoquent ces changements de structure tertiaire. La structure cristallographique d’un complexe de l’H
avec la BZF, un effecteur allostérique très puissant, a révélé que ces effecteurs ont une influence stéréochimique s
de l’Hb, avec pour résultat la réduction de l’affinité pour le ligand de cet état. Ce modèle accentue l’importance fonda
du rôle des interactions hétérotropiques dans le contrôle du fonctionnement allostérique de la molécule d’hémoglo
effecteurs jouent ce rôle en modifiant les structures tertiaires des deux états de la molécule, soit R et T, ce qui se t
un effet régulateur prononcé portant sur l’affinité pour l’oxygène (KT et KR) et, par conséquent, sur l’effet de coopération
l’effet Bohr (�P50/�pH) et ce, d’un point de vue allostérique global.Pour citer cet article : T. Yonetani, A. Tsuneshige, C. R.
Biologies 326 (2003).
 2003 Académie des sciences. Published by Éditions scientifiques et médicales Elsevier SAS. All rights reserved.
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Abbreviations used

Hb: Human adult hemoglobin; MWC: Monod
Wyman, and Changeux; DPG: 2,3-diphosphoglyce
te; IHP: inositol hexaphosphate;P50: partial pressure
of O2 at half-saturation.

1. Introduction

The sigmoidal O2 binding behaviors of Hb, which
are accompanied by remarkable changes in the c
of Hb between dark red and bright red, have fascina
many, since they represent one of the simplest m
els of biological regulation and control. Hemoglobin
heterotetramer, consists of twoα- and twoβ-subunits,
each of which contains one O2-binding heme group
These subunits are paired as two dimers,α1β1 and
α2β2. Thus, it was considered that the sigmoidal
haviors resulted from each of the four success
O2-binding processes of Hb altering the O2-binding
affinities of the remaining heme groups either direc
via an electronic heme–heme interaction or indirec
through some oxygenation-linked changes of the p
tein conformation. The Adair Equation (Eq. (1)) [1
which includes five variables, i.e., four independ
O2-binding equilibrium constants (K1,K2,K3, and
K4) and the partial pressure of O2 (p), can represen
the O2-saturation function of Hb (Y) well in a mode
independent fashion. Thus a set of these four Ad
equilibrium constants have been used to quantitativ
characterize the sigmoidal behavior of Hb, where a
tio of K4/K1 would be a measure of the degree of c
operativity.

Y =

(1)

K1p + 3K1K2p
2 + 3K1K2K3p3 + K1K2K3K4p

4

1+ 4K1p + 6K1K2p
2 + 4K1K2K3p3 + K1K2K3K4p

4

2. MWC two-state concerted model

Muirhead and Perutz [2] demonstrated X-ray str
tures of unligated (deoxy) and ligated states of Hb
exhibit distinctly different quaternary structures (t
packing mode of the twoα1β1 andα2β2 dimers) with-
out appreciable changes in subunit conformation
tertiary structure). Then, the question of Hb mec
nism became one of molecular mechanism. The in
heme distances within Hb are too large to have
direct heme–heme interaction. The demonstration
two distinct quaternary structures of Hb by Perutz a
coworkers had served as an impetus for Monod e
[3] to propose the two-state concerted allosteric me
anism of regulatory proteins, including Hb. The MW
model proposes Hb to have two quaternary structu
the T state having low O2 affinity and the R state hav
ing high O2 affinity, which are in a ligation-linked al
losteric equilibrium. The allosteric equilibrium favo
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the T (low affinity) state in the deoxy state, whereas
equilibrium shifts toward the R (high affinity) state
upon oxygenation. The MWC Equation (Eq. (2)) [
containing four variables, i.e., the O2 affinities (the
equilibrium constants) of the T and R states (KT and
KR), allosteric equilibrium constant (L0), andp has
been shown to express the O2-binding function of Hb
(Y) well and with remarkable consistency. Here a
tio of KR/KT represents an indicator of the degree
cooperativity.

(2)Y = L0KTp(1 + KTp)3 + KRp(1+ KRp)3

L0(1+ KTp)4 + (1+ KRp)4

The O2 affinities of T (deoxy) and R (oxy) Hb
KT and KR, were originally defined asdissociation
equilibrium constants by Monod et al. [3]. Howeve
they are defined as intrinsicassociationequilibrium
constants in this article, in order to compare th
with corresponding Adair equilibrium constants,K1
and K4, respectively. Therefore, Eq. (2) has be
appropriately modified.

T (deoxy) Hb is structurally more constrained th
R (oxy) Hb, so that its O2 affinity (KT) is reduced by
a factor of∼ 30 over that(KR) of the unconstrained
R (oxy) Hb. The parameters of the O2-binding equi-
librium of Hb quoted in this article were determine
from the measurements in 0.1 M HEPES buffers w
and without 0.1 M Cl− at 15◦C, where the concen
trations of allosteric effectors employed were 2 m
DPG, 10 mM BZF, and 2 mM IHP [4,20]. The O2-
affinity of Hb increases by a factor of∼2 at a temper-
ature difference of−10◦C. Therefore, the values o
KT andKR as well as those ofP50 and the Bohr ef-
fect (�P50/�pH) must be appropriately adjusted
this temperature factor in order to compare the pre
data with the corresponding data at different temp
atures. Other parameters such as the allosteric e
librium constant (L0 and L4) and the cooperativity
(KR/KT) are not significantly affected by temper
ture. Consequently, a modest cooperativity (KR/KT
≈ 30) [4] is generated during the reversible oxyge
tion (Fig. 1A). This homotropic function of Hb in th
O2 binding is linked to heterotropic influences on H
caused by physiological allosteric effectors such
H+, CO2, and Cl−. These physiological effectors we
considered to bind preferentially to T (deoxy) Hb. T
interactions of these heterotropic effectors with T (
oxy) Hb shift the allosteric equilibrium toward the T
state [3] and consequently increaseL0 values. How-
ever,KT andKR were considered unaffected by t
heterotropic effectors.

3. Extended MWC/Perutz model

After Benesch and Benesch [5] discovered DPG
be a more potent natural effector of Hb, it was fou
that the binding of DPG to T (deoxy) Hb not on
shifts the allosteric equilibrium toward the T state
further increasingL0, but also reducesKT as well [6].
Thus, the role of DPG, a natural potent allosteric
fector, was expanded from a regulator of the allost
equilibrium(L0) to a modulator ofKT in the extended
MWC/Perutz model (Fig. 1A) [7,8]. This, in cons
quence, results in the enhancement of the cooper
ity up to KR/KT ≈ 230 [4]. It is worthy to note tha
this maximal value of cooperativity is attained und
the physiological conditions of the blood, i.e., at 0.1
Cl− and 3–5 mM DPG at pH 7.4. Thus, the sign
icant enhancement of its efficiency in unloading2
to and in removing CO2 from tissues is achieved un
der physiological conditions. Some observations
13] reported that heterotropic effectors could bind
R (oxy) Hb. In fact, Kister et al. [12] first demon
strated that DPG does bind not only to T (deoxy)
but also to R (oxy) Hbs, resulting in downward mod
lations of bothKT andKR, even at pH 7.4, if compet
ing Cl− is removed. Binding of IHP to R (oxy) Hb
to lower its O2 affinity (either K4 or KR) in phys-
iological conditions has been well documented [1
13]. However, these heterotropic modulations ofKR
are relatively small in comparison with the homotrop
modulation of the O2 affinity of Hb (KR/KT ≈ 30).
Furthermore, no crystallographic proof of the bindi
of a heterotropic effector to R (ligated) Hb was ava
able. In fact, Perutz [7] showed that the interior cav
of Hb, where DPG binds in the T (deoxy) state, n
rows upon the T→ R transition, so that it cannot b
accommodated in the same cavity in the R (ligat
state. Therefore, the binding of heterotropic effect
to R (ligated) Hb was not seriously integrated into
allosteric mechanisms of Hb, including the extend
MWC/Perutz model [7,8]. Thus, the fundamental te
of the extended MWC/Perutz model [3,7,8] is thatthe
O2 affinity of Hb is primarily regulated by the struc
tural constraints caused by the homotropicR → T
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Fig. 1. Homotropic and heterotropic allosteric modulations of the O2 affinity (KT, KR, and P50) of Hb according to (A) the extende
MWC/Perutz model [3,7,8] and (B) the Global Allostery model [4,20,21]. Heterotropic allosteric effectors do alter the tertiary str
of T (deoxy) and R (oxy) Hb without altering their respective quaternary states [4,20]. They lead to differential reductions ofKT andKR,
respectively and, consequently, modulations of the overall O2 affinity (P50) and the Bohr effect (�P50/�pH). The heterotropic, effector-linke
tertiary structural constraints (theZ-axis) play energetically more dominant roles than the tertiary constraints induced by the homotrop
quaternary transition (theX-axis) in the modulation of the O2 affinity (the Y -axis), and, consequently, the cooperativity and the Bohr ef
from a global viewpoint of allostery in Hb.
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quaternary structural transition. R (oxy) Hb exhibits
high O2-affinity, since it is structurally unconstraine
On the other hand, the structural constraint impose
T (deoxy) Hb reduces its O2-affinity (KT) in propor-
tion to the degree of the constraint. Heterotropic eff
tors are considered to bind preferentially to T (deo
Hb, causing structural constraints in T (deoxy) Hb a
loweringKT. This induces the enhancement in the
operativity of Hb under physiological conditions. U
der these conditions,L0 increases andKT decreases
whereasL4 andKR remain unchanged as the alloste
potency of the effector is increased [13]. It was
sumed that in the presence of more potent effect
L0 would increase significantly, resulting in alloste
equilibrium shift of R (oxy) Hb to ‘T’ (oxy) Hb (or
R4 → T4). Therefore, the almost non-cooperative O2-
binding behavior of Hb Kansas with an extremely lo
affinity (P50 > 100 torr) has been explained as its
losteric equilibrium being locked in the T (low affin
ity) state (L0 	 106) and thus being insensitive to th
degree of oxygenation [14].

The essential question concerning the mechan
of regulation in Hb that needs to be addressed is to
plain “how the low-affinity T (deoxy) state can sto
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the free energy that is made available to bind l
ands more strongly in the high affinityR (oxy) state”.
Based upon the detailed structural data, Perutz
first proposed that inter-subunit salt bridges (form
tion/dissolution) were the keys to regulation. Dif
culty in establishing the centrality of the salt bridg
led Perutz to propose that the affinity was lowered
storing energy as strain at the heme moiety, perh
because of the spin radius of the high-spin iron in th
(deoxy) state. However, spin energy and heme str
store insufficient energy to account for this coope
tivity. Hopfield [15] then proposed a distributed stra
model in which small strains throughout the prote
stored the energy difference. Molecular modeling
Gelin et al. [16] to propose the movement of the pr
imal His pulling on the F-helix as a locus of stra
energy storage. Related proposals based on reson
Raman data were also presented [17,18]. Nonethe
no definitive experiment has successfully ascribed
any structural feature the amount of free energy
quired to account for the difference in the O2 affinity
between T (deoxy) and R (oxy) structures of Hb.

4. Global Allostery model

Hb Kansas in solution [14] and T (deoxy) H
in single crystals [19] have been reported to h
extremely low affinities (P50 > 100 torr). Can the
O2-affinity of Hb be reduced to these extremely lo
levels by stronger allosteric constraints? A rec
comprehensive O2-binding measurement of Hb und
a wide range of medium condition in the presence
absence of more potent allosteric effectors has bro
about a new mechanism of allosteric regulation of H
the Global Allostery model (Fig. 1B) [4,20,21].

The MWC allosteric parameters were obtained b
non-linear least-squares regression curve-fitting an
ses of O2-equilibrium. Processed oxygenation da
were arranged in the form (logp, log[Y/(1−Y )]) and
fitted with the custom-made non-linear curve fitti
procedure in Origin Version 6.1 (Microcal, Notham
ton, MA), according to Eq. (2). Initial estimates f
KT, and KR could be readily obtained graphical
from Hill plots, or fitted data sets according to Ada
scheme. Namely, initial values ofKT andKR can be
estimated from the lower and upper asymptotes on
Hill plots. Alternatively, values ofK1 andK4, which
e
,

were determined from the Adair analysis (Eq. (1)) [
were used as initial estimates forKT andKR, respec-
tively. TheL0 values were estimated with an appro
mation ofL0 ≈ (K4 ×P50)

4 [20]. Unique sets of fitted
values forKT, KR, andL0 were thus obtained afte
the convergence of successive iterations was achie
Successive iterations using 10-fold increased or
creased initial values ofKT, KR, and/orL0 were found
not to alter the values ofKT, KR, andL0 at the conver-
gence. Simulations based upon these sets ofKT, KR,
andL0 were found to fit well with experimental da
(Fig. 2). Furthermore, all the values ofKT andKR so
determined were numerically identical within expe
mental errors to corresponding values ofK1 andK4,
the O2-affinities of deoxy and oxy Hb, respectively, a
cording to the Adair model [1]. SinceK1 andK4 are
model-independent parameters, the fact that nume
agreements ofKT andKR with K1 andK4, respec-
tively, would provide further credence to the values
KT andKR determined by the present MWC analys
We have also attempted the non-linear least-squar
gression curve-fitting analysis of the experimental d
according to the MWC model using initial estimates
low KT (KT ≈ 0.005–0.05 torr−1), highKR (KR ≈ 8–
11 torr−1), and largeL0 (L0 ≈ 108–1014) values. This
was in consideration of the more traditional idea of
MWC model of variable lowKT, fixed highKR, and
largeL0 values in the presence of potent allosteric
fectors. The simulations, based upon the values ofKT
(ranging from 0.008 to 0.05 torr−1), KR (ranging from
9.2 to 12.8 torr−1) andL0 (up to∼ 1013) obtained at
the forced convergence, fit the experimental data
sonably well at low and middle saturation ranges
Hill plots. However, they consistently deviate from t
data in high saturation ranges above 90%-satura
levels, and significantly overshoot the upper asym
totes of the experimental data. This is a clear ind
tion that the estimatedKR values are too large. Larg
L0 values of∼1013, which are required to compensa
the much larger difference betweenKT andKR values
(KR/K ≈ 2000) than those obtained under physiolo
ical conditions (KR/KT < 230), appear too large t
be realistically meaningful. Furthermore, theL4 val-
ues of∼ 0.3 obtained at maximal constraints are n
consistent with the structural data of R (oxy) Hb o
tained from hydrogen-bonded proton NMR measu
ments [4]. Therefore, it is evident that (i) securing the
precision O2-binding data at higher O2-saturation lev-
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Fig. 2. The pH dependence of O2-binding equilibrium curves of Hb
in the presence of potent heterotropic effectors (a combinatio
Cl− , BZF, and IHP) [4]. The experimental data, shown one ev
other two data points for clarity, are consistent with simulations
cording to both the MWC two-state model (solid lines), in which
three MWC parameters, namely,KT, KR, andL0, were allowed to
float [3], and the Adair model (broken lines) [1]. All the values
KT andKR [4,20] determined under the MWC two-state model
are numerically identical to the corresponding values ofK1 andK4
[4,20] of the Adair model [1], i.e., the model-independent equi
rium constants of the first and fourth steps of oxygenation in
respectively. These facts further increase the reliability and a
racy of theKT andKR values determined under the experimen
conditions. Under these conditions, the effectors bind to oxy
Hb more strongly at decreasing pHs. This results in 500–1000-
decreases inKR values. These highly pH-dependent behaviors
the O2-binding curves of Hb, i.e., the extreme pH-sensitivity of t
overall O2-affinity (P50 = 3.1 → 97 torr), accompanied by a de
creasing cooperativity (KR/KT = 230→ 1.29), at decreasing pH
from pH 9.0 to pH 6.6, are similar to those of the Root effect of fi
Hbs [30].

els, (ii ) choosing appropriate initial estimates of MW
parameters, and (iii ) having corroborating structura
evidence are critical in obtaining unique sets of ‘a
propriate’ MWC parameters through the non-line
least-square regression curve-fitting analysis.

These studies have revealed that: (i) more potent al-
losteric effectors not only bind to T (deoxy) Hb mo
strongly, reducingKT down to∼ 0.01 torr−1, but also
differentially bind to R (oxy) Hb, reducingKR as
much as> 500-fold, down toKR ≈ 0.05 torr−1, (ii ) at
the maximal allosteric constraint,KT and KR con-
verge atKT ≈ KR ≈ 0.005 torr−1 or P50 = 200 torr,
(iii ) with stronger allosteric effectors,L0 initially in-
creases from 103 up to∼107 with increasing allosteric
potency. However, as soon as heterotropic effec
begin to bind to R (oxy) Hb,L0 starts to decreas
at increasing allosteric potency down to as low
∼10, (iv) at the maximal allosteric constraint,L0 is
reduced to unity or[T0] = [R0] with no cooperativ-
ity. Various structural probes have shown that altho
they significantly decreaseKT and KR values, het-
erotropic allosteric effectors do not alter the qua
nary states of Hb in both T (deoxy) and R (ox
states [4,20]. TheL values of deoxy and oxy H
in the absence of heterotropic constraints are lop
edly in favor of T0 (L0 = 103) andR4 (L4 = 10−3),
so that heterotropic effector-induced variations ofL0
of several orders of magnitude would hardly affe
the actual quaternary states of Hb in both T (
oxy) and R (oxy) states [4], contrary to the wide
held assumption [7,8,14] that the quaternary state
Hb, especially that of R (oxy) Hb, is greatly influ
enced by heterotropic effectors. Therefore, one
reasonably conclude that the observed large am
tude modulations ofKT and KR by heterotropic ef-
fectors (Fig. 1B) are caused by the tertiary structu
constraints on T (deoxy) and R (oxy) states, resp
tively, by the interactions with heterotropic effecto
Consequently the cooperativity and the Bohr effec
Hb are regulated by the effector-induced tertiary str
tural changes, as illustrated in Figs. 1B and 2.Beta-
semi-Hb, α(−)2β(Fe)2, is a non-cooperative, high
affinity O2-carrier. Its O2-affinity can be lowered a
much as> 100-fold (P50 = 0.2 torr → >20 torr) by
potent heterotropic effectors (a combination of IH
and L35 [22]) even at pH 7.4, independent of h
motropic T/R quaternary transition, since it is p
sumably an R-state Hb in both deoxy and oxy sta
(Fig. 3) [23]. Probably this is the most convincing e
idence for the capability of heterotropic allosteric
fectors to substantially reduce the O2-affinity of an R-
state Hb through the effector-induced tertiary str
tural changes. These findings challenge directly
fundamental tenets of the MWC/Perutz model thatthe
O2 affinity of Hb is regulated and controlled princ
pally by theO2-linked T ↔ R quaternary structural
changes. In essence, the Global Allostery model d
scribes the functional diversity of Hb in terms of te
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Fig. 3. The effect of potent heterotropic effectors on the O2-affinity
of β-semi-Hb, a non-cooperative, high-affinity R-state O2-carrier
[23]. The O2 affinity of β-semi-Hb is reduced by as much as tw
orders of magnitude by tertiary structural constraints in the R s
which were imposed by the interaction with potent heterotro
effectors (IHP, L35, and a combination of IHP and L35), in t
absence of the O2-linked homotropic quaternary transition, eve
at the physiological pH of 7.4. The O2 binding curve of stripped
Hb with a cooperativity ofKR/KT ≈ 30 [4,20] under the sam
conditions is also presented for comparison.

tiary structural constraints imposed by the interacti
with heterotropic effectors on both the T (deoxy) a
R (oxy) states of Hb, which differentially lower bot
KT and KR, respectively. The quaternary-linked h
motropic structural constraint on the T (deoxy) st
of Hb, as depicted by the MWC/Perutz model [3
8], is only a small portion of the overall tertiary stru
tural constraints in the T state that can take place in
(Fig. 1).

Monod et al. [3] formulated the MWC two-sta
concerted model of Hb on the basis of limited O2-
equilibrium data available in 1965, before the disc
ery of potent allosteric effectors such as DPG [5]
is, therefore, not surprising that the molecular me
anism of Hb allostery has been modified to the
tended MWC/Perutz model [7,8] and now expand
to the Global Allostery model [4,20,21]. This ne
model, which incorporates both ligation-linked qu
ternary and effector-linked tertiary structural chang
is formulated primarily on the basis of the detail
quantitative analyses of more extensive oxygena
data obtained using the very conventional techniqu
O2-equilibrium measurements, albeit performed w
higher precision and accuracy. Peculiar notions in
support/defense of the MWC/Perutz model, which
rather unique in the field of Hb research, need addr
ing. First, that the extended MWC/Perutz model
8,24] is sufficient to quantitatively explain the beha
ior of Hb under physiological conditions. Further, th
any other finding obtained using synthetic effect
and/or beyond physiological pH range conditions a
that do not conform to the MWC/Perutz model, a
physiologically irrelevant and thus not worthy of s
rious consideration. These notions are quite cont
to the standard research methodology commonly u
to elucidate enzyme mechanisms. We normally elu
date the molecular mechanism of an enzyme by ex
ining its behavior in the widest possible range of e
perimental conditions using not only natural but a
synthetic substrates, activators and inhibitors, reg
less of the physiological conditions where it functio
The most fundamental question regardingthe molecu-
lar mechanism of regulation/control of theO2-affinity
in Hb can be elucidated only by examining the O2-
binding behaviors of Hb in the widest possible ran
of experimental conditions rather than in a limit
range of physiological conditions. We consider t
the MWC/Perutz model [3,7,8] and its extension [2
26] are an abbreviated version of the Global Allost
model, which also accounts for the behavior of Hb
der normal physiological conditions.

The physiological importance/significance of t
interactions of R (oxy) Hb with heterotropic effecto
that lower its O2 affinity (KR) is the hallmark of
the Global Allostery model (Figs. 1B and 2). Th
preferential binding of an effector to the T-sta
which is one of the tenets of the MWC mod
is not quite as absolute as one has been led
believe. The affinities of most of heterotropic effecto
toward deoxy (T) Hb are approximately> 102-times
higher than that to ligated (R) Hb at and abo
pH 7.4 (9–13). However, the affinity of the latt
substantially increases and approaches that of
former in the slightly acidic physiological pH rang
(pH 7.0→ pH 6.6), as shown in Figs. 1B and 2 [4
Recently the molecular structure of a complex of
(ligated) Hb with BZF, a potent allosteric effector, h
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been determined [27]. Bezafibrates have been kn
to bind to Hb at the interior cavity of T (deoxy
Hb [28], strengthening the inter-subunit interactio
between twoα1β1 and α2β2 dimers and shifting
its allosteric equilibrium more toward the T sta
However, in R (ligated) Hb they are bound to the
helices of theα-subunits in a piggyback fashion o
the surface of the molecule, altering the geome
of the distal heme environment. This is the fi
demonstration of the mode of action of heterotro
allosteric effectors on R (ligated) Hb, stereochemica
influencing the ligand affinity of R (ligated) Hb. Th
proves further that allosteric effectors cannot only b
to both T (deoxy) but also R (ligated) states of H
differentially affectingKT as well asKR. One can
amply demonstrate the physiological significance
the binding of heterotropic effectors to R (ligated) H
by the following examples.

(i) First, it has been reported that during high a
tude adaptation, the intra-erythrocyte concen
tion of DPG increases by∼50%, accompanie
by substantial increases inP50 from 26.6 torr to
31 torr [29]. Hemoglobin is nearly saturated wi
DPG inside the erythrocytes at sea level. The
fore, any increases in the intra-erythrocyte co
centration of DPG beyond the sea level sho
decrease theKT value only slightly and min-
imally affect the P50 value, according to the
MWC/Perutz model [7,8]. The observed sign
icant increases inP50 can be explained only b
the following assumption: at increased conc
trations of DPG, this effector begins to bind
R (oxy) Hb to lower theKR value significantly,
even at the physiological pH, resulting in substa
tial increases inP50 to enhance O2 delivery to the
tissues at high altitude.

(ii ) Secondly, the highly sensitive pH dependence
the O2-binding curves exhibited by Hb in th
presence of several potent heterotropic effec
such as Cl−+ BZF + IHP (Fig. 2) [4,20] reminds
us of the Root effect of some fish Hbs [30]. Th
behavior of Hb must result primarily from th
extreme pH sensitivity ofKR in the presence o
the potent effectors (Figs. 1B and 2), by whi
the O2-affinity of R (oxy) Hb (KR) is reduced
by as much as three orders of magnitude u
acidification. Such a mechanism may allow t
fish oxy Hb in the presence of ATP, its effecto
to release O2 into the swim bladder, even und
extremely high hydrostatic partial pressure
O2 at deep sea, in order to adjust the buoya
by local acidification. It is amazing to obser
that such an extreme behavior can be mimic
in human Hb via heterotropic allostery in
(oxy) Hb.

(iii ) Thirdly, Hb under the maximal heterotropic a
losteric constraint (curve at pH 6.6 in Fig. 2
whereKR is reduced by as much as> 1000-fold
to a minimal value (KR = 0.05 torr−1) by pH-
sensitive interactions with heterotropic effecto
[4,20], can mimic the O2-binding behaviors o
Hb Kansas [14].

Thus, the binding of effectors to R (oxy) H
predicted by the Global Allostery model and ignor
by the MWC/Perutz model, becomes significant
explaining physiological phenomena.

It has long been considered that the binding of v
ious heterotropic effectors modulates the O2-affinity
and cooperative function of Hb. The assumption
been that these effectors all made small perturbat
on the essential cooperative behavior of the Hb m
cule itself (Fig. 1A) [2,6–8,14,24–26]. It appears th
the reverse is actually true from a global viewpo
(Fig. 1B) [4]. Now Hb can be viewed much more lik
a classic allosteric enzyme, in which the fundam
tal and strongest interactions are heterotropic. The
operative (homotropic) behavior of the Hb molecu
exerts a small perturbation on those heterotropic in
actions of Hb (Fig. 1B).

The cooperativity of Hb (KR/KT > 1) is generated
by the differential tertiary structural constraints on
(deoxy) and R (oxy) states, leading to the differen
modulation of bothKT andKR [4,20,21].These ter-
tiary structural constraints are imposed by combin
effects of both the ligand-linked, T/R quaternary str
tural changes(Fig. 1A) [3,7,8]and the effector-linked
tertiary structural alterations(Fig. 1B) [4,20,21]. The
latter play much more dominant roles in regulatingKT
and KR and consequentlyP50 as well as the coop
erativity (KR/KT) and the Bohr effect (�P50/�pH).
The molecular mechanisms of the cooperative proc
such as the two-state concerted model [3], the ste
chemical model [7,8], the three-state model [6],
sequential model [31], and the molecular code mo
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[32] deal with the processes of the release/forma
of those tertiary structural constraints by the revers
ligation. They involve far more complex process
than previously assumed. The cooperative proces
reversible O2-binding to Hb is not only accompanie
by the reversible dissociation of effectors from/to
(deoxy) Hb, but also followed by the reversible bin
ing to/from R (oxy) Hb, even under physiological co
ditions. In addition, both T (deoxy) and R (oxy) stat
have continua of tertiary structural constraints, culm
nating a series ofKT and KR values. As such, the
are still interesting to explore, but too complex to e
plain by such simplistic hypotheses dealing with
reversible process of ligation alone and to deciphe
the techniques currently available. Furthermore, e
getically speaking, the T/R quaternary-linked coop
ative process of Hb is no longer the process of our
mary interest, as they play lesser roles in the ove
allostery of Hb (Fig. 1) [4,20,21].

It is, therefore, the time to focus our attention to t
following questions:

(i) how are the affinity and reactivity of the hem
prosthetic groups of Hb regulated by the structu
changes of the host protein (globin) under t
heterotropic constraints, as illustrated in Fig. 3?

(ii) here is the free energy of allostery, required
restore the high affinity/reactivity of the hem
under unconstrained conditions of the R (ligate
state, stored in the protein?

Modifications of Hb by specific genetic enginee
ing techniques have been widely employed in orde
alter specific Hb properties. They have provided i
portant information regarding structure–function re
tionships in Hb. However, once the critical and ce
tral role of the heterotropic interactions in regulati
and control of the Hb functions is recognized, a n
approach can be taken. Methods modifying the fu
tional characteristics of Hb, which are more use
in specific physiological roles, may be derived fro
the alteration of the interaction mode of Hb wi
heterotropic effectors. This can be accomplished
chemical or genetic engineering methods designe
alter the structure of the effector-binding sites of H
For example, nature has accomplished this feat in f
Hb. Fetal Hb, which has a lower O2 affinity than adult
Hb in vitro, binds DPG less tightly than adult Hb du
to a mutation at its DPG-binding site. Therefore,
the presence of DPG under physiological conditio
the O2 affinities of fetal and adult Hb are reversed,
lowing the efficient transfer of O2 from the mother’s
blood to the fetal blood to accomplish the physiolo
ical role of fetal Hb. Alternatively, one could desig
and synthesize heterotropic effectors having differ
allosteric potencies and/or with or without prefere
tial affinities for T (deoxy) Hb. A simple method t
utilize ‘NO’ as amembrane-permeable, heme-spec
allosteric effectorto convert Hb toα-nitrosyl Hb hav-
ing low affinity [33] has been perfected, in order
convert/rejuvenate old high-affinity ‘expired blood’
a low-affinity blood, suitable for blood transfusion a
as media for hypo-thermal surgery and hypo-ther
organ preservation [34–36].

The Global Allostery model [4,20,21] stresses
fundamental importance of the heterotropic inter
tions. They alter the tertiary structures of both T (d
oxy) and R (oxy) Hb, leading to large-scale modu
tions of the O2 affinity (KT andKR), the cooperativity
(KR/KT), and the Bohr effect (�P50/�pH) and thus
explaining the allosteric functions of Hb from a glob
viewpoint.
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