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Cooperative ligand binding by tetrameric vertebrate
hemoglobins (Hbs) makes possible the delivery of oxygen
at higher pressures than would otherwise occur. This
cooperativity depends on changes in dimer–dimer
interactions within the tetramer and is reflected in a 50000-
fold increase in the tetramer–dimer dissociation constant in
human Hb upon oxygenation at pH7.4, from approximately
2×10−11mol l–1 to approximately 10−6mol l−1. Hbs that
undergo such ligand-dependent changes in association are
widespread in non-vertebrates, where the mechanisms are
very different from those in vertebrates. Oligomeric Hbs
have been identified in organisms in five phyla (molluscs,
echinoderms, annelids, phoronids and chordates) that
dissociate to subunits upon oxidation of the heme iron and
reassociate with the binding of ferric iron ligands such as
CN−, N3− or NO2−. Thus, the valence and ligand state of the
heme iron control the stability of a critical subunit interface.
The broad distribution of this phenomenon suggests a
common mechanism of communication between heme and
interface that may be almost universal among non-vertebrate
Hbs. This interaction may be similar to that known for the
homodimeric Hb of the mollusc Scapharca inaequivalvis.

Although muscle tissue Hbs or myoglobins (Mbs) are
usually monomeric, with non-cooperative O2 binding, the
radular muscles of gastropod molluscs and chitons have

homodimeric Mbs that bind O2 cooperatively. Cooperative
non-muscle tissue Hbs have also been identified. These
include the neural Hb of the nemertean worm Cerebratulus
lacteusand the Hb of the diving beetle Anisops assimilis,
which exhibit deoxygenation-dependent self-association of
monomers that is associated with high Hill coefficients.
Calculations suggest that the 2–3 mmol l−1 concentration of
Hb on a heme basis in the brain of Cerebratulusshould
substantially extend the time as an active predator in an
anaerobic or hypoxic environment. Oxygen from the Hb of
Anisops is delivered to a gas bubble and thereby controls
the buoyant density.

Many Hbs of amphibians, reptiles, birds and some
embryonic mammals exhibit a further ‘supercooperativity’
of O2 binding which depends on reversible deoxygenation-
dependent tetramer–tetramer association to form an
assemblage with a very low affinity for O2. This phenomenon
results in steeper O2-binding curves than exhibited by
tetramers alone. The increased cooperativity should result in
an increase in the amount of O2 delivered to the tissues and
should be especially valuable for avian flight muscles.

Key words: oxygen binding, hemoglobin, cooperativity
supercooperativity, self-association, dimer, tetramer, invertebra
vertebrate.
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Hemoglobins that bind ligands cooperatively are wide
distributed in organisms from bacteria to mammals. Hill (191
was the first to deduce the essential feature of cooperativ
the binding of the first ligand makes it easier to bind a seco
one. Although the mechanisms for cooperative oxygen bind
within tetrameric vertebrate Hbs have been extensively stud
for almost a century and are now relatively well-understo
(Perutz et al. 1987; Perutz, 1989; Ackers et al. 1992; for a
recent discussion of the issues, see also Ackers et al.1997), it
is now clear that different mechanisms are dominant in Hbs
non-vertebrates. Indeed, the mechanisms established
vertebrates have not so far been found in any non-verteb
Hb. Cooperativity in tetrameric α2β2 Hbs of mammals depends
on oxygenation-dependent changes in the iron-proxim

Introduction
ly
3)
ity:
nd

ing
ied
od

 of
 in
rate

al

histidine bond that produce a chain of conformation
perturbations that lead to a weakening shift of the α1β2

interface between two dimers the subunits of which are join
together at the α1β1 interface. However, this interface does no
change appreciably during the oxygenation of mammalia
Hbs. Oxygenation-dependent weakening of both the
interfaces occurs frequently in the Hbs of reptiles an
amphibians so that the oxygenated species often include
equilibrium mixture of tetramers, dimers and monome
(reviewed by Brittain, 1991). The Hbs of most birds and o
some reptiles and amphibians are characterized by a furt
deoxygenation-dependent self-association of tetramers. Th
tetramer–tetramer complexes have a greatly lowered oxyg
affinity. Partial oxygenation results in dissociation to tetrame
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of higher oxygen affinity. This oxygenation-depende
increase in oxygen affinity is a second mechanism 
cooperativity that is superimposed on the cooperativity of 2

binding within the tetramer. It is this phenomenon that we ter
‘supercooperativity’. Such self-association of deoxygenat
tetramers should be greatly enhanced by the molecu
crowding and the excluded-volume effect within red ce
(Zimmerman and Minton, 1993). Such enhancement sho
result in a further increase in the supercooperativity of 2

binding within red cells and an increased value of the H
coefficient. This coefficient, nH, commonly used as an overa
measure of cooperativity, is proportional to the statistic
variance of the distribution of ligands among the vario
species of Hb (Edsall and Gutfreund, 1983). Thus, the hig
the Hill coefficient, the more non-random is the distributio
The concentration of Hb in the solvent available to it within
mammalian red cell is approximately 335 g l−1 or 5 mmol l−1

tetramer. The molecules, almost in contact and close to 
limit of solubility, occupy a volume fraction similar to that in
a crystal (Perutz, 1946). Under these crowded conditions,
excluded volume effect has major consequences. The appa
lack of self-association of tetramers of mammalian Hbs has
to the suggestion (Riggs, 1976) that there should be a gen
selective advantage against Hbs having complement
surfaces unless the interaction leads to an advantageous ch
in physiological properties. Although the evidence fo
supercooperativity is compelling, many of the early results 
difficult to interpret because spurious appare
supercooperativity can be produced by incomple
oxygenation.

The homodimeric structures of deoxy and oxy Hbs in t
circulating erythrocytes of the clam Scapharca inaequivalvis
show a cooperative mechanism that is completely differ
from that of vertebrate Hbs (Royer et al. 1990). The subunit
contacts in vertebrate Hbs are dominated by contacts involv
the C, G and H helices, whereas the E and F helices are o
external surface of the tetramer (Perutz et al.1987). In contrast,
the subunit contacts in the dimeric ScapharcaHb involve the
E and F helices, so that the hemes are in almost direct con
The cooperative mechanism in this Hb involves only sm
changes in the local environment of hemes, and the glo
conformational changes that characterize vertebrate Hbs
completely absent.

The goal of this brief review is to evaluate these diver
processes of ligand-dependent dissocation/association foun
the hemoglobins of many organisms. There are two k
questions to be addressed. First, how widespread is 
‘Scapharca’ mechanism among non-vertebrate Hbs? Seco
how important are the tetramer–tetramer interactio
responsible for ‘supercooperativity’?

Bacteria
Expression of the homodimeric Hb of the bacteriu

Vitreoscilla sp., first called cytochrome o, increases some 50-
fold when the culture is made hypoxic (PO∑<15 mmHg;
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1 mmHg=0.1333 kPa) (Tyree and Webster, 1978
Wakabayashi et al. 1986). The X-ray structure of the
homodimer reveals that the intersubunit contacts between p
of the E and H helices are very different from those of oth
known oligomeric Hbs (Tarricone et al. 1997). The Hb has
been reported to bind CO with high cooperativity (Hil
coefficient, nH≈2). Cytochrome o (=Hb) from Acetobacter
suboxydanshas also been reported to bind CO cooperative
(Hill nH≈1.9) (Daniel, 1970). However, the quantitative
importance of cooperative intracellular Hbs in O2 delivery has
not yet been assessed. It could be that a primary function
some microbial Hbs is not in oxygen delivery but rather 
sensing oxygen stress (Bunn and Poyton, 1996) or as a term
oxidase (Wittenberg and Wittenberg, 1990).

It should be mentioned here that CO-equilibrium
measurements can give a spurious cooperativity under so
conditions if a gas phase is present. Thus, beef he
cytochrome oxidase has been reported to bind C
cooperatively with a Hill coefficient of 1.26 (Wald and Allen
1957), but this appears to be an artifact that resulted from 
lack of sufficient time for equilibration. Measurement of CO
binding by soybean legHb using exactlythe same tonometry
revealed an apparent Hill coefficient of 2.0, but this value w
shown to be the result of an inadequate 10 min equilibrati
time; 60–120 min was required because the rate of transfe
the introduced CO from gas phase to solution is limited by t
very low PCO used in the experiments (Imamura et al.1972).

Invertebrates and primitive vertebrates
Cooperative tissue hemoglobins

Although most Mbs are non-cooperative monomers, t
radular muscles of several gastropods and chitons cont
cooperative dimeric Mbs (Manwell, 1958; Terwilliger and
Read, 1971; Geraci et al. 1977; Smith et al. 1988) with Hill
coefficients of 1.2–1.6. None of these dimers has been repor
to undergo ligand-dependent subunit dissociation. In contra
the notonectid diving beetles have cooperative Hbs that 
have this property. The Hb of the notonectid backswimm
Anisops assimilis self-associates extensively upon
deoxygenation (Wells et al. 1981), from largely monomeric
(approximately 17 kDa) HbO2 to an equilibrium mixture of
dimers, trimers, tetramers and hexamers at 75
deoxygenation. The overall effect of this ligand-depende
association is that the O2 equilibrium changes from being non-
cooperative at low concentrations to highly cooperative 
300 mg ml−1, with a maximal nH value near 6.0. Oxygen
released from the Hb into a gas bubble provides a mechan
by which the buoyant density is regulated (Miller, 1966).

The nemertean worm Cerebratulus lacteushas Hb in
circulating red cells, in neural tissue and in the body wa
muscles (T. L. Vandergon, C. K. Riggs, T. A. Gorr, J. M
Colacino and A. F. Riggs, in preparation). Although the re
cell Hb has not yet been studied, both the neural and body w
Hbs bind O2 with high cooperativity in vivoand in vitro (neural
Hb nH≈2.6–3.0, body wall Hb nH≈2.1–2.2) even though the
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ligated Hbs are monomeric. This finding indicate
deoxygenation-dependent self-association, probably at leas
tetramers. Calculations show that the neural Hb, presen
2–3 mmol l−1 heme concentration, could function as an oxyg
store to prolong the activity of this predator in anoxic mu
where it searches for prey. Even under normoxic conditio
the neural and body wall Hbs could augment O2 delivery
during bursts of activity.

Mollusca

Cooperativity in ScapharcaHb: a predominant mechanism in
invertebrates?

The red cells of the arcid clam Scapharca inaequivalvishave
two Hbs, homodimeric Hb I and heterotetrameric Hb II, bo
of which bind O2 cooperatively by mechanisms completel
different from those used by the α2β2 tetrameric Hbs of
vertebrates (Chiancone et al. 1981; Ikeda-Saito et al. 1983).
The essential features of the Scapharcamechanism will be
summarized here because of the finding that some of 
properties are shared by many Hbs in organisms of dive
phyla. Royer et al.(1990) have shown that the subunit interfac
of the homodimeric Hb I is formed by the E and F helices 
that the two hemes are in direct contact via their propionic acid
groups through a set of 17 symmetrically ordered wa
molecules (Royer et al. 1996, 1997). Ligand binding to the
heme causes the iron atom to move into the heme plane, 
does in vertebrate Hbs. Associated changes in heme sh
squeeze a phenylalanine (residue 97) out of the heme po
into the interface to contact the other subunit. These chan
disrupt the 17 ordered water molecules, and six are relea
The hemes move further into the pocket so that the propio
acid groups of each subunit move away from those of the o
subunit. These local changes in the heme pocket and 
adjacent interface are the processes that are responsible
cooperative O2 binding. The importance of water molecules i
the mechanism is underlined by the finding that mutation
interface residue Thr72→Val causes a 40-fold increase in O2

affinity, although the change involves the loss of only tw
hydrogen bonds and two water molecules (Royer et al.1996).

The crystal structure of the heterotetrameric Hb II 
Scapharca(Royer et al. 1995) shows that the structure of th
heterodimers within the tetramer is very similar to that of t
homodimeric Hb I, suggesting that O2 binding to the
heterodimer within the tetramer is also cooperative. Oxyg
binding by Hb I is characterized by a Hill coefficient, nH, of
1.5. The higher cooperativity of O2 binding by the tetrameric
Hb II (nH=2.1) reflects either the additional interactions acro
the dimer–dimer interface or the association of deoxygena
tetramers. A striking difference between Hbs I and II is that 2

binding by Hb I has no heterotropic effects, i.e. the equilibriu
is unaffected by allosteric factors such as protons or anions
contrast, tetrameric Hb II self-associates upon deoxygenat
probably to tetramers of tetramers (Chiancone et al. 1981), a
process that is pH-dependent and linked to anion bind
(Boffi et al.1990).

Although ferrous dimeric Hb I and tetrameric Hb II do no
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dissociate appreciably, oxidation results in dissociation of H
I to monomers and of Hb II to dimers (Spagnuolo et al.1988).
These dissociations are marked by hemichrome formation
which the sixth coordination position of the iron is occupie
by an endogenous ligand, presumably the distal histidine. T
dissociation is reversed by addition of ligands such as NO2− to
the ferric iron. Thus, the association states of Hbs I and II a
both valence- and ligand-state-dependent. This prope
initially thought to be unique to Scapharca, turns out to be
widespread and occurs in the Hbs of animals in at least fi
phyla including the chordates. Examples are discussed bel

Annelida

Zhu et al.(1996b), following the earlier work of Ascoli et al.
(1978), have shown that the extracellular Hb of the anne
Lumbricus terrestris behaves upon oxidation exactly as
described for the Hb of the mollusc Scapharca. LumbricusHb
has four major kinds of globin chains: chains a, b and c
(forming a disulfide-linked trimer) and chain d. The CO–ferrous
trimer self-associates extensively to assemblages as large
(abc)10, and CO chain d is largely tetrameric (d4),but oxidation
causes the trimer assemblages to dissociate completely to (abc)2
and d4 to dissociate to d2. Addition of CN− reverses these
dissociations completely. The abc trimer and chain d associate
to form (abcd)4, a principal subunit, which, together with non
globin structural units (‘linkers’), form the 4.1 MDa,
approximately 200 polypeptide, assemblage of the Hb. Par
oxidation causes the Hb to shed subunits, a property t
accounts for the wide variation in reports of the molecular ma
Just as in ScapharcaHb, the oxidation of the heme causes 
conformational change of the E helix that results in hemichrom
formation. This shift is associated with a weakening of a critic
subunit interface that results in dissociation.

Echinodermata

The intracellular Hbs of Caudina arenicola(Bonaventura
and Kitto, 1973; Mitchell et al.1995) are dimeric as oxy Hbs
and associate to tetramers and larger assemblages u
deoxygenation. The ligand-linked dissociation appears to 
completely responsible for the observed cooperativity. T
Hbs dissociate to monomeric hemichromes upon oxidatio
just as in Scapharca, and cyanide causes reassociation. Th
crystal structures of CaudinaHbs (Mitchell et al.1995) reveal
that the interface in the dimer is similar to that in Scapharca,
although the contact residues differ.

Phoronida

The ligated intracellular Hbs of Phoronopsis viridisare
completely dimeric, but dissociate to monomers upo
oxidation and reassociate to dimers upon cyanide addit
(Garlick et al. 1979). The oxygen equilibrium has low
cooperativity (nH=1.2) at a Hb concentration of 125µmol l−1

heme.

Chordata

The lampreys and hagfish are the most primitive livin
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Adult chicken

Man

Fig. 1. Oxygen equilibrium of blood from adult and 6-day-old
embryos of the chicken and from man. The data have been
normalized to the same PO∑ value for 50 % saturation to emphasize
the differences in shape. The experiments with chicken blood used a
PO∑ of 650 mmHg (1 mmHg=0.1333 kPa) to achieve full saturation
(adapted from Lapennas and Reeves, 1983b). The maximal Hill
coefficient for the 6-day-old embryo is 6.5 at 85 % saturation and
approximately 4.1 for the adult blood at 80 % saturation (Lapennas
and Reeves, 1983a).
vertebrates, and their Hbs have properties that shar
distinguish them from those of all other vertebrates. Althou
cooperative O2 binding (nH=1.2) was found in lamprey Hb by
Wald and Riggs (1951), it was not recognized because it w
thought that the Hb was always monomeric. The Hbs 
lampreys are monomeric at pH 7 when ligated with CO or O2,
but self-associate to dimers and tetramers upon deoxygena
(Briehl, 1963; Behlke and Scheler, 1970; Andersen, 197
Andersen and Gibson, 1971; Dohi et al. 1973; Brittain et al.
1989). The ligand-dependent dissociation from dimers a
tetramers with low O2 affinity to high-affinity monomers is
responsible for the cooperativity (nH=1.2–1.4). The release of
protons accompanying the dissociation accounts comple
for the pH-dependence of O2 binding. Oxidized Hbs of the
lampreys Lampetra fluviatilis(Behlke and Scheler, 1970) and
Petromyzon marinus(Qiu, 1997) are monomeric, but addition
of metHb ligands causes reassociation to dimers at low pH
in many invertebrate Hbs.

The pH-dependent dissociation of lamprey Hb within re
cells will increase the osmotic pressure and alter the acid–b
balance. These topics are reviewed in detail by Nikinmaa et al.
(1995).

Hagfish Hbs also self-associate upon deoxygenation, but
level of cooperativity is lower than in lamprey Hbs. Bannai et
al. (1972) found that none of the isolated components of 
Hb of the hagfish Eptatretus burgerishowed significant
cooperativity, but discovered that upon deoxygenation tw
components formed a hybrid tetramer that exhibited signific
cooperativity. Evidence for such subunit interaction has a
been shown for the Hb of the hagfish Myxine glutinosa(Fago
and Weber, 1995). The combination of unlike chains 
produce a cooperative complex might be thought of as
precursor of the cooperative α2β2 tetramers of higher
vertebrates, but there is no structural evidence that 
interfaces are similar. If the interfaces resemble tho
suggested for the lamprey, the cooperative mechanism wo
be totally different.

In conclusion, oligomeric Hbs have been identified in fiv
phyla (chordates, echinoderms, phoronids, molluscs a
annelids) that dissociate upon oxidation and reassociate w
the addition of a ferric heme ligand. This finding points to
common mechanism that links oxidation of the heme iron
the weakening of a critical subunit interface. We suggest t
the same pathway is used for communication between he
and the subunit interface during cooperative O2 binding. The
crystal structures of both Caudinaand ScapharcaHbs reveal
that the E/F helices form the dimer interface. We infer that t
critical interface is likely to be similar, although not identica
in all these Hbs. This phylogenetic perspective suggests 
the most common cooperative mechanism in the anim
kingdom may be that of ScapharcaHb.

Vertebrates
Tetramer–tetramer association and supercooperativity

Avian Hbs and bloods have been the most extensiv
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studied. Many studies of chicken blood have reported ve
steep O2 binding curves with Hill coefficients above 4 at high
levels of oxygenation (for references, see Cobb et al. 1992;
Vorger, 1994). Examples of such equilibria (Lapennas a
Reeves, 1983a,b) are shown in Fig. 1. These data show tha
embryonic red cells of the chicken have steeper O2 equilibria
than those of the adult; both are much steeper than that
human red cells. In contrast, most in vitro studies of Hb
solutions do not exhibit this property. This puzzling differenc
has not been fully resolved, but may depend in part 
differences in concentration and allosteric factors. Such d
can be produced by deoxygenation-dependent self-associa
of tetramers. However, erroneously high Hill coefficients ca
also result from incomplete saturation with oxygen, a
emphasized by Lapennas et al. (1981) and Vorger (1987,
1994). The superposition of the artifactual effects o
incomplete saturation on the real effects of tetramer–tetram
self-association makes analysis of some of the early d
difficult. Nevertheless, the evidence for tetramer–tetram
interactions is compelling. We will consider first the gener
consequences of linkage (Wyman, 1964; Wyman and G
1990) between oxygenation and dissociation o
tetramer–tetramer complexes. We neglect the dissociation
tetramers to dimers in the discussion, but one should recogn
that real data do exhibit ligand-dependent dissociation 
tetramer to dimer at low concentrations as well. Th
deoxygenation-linked self-association of tetramers can 
described in terms of a thermodynamic cycle (Fig. 2)

In this cycle, Hb refers to the tetramer, all K values and
standard free energy values (DGo values) refer to the overall
equilibrium association processes. Conservation of ener
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2Hb(O2)4 Hb(O2)8

K4, ∆G4
°

K1, ∆G1
°

I

IVIIIK3, ∆G3
°

K2, ∆G2
°

II

Fig. 2. A thermodynamic cycle describing deoxygenation-linked
self-association of Hb tetramers. In this cycle, Hb refers to the
tetramer, all dissociation constant (K) values and standard free
energy (DGo) values refer to the overall equilibrium association
processes. For further details, see text.
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B

logPO 2
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y/
(1

−y
)]

0           0.5 1.0 1.5          2.0 2.5

Fig. 3. Oxygen equilibria of components of chicken Hb.
(A) Component A, (B) component D. The plots are derived from the
original data used for Fig. 2 of Isaacks et al. (1976). IHP, inositol
hexaphosphate; y is fractional oxygenation. Conditions are given in
Table 1.
requires that DGo
1+DGo

4=DGo
2+DGo

3. Consequently, K1K4=K2K3

or K1/K2=K3/K4. This means that if K1>K2 then, necessarily,
K3>K4. Cobb et al. (1992) showed by sedimentation velocity
analysis that tetramers of component D of chicken Hb se
associate upon deoxygenation to dimers of tetramers in 
absence of organic phosphates, but that component A does
measurably self-associate under these conditions. S
association could not be detected in either component wh
oxygenated. Thus, for component D, in the cycle outlin
above, K1@K2 and K3@K4, i.e. the Hb tetramer must have a
much higher oxygen affinity than that of Hb2 (octamer).
During oxygenation, the equilibria will shift from low-affinity
octamers to higher-affinity tetramers. This shift wil
necessarily be associated with a rise in the Hill coefficie
Moreover, this rise will be dependent on total prote
concentration. Thus, oxygen equilibria of Hbs at lo
concentrations would be governed primarily by th
cooperative O2 binding within tetramers (process III in Fig. 2).
Process I (Hb2 formation) would be insignificant, but would
become increasingly important as the concentration increa
Although no studies have yet been made of the concentrat
dependence of oxygen binding by chicken Hb, we can a
whether the published studies of oxygen binding have be
performed at protein concentrations sufficiently high to ma
the effect of tetramer–tetramer interactions experimenta
observable. This question can be addressed as follows. 
process I, 2HbsHb2, the equilibrium dissociation constan
KDiss is given by:

The mass fraction of tetramer (Hb), α, is determined by CT,
the total mass concentration of the Hb. Cobb et al.(1992) give
the values KAssoc= 0.39 cm3mg−1 or KDiss=2.56 mg cm−3 at

α2CT

1 − α = KDiss .
ses.
ion-
sk
en

ke
lly
For
t

pH 7.5 in the absence of organic phosphates, where KAssoc is
the association constant. Table 1 gives the mass concentrati
of Hb used in various O2 equilibrium measurements of chicken
Hb together with calculated values of α on the basis that
KDiss=2.56 mg cm−3. These calculations suggest that the
measurements by Isaacks et al. (1976) (chicken Hb) and
Vorger (1994) (pigeon Hb) were made at concentrations to
low to expect to see clear evidence for tetramer–tetram
interactions. However, re-examination of the data of Isaackset
al. (1976) is instructive. Fig. 3 shows Hill plots for Hbs A and
D calculated by J. E. Knapp, M. A. Oliveira, Q. Xie, S. R
Ernst, A. F. Riggs and M. R. Hackert (in preparation) from th
data used for Fig. 2 of Isaacks et al.(1976). These data provide
an explanation for the apparent paradox that the Isaacks d
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Table 1.Estimated extent of dissociation, α, of tetramer–tetramer complexes of some avian hemoglobins

Protein
Temperature concentration P50

(°C) pH (mg ml−1) α (mmHg)1 n2 Reference

Chicken3 Component A 37 7.4 1.7 0.69 36.4 2.3 Isaacks et al.(1976)
Component D 37 7.4 1.7 0.69 27.9 2.3 Isaacks et al.(1976)

Chicken4 Component A 37 6.9 200 0.11 81 2 Baumann et al.(1987)
Component D 37 6.9 200 0.11 68 3 Baumann et al.(1987)

Pigeon5 Stripped 25 7.4 2.0 0.66 9.3 2.4 Vorger (1994)
+IPP 25 7.4 2.0 0.66 16.4 2.9 Vorger (1994)

1Partial pressure of O2 at 50 % oxygenation.
2Value of the Hill coefficient provided by authors.
350 mmol l−1 bis-Tris, pH 7.4, PCO∑ = 40 mmHg, 77 mol ATP per mol Hb tetramer.
4Buffer: ‘simulated physiological conditions’, pH 6.9, 3 mol ATP per mol Hb tetramer.
550 mmol l−1 Tris, 100 mmol l−1 NaCl, pH 7.4, molar ratio IHP/ Hb tetramer = 67.
IHP, inositol hexaphosphate; IPP, inositol phentaphosphate.

Fig. 4. Simulation of the effect of incomplete saturation. Two sets of
data were created, one with the Hill coefficient nH=2.0 (triangles)
and the other with nH=3.0 (filled circles). The degree of saturation
used to define ‘100 %’ oxygenation in both sets of data is 89 %. See
text and legend to Fig. 3 for details.
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show high Hill coefficients for the oxygen equilibria of bot
Hbs A and D in the presence of inositol hexaphosphate (IH
but not in the absence of IHP, whereas Cobb et al. (1992)
found that deoxy Hb D formed dimers of tetramers and deo
Hb A showed no detectable self-association. The simpl
explanation appears to be (1) that the oxygen equilibria w
performed at concentrations where the deoxy Hb would 
largely tetrameric rather than octameric and (2) that IH
binding shifts the equilibrium in favor of octamers. This ma
mean that IHP is bound more tightly to octamers than 
tetramers and that, since IHP binding to chicken Hb is p
dependent (Brygier et al.1975), the Hill coefficient should also
be pH-dependent. Alternatively, if the deoxygenated H
consisted of an equilibrium mixture of R-state and T-sta
forms, IHP would shift the equilibrium towards T-state form
and so the proportion of Hb2 would increase.

A striking feature of the O2 equilibria in Fig. 3 is that the
curves, appear biphasic in the presence of IHP but not in
absence. Could the elevated Hill coefficients at high degr
of oxygenation in Fig. 3 be merely the artifactual consequen
of the low oxygen affinity resulting from IHP binding? This
might result in less than 100 % saturation being taken as 
saturation. Fig. 4 shows simulated Hill plots on the assumpt
that the value nH is either 2.0 or 3.0 and that 89 % oxygenatio
corresponding to 102 mmHg (Hb D data), is used as if it we
100 % oxygenation. Although the data of Fig. 4 resemble tho
of Isaacks et al. (1976) (Fig. 3), a major difference is apparen
the lack of saturation produces only a 1.5-fold increase in 
mean Hill coefficient between the lower and upper parts of t
curves in the simulated data, whereas Fig. 3 shows a 2.8
3.5-fold increase. The maximal PO∑ used in the experiments
was 265 mmHg, indicating that the high nH values cannot be
attributed completely to inadequate saturation and theref
must reflect the known presence of dimers of tetramers
deoxy chicken Hb D (Cobb et al.1992).

Vorger (1994) has made very careful O2 binding studies of
both blood and Hb from the pigeon, which has only compon
h
P)

xy
est
ere
be
P
y
to
H-

b

A whereas most birds possess both components A and D. 
oxygen equilibria for blood and Hb solutions were very simila
and showed no evidence for supercooperativity: the maxim
Hill coefficient of 3.35 (pigeon blood) is close to the maxima
value of 3.38 obtained for human Hb (Doyle et al. 1992).
Vorger (1994) suggests that supercooperativity is absent
pigeon blood because it requires two different componen
However, the data of Isaacks et al. (1976) (see Fig. 3) show
evidence for high cooperativity in isolated single componen
of chicken Hb. The measurements of solutions of pigeon H
were made at too great a dilution to ensure detection 
supercooperativity were it present. The lack of nH values greater
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Fig. 5. Oxygen equilibria of blood from newborn brushtail possum
and its mother, adapted from Figs 1 and 2 of Calvert et al. (1994).
The same data are used for both A and B. Equilibria were measured
in the presence of PCO∑=42 mmHg at 37 °C. The n values shown are
for the newborn blood; the n values for adult blood increase from
2.9 (lower part) to 3.6 (upper part); y, fractional oxygenation. For
further details, see legend to Fig. 3.
than 4 in pigeon blood, however, is strong evidence against
presence of supercooperativity. This result might conceiva
have arisen from depletion of the organic phosphates within
red cells either before or during the measurements.

The data of Baumann et al. (1987) in Table 1 are not
consistent with those of Isaacks et al. (1976). The data of
Baumann et al.(1987) were obtained at a protein concentratio
of 200 mg ml−1 so that virtually all of the deoxy Hb should hav
been associated to dimers of tetramers, but the nH values do
not show this. Two possible reasons for this can be sugges
(1) the lengthy technique used generates up to 25 % me
(Baumann et al. 1982), which would decrease nH, and (2)
Isaacks et al. (1976) used a PCO∑ of 40 mmHg, whereas
Baumann et al. (1987) used no CO2. The known preferential
binding of CO2 to T-state Hb would increase the amount o
both HbT and (HbT)2 so that nH should be elevated. The
discrepancy between the two sets of data underlines the n
to re-examine this system to define the conditions required
supercooperativity.

Mammals
Holland and associates have found very high cooperativ

of O2 binding in the red cells of embryonic marsupia
(Holland et al. 1988, 1994; Calvert et al. 1994) and rabbits
(Holland and Calvert, 1995). They used a Hemo-Sc
instrument modified as described by Lapennas and Lutz (19
to ensure that the recorded PO∑ accurately corresponded to tha
of the chamber. They found that full saturation was achiev
by air (PO∑≈150 mmHg); raising the PO∑ to 400 mmHg did not
change the final absorbance significantly (Holland et al.1994).
Furthermore, they measured O2 binding in both directions:
oxygenation and deoxygenation gave indistinguishable res
(Holland et al.1988). Fig. 5 shows the results for the brushta
possum. The overall pattern corresponds closely to t
reported by Lapennas and Reeves (1983a,b) for chicken blood
(see Fig. 1), which shows a biphasic Hill plot with nH values
greater than 4 above 50 % oxygenation. The blood for th
studies was obtained from newborn marsupials which at b
are still embryonic, as reflected in the fact that neu
connections between eye and brain have not been made. W
embryonic rabbit blood gave similar biphasic Hill plots wit
high cooperativity in the upper half of the curves. The increa
in the Hill coefficient is approximately 240 % between th
lower and upper halves of the curve, a result similar to tha
the data of Isaacks et al.(1976) for chicken Hb. Hemolysis by
addition of distilled water abolished the high cooperativity, b
it is unclear why this occurred. Dilution, a decrease in orga
phosphate levels and the loss of intracellular buffering co
be partly responsible.

Fish
The Hb of an elasmobranch, the spiny dogfish Squalus

acanthias, is tetrameric only in the deoxy form; it dissociate
reversibly to dimers upon oxygenation (Fyhn and Sulliva
hole
h
se
e
t in

ut
nic
uld

s
n,

1975). The adult Hb used in these studies was treated w
iodoacetamide to prevent irreversible polymerization b
disulfide formation. Organic phosphates (ATP and GTP
greatly reduce the O2 affinity as in other Hbs, and also enhance
the cooperativity of O2 binding (Weber et al.1983). This is the
expected result because organic phosphates bind preferenti
to tetrameric deoxy Hbs. Dissociation of the tetramer destro
the binding site for GTP or ATP so that enhanced cooperativ
produced by organic phosphates results directly from th
decreased tetramer–dimer dissociation in the presence of A
or GTP.

The tetrameric oxy Hbs of teleost fish, in contrast, ar
extremely resistant to dissociation to dimers (Edelstein et al.
1976): the tetramer to dimer dissociation constant is 100-fo
lower than that of human Hb. However, sedimentation analys
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of deoxy carp Hb indicates a weak self-association to dim
of tetramers with a dissociation constant of <22 mg ml−1 (Atha
and Riggs, 1982). Deoxy Hb in the red cells should be at le
75 % associated on this basis. The in vivo effect of
tetramer–tetramer interaction should therefore be substan
The linked effect of such association on O2 binding has not yet
been investigated.

Amphibians
The Hbs of amphibians display a complex array 

dissociation/association processes that change dur
development. Elli et al. (1970) showed by sedimentation
velocity experiments that the Hbs of the frog Rana esculenta
and the axolotl Axolotl mexicanumboth polymerize reversibly
upon deoxygenation. The deoxygenation-linked assembly
axolotl Hb was found to be extremely sensitive to pH: a ri
in pH from 6.5 to 7.0 caused almost complete dissociatio
This suggests a very large pH-dependence of O2 binding (Bohr
effect), but this linkage has yet to be studied. In contrast, 
corresponding assembly of Hb of the frog Rana esculentais
independent of pH, and the Hb of the newt Triturus cristatus
does not self-associate at all.

The ligand-dependent dissociation behavior of the Hbs of 
tadpole and adult bullfrog Rana catesbeianahave been studied
extensively. The adult hemoglobin has two major componen
B and C, present in the molar ratio 1:2. Component 
polymerizes by forming intermolecular disulfide bonds, but th
can be prevented by reaction of available sulfhydryl groups w
iodoacetamide. The more interesting association occurs u
deoxygenation of a 1:2 mixture of components B and C wh
forms a mixed trimer of tetramers, BC2 (Aggarwal and Riggs,
1969; Tam and Riggs, 1984). Analysis of sedimentation veloc
profiles reveals that the association can be satisfacto
described in terms of two steps, B+CsBC and BC+CsBC2, in
which the second C is bound more tightly than the fir
indicating significant cooperativity (Tam et al., 1993). Th
tightness of the BC2 assemblage increases strongly with 
decrease in temperature, which suggests that the interaction
not primarily hydrophobic but electrostatic, Van der Waals a
hydrogen bonding. Model building has suggested a poss
explanation for this cooperativity: the first C binds to B at o
site, whereas the second C binds to both C and B (Smith et al.
1993). This deoxygenation-linked association is reflected in 
strong dependence of the O2 equilibrium on protein
concentration (Tam and Riggs, 1984). Thus, the O2 affinity
decreases and the Hill coefficient increases as the concentra
of Hb rises. The nmaxvalues of the separate B and C componen
are lower than in mammals, but the 1:2 B:C mixture causesnH

to reach values similar to those in mammals. This indicates 
BC2 formation may serve to raise cooperativity close to the va
in mammals rather than to create ‘supercooperativity’. The v
high Hill coefficients (nH>4) reported earlier (Tam and Riggs
1984) may have resulted from incomplete saturation with O2, as
previously discussed.

The formation of BC2 also makes an important contribution
ers
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to the Bohr effect because the assembly process is p
dependent. The dissociation of BC2 within the red cell would
be accompanied by a threefold increase in the osmotic press
if compensating ionic changes did not occur. These cellu
changes have yet to be explored.

The Hbs of the tadpole of the bullfrog Rana catesbeiana
display ligand-linked dissociation of tetramers to dimers an
to monomers that is strongly pH-dependent (Atha et al.1979).
These dissociations are partly reflected in the pH-depende
of cooperativity. However, the cooperativity as measured b
nH decreases from 2.5 to 1.5 between pH 7 and pH 8, whe
very little dissociation of the tetramer occurs. So this drop 
cooperativity with pH must be intrinsic within the tetramer an
not a function of dissociation. Cooperativity of O2 binding is
modulated not only by pH but also by organic phosphat
(Watt and Riggs, 1975), which raise the cooperativity becau
they bind only to tetramers. These studies emphasize the f
that the O2 equilibria are concentration-dependent and tha
measuring this dependence is essential for establish
physiologically relevant data.

Bårdgard et al. (1997) have recently made very carefu
measurements of O2 binding and aggregation of the adult Hb
from the European frog Rana temporaria. A single component
accounts for 80–90 % of the Hb. This Hb associates up
deoxygenation and the O2 equilibria are strongly
concentration-dependent, as with the Hb of the bullfrog. The
obtained data up to a PO∑ of 760 mmHg and estimated full
saturation by extrapolation. The maximal values of the H
coefficient, nH, never exceeded 3.0 even at very high H
concentrations. The data were analyzed in terms of the tw
state Monod–Wyman–Changeux model. Deoxygenatio
dependent tetramer–tetramer association suggests, howe
that the number of states required to describe the system
likely to be greater than two.

Reptiles
Blood and Hbs of two species of garter snake Thamnophis

sp. have been reported to bind O2 with high cooperativity, with
nH>4 (Berner and Ingermann, 1988; Sode, 1991). Could th
finding have resulted from their use of air to achieve fu
saturation? If their reports of nH values of approximately 5
reflect the true properties of the oxygen equilibrium, then clo
to full saturation could be reached with air; if it is wholly an
artifact, then full saturation would not have been reached. T
analysis given for chicken Hb is applicable here (see Fig. 3
The Sode data show a Hill coefficient ratio (nupper/nlower) of
approximately 4 for whole blood. Comparison with the
simulation in Fig. 3 suggests that the whole-blood data d
reflect the presence of supercooperativity that disappears u
hemolysis. This difference is not clearly evident in the data 
Berner and Ingermann (1988), where the rise in nH with
oxygenation is only slightly greater than that shown in th
simulations in Fig. 4. We conclude that supercooperativi
may be present in whole snake blood, but its presence in 
solutions is uncertain.
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Fig. 6. Results of sedimentation equilibrium experiments on the CO-
Hbs of the turtle Phrynops hilarii from Reischl et al. (1984). The
data for components I (filled symbols) and II (open symbols) are
shown. Triangles, pH 6.5; circles, pH 7.7; squares, pH 8.6, at 20 °C.
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Fig. 7. Linkage system for a tetrameric α2β2 hemoglobin that both
dissociates to αβ dimers and associates to (α2β2)2 octamers. The
difference 2∆G4 minus 4∆G2 will give the cooperative free energy, as
defined by Ackers et al. (1992), and ∆G8 minus ∆G4 will give the
additional cooperative free energy resulting from tetramer–tetramer
interaction. ∆G, standard free energy. The species with odd numbers of
ligands are omitted in the oxygenation of the octomer (right column).
Extensive studies by Focesi and associates on the Hb of

Brazilian water snake Liophis miliarisare of particular interest
here because oxygenation is accompanied by a large incr
in the tetramer to dimer dissociation constant in the prese
but not in the absence of ATP (Matsuura et al.1987; Focesi et
al. 1990). The deoxy Hb is an equilibrium mixture of dime
and tetramers in the absence of ATP. These data indicate
ATP shifts the equilibrium to mostly tetramers because it bin
only to them. Cooperativity of O2 binding is low (nH≈1.0–1.2)
in the absence of ATP, but in its presence cooperativity
pronounced (nH≈1.9–2.0). Amino acid sequence analys
(Matsuura et al. 1989) indicates that the α1β2 dimer–dimer
contacts are weakened by two β chain substitutions which
eliminate two electrostatic interactions: Glu(G3)→Val and
Glu(CD2)→Thr.

Many tetrameric turtle Hbs dissociate readily not only 
dimers but also to monomers with dilution (Sullivan and Rigg
1967; Reischl et al. 1984). An example of the concentration
dependence of the molecular mass is shown in Fig. 6. Hill pl
of oxygen binding data are biphasic, with nH increasing from 1.8
to 2.8. This shift must reflect the pronounced dissociati
properties shown in Fig. 6, but it may also include a contributi
from incomplete oxygenation. The quantitative linkage betwe
dissociation and oxygenation has not yet been investigated.

Conclusions
This brief survey attempts to answer the two questions as

in the Introduction: how widespread is the Scapharca
mechanism among non-vertebrate Hbs, and how important
tetramer–tetramer interactions in vertebrate Hbs? T
conclusion is reached that the Scapharcamechanism may be the
predominant process in invertebrate Hbs. Surprisingly, it m
also occur in a primitive vertebrate, the lamprey. Thus, lamp
Hb may be considered as an invertebrate Hb in a vertebrate
ease
nce

rs
 that
ds

 is
is

to
s,
-
ots

on
on
en

ked

 are
he

ay
rey
.

Ligand-linked subunit dissociation/association process
occur in many diverse Hbs. Although, mammalian Hbs usua
dissociate only to dimers, Hbs of numerous lower vertebra
dissociate to both dimers and monomers. Strong evidence
tetramer–tetramer association of some deoxy Hbs has b
presented. The overall linked relationships for 
dimer–tetramer–octamer system required for a comple
description of chicken Hb are shown in Fig. 7. Th
Monod–Wyman–Changeux (MWC) two-state model has be
used extensively to describe the cooperative processes wi
the tetramer (from α2β2 to α2β2X4 in Fig. 7). Ackers et al.
(1992, 1997) have been able to determine the detailed linka
relationships for the dimer–tetramer system in human Hb, b
addition of tetramer–tetramer interactions adds a daunting n
complexity. However, determination of the weight-averag
molecular mass as a function of the degree of oxygenat
would make the task tractable. The X-ray structure of deo
chicken Hb will be needed for understanding the process. F
some of the systems that exhibit tetramer–tetram
interactions, the gain in cooperativity may well be not to crea
‘supercooperativity’ (i.e. Hill coefficients greater than 4), bu
rather to raise an intrinsically low cooperativity of tetrameri
Hbs.

The author is grateful to Yang Qiu and James Knapp f
valuable discussions. I thank Russell Isaacks for maki
available the original data used for the construction of Fig.
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