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Summary

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 50 000-
fold increase in the tetramer—dimer dissociation constant in
human Hb upon oxygenation at pH 7.4, from approximately
2x1011moll-1 to approximately 10°moll~l. 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 molluscScapharca inaequivalvis

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

homodimeric Mbs that bind Oz cooperatively. Cooperative
non-muscle tissue Hbs have also been identified. These
include the neural Hb of the nemertean wornCerebratulus
lacteusand the Hb of the diving beetleAnisops assimilis
which exhibit deoxygenation-dependent self-association of
monomers that is associated with high Hill coefficients.
Calculations suggest that the 2—3 mmot} concentration of
Hb on a heme basis in the brain ofCerebratulusshould
substantially extend the time as an active predator in an
anaerobic or hypoxic environment. Oxygen from the Hb of
Anisopsis 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 O binding which depends on reversible deoxygenation-
dependent tetramer—tetramer association to form an
assemblage with a very low affinity for Q. This phenomenon
results in steeper Q@-binding curves than exhibited by
tetramers alone. The increased cooperativity should result in
an increase in the amount of @delivered to the tissues and
should be especially valuable for avian flight muscles.

Key words: oxygen binding, hemoglobin, cooperativity,
supercooperativity, self-association, dimer, tetramer, invertebrate,
vertebrate.

Introduction

Hemoglobins that bind ligands cooperatively are widelyhistidine bond that produce a chain of conformational
distributed in organisms from bacteria to mammals. Hill (1913perturbations that lead to a weakening shift of @2
was the first to deduce the essential feature of cooperativitinterface between two dimers the subunits of which are joined
the binding of the first ligand makes it easier to bind a seconwgether at thelp! interface. However, this interface does not
one. Although the mechanisms for cooperative oxygen bindinghange appreciably during the oxygenation of mammalian

within tetrameric vertebrate Hbs have been extensively studigdbs.

Oxygenation-dependent weakening of both these

for almost a century and are now relatively well-understoodnterfaces occurs frequently in the Hbs of reptiles and

(Perutzet al. 1987; Perutz, 1989; Ackerst al. 1992; for a
recent discussion of the issues, see also Aakeas 1997), it

amphibians so that the oxygenated species often include an
equilibrium mixture of tetramers, dimers and monomers

is now clear that different mechanisms are dominant in Hbs dfeviewed by Brittain, 1991). The Hbs of most birds and of

non-vertebrates. Indeed, the mechanisms established

some reptiles and amphibians are characterized by a further

vertebrates have not so far been found in any non-vertebradeoxygenation-dependent self-association of tetramers. These
Hb. Cooperativity in tetramer@22 Hbs of mammals depends tetramer—tetramer complexes have a greatly lowered oxygen
on oxygenation-dependent changes in the iron-proximadffinity. Partial oxygenation results in dissociation to tetramers
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of higher oxygen affinity. This oxygenation-dependentl mmHg=0.1333kPa) (Tyree and Webster, 1978;
increase in oxygen affinity is a second mechanism ofWakabayashiet al. 1986). The X-ray structure of the
cooperativity that is superimposed on the cooperativity 0of Ohomodimer reveals that the intersubunit contacts between parts
bindingwithin the tetramer. It is this phenomenon that we ternof the E and H helices are very different from those of other
‘supercooperativity’. Such self-association of deoxygenate#tnown oligomeric Hbs (Tarriconet al. 1997). The Hb has
tetramers should be greatly enhanced by the moleculéveen reported to bind CO with high cooperativity (Hill
crowding and the excluded-volume effect within red cellscoefficient, nh=2). Cytochromeo (=Hb) from Acetobacter
(Zimmerman and Minton, 1993). Such enhancement shoulsuboxydan$as also been reported to bind CO cooperatively
result in a further increase in the supercooperativity of O(Hill ny=1.9) (Daniel, 1970). However, the quantitative
binding within red cells and an increased value of the Hilimportance of cooperative intracellular Hbs ipd2livery has
coefficient. This coefficientpy, commonly used as an overall not yet been assessed. It could be that a primary function of
measure of cooperativity, is proportional to the statisticasome microbial Hbs is not in oxygen delivery but rather in
variance of the distribution of ligands among the variousensing oxygen stress (Bunn and Poyton, 1996) or as a terminal
species of Hb (Edsall and Gutfreund, 1983). Thus, the high@xidase (Wittenberg and Wittenberg, 1990).
the Hill coefficient, the more non-random is the distribution. It should be mentioned here that CO-equilibrium
The concentration of Hb in the solvent available to it within aneasurements can give a spurious cooperativity under some
mammalian red cell is approximately 3355br 5mmolfl  conditions if a gas phase is present. Thus, beef heart
tetramer. The molecules, almost in contact and close to tlytochrome oxidase has been reported to bind CO
limit of solubility, occupy a volume fraction similar to that in cooperatively with a Hill coefficient of 1.26 (Wald and Allen,
a crystal (Perutz, 1946). Under these crowded conditions, tH&©57), but this appears to be an artifact that resulted from the
excluded volume effect has major consequences. The appardéaatk of sufficient time for equilibration. Measurement of CO
lack of self-association of tetramers of mammalian Hbs has ldainding by soybean legHb usirxactlythe same tonometry
to the suggestion (Riggs, 1976) that there should be a generalealed an apparent Hill coefficient of 2.0, but this value was
selective advantage against Hbs having complementashown to be the result of an inadequate 10 min equilibration
surfaces unless the interaction leads to an advantageous chatigee; 60—120 min was required because the rate of transfer of
in physiological properties. Although the evidence forthe introduced CO from gas phase to solution is limited by the
supercooperativity is compelling, many of the early results areery low Pco used in the experiments (Imamwtal. 1972).
difficult to interpret because spurious apparent
supercooperativity can be produced by incomplete o
oxygenation. Invertebrates and primitive vertebrates
The homodimeric structures of deoxy and oxy Hbs in the Cooperative tissue hemoglobins
circulating erythrocytes of the cla®capharca inaequivalvis  Although most Mbs are non-cooperative monomers, the
show a cooperative mechanism that is completely differentadular muscles of several gastropods and chitons contain
from that of vertebrate Hbs (Royet al. 1990). The subunit cooperative dimeric Mbs (Manwell, 1958; Terwilliger and
contacts in vertebrate Hbs are dominated by contacts involvirigead, 1971; Gera@t al. 1977; Smithet al. 1988) with Hill
the C, G and H helices, whereas the E and F helices are on tteefficients of 1.2—-1.6. None of these dimers has been reported
external surface of the tetramer (Peettal.1987). In contrast, to undergo ligand-dependent subunit dissociation. In contrast,
the subunit contacts in the dimeBcapharcaHb involve the  the notonectid diving beetles have cooperative Hbs that do
E and F helices, so that the hemes are in almost direct contatave this property. The Hb of the notonectid backswimmer
The cooperative mechanism in this Hb involves only smalAnisops assimilis self-associates  extensively  upon
changes in the local environment of hemes, and the globdkoxygenation (Wellgt al. 1981), from largely monomeric
conformational changes that characterize vertebrate Hbs a@pproximately 17 kDa) HbPto an equilibrium mixture of
completely absent. dimers, trimers, tetramers and hexamers at 75%
The goal of this brief review is to evaluate these diverseleoxygenation. The overall effect of this ligand-dependent
processes of ligand-dependent dissocation/association founddasociation is that thex@quilibrium changes from being non-
the hemoglobins of many organisms. There are two kegooperative at low concentrations to highly cooperative at
guestions to be addressed. First, how widespread is ti30mgmtl, with a maximalny value near 6.0. Oxygen
‘Scapharcamechanism among non-vertebrate Hbs? Secondgleased from the Hb into a gas bubble provides a mechanism
how important are the tetramer—tetramer interactiondy which the buoyant density is regulated (Miller, 1966).
responsible for ‘supercooperativity’? The nemertean wornCerebratulus lacteushas Hb in
circulating red cells, in neural tissue and in the body wall
muscles (T. L. Vandergon, C. K. Riggs, T. A. Gorr, J. M.
Bacteria Colacino and A. F. Riggs, in preparation). Although the red
Expression of the homodimeric Hb of the bacteriumcell Hb has not yet been studied, both the neural and body wall
Vitreoscillasp., first called cytochromg increases some 50- Hbs bind Q with high cooperativityn vivoandin vitro (neural
fold when the culture is made hypoxi®d,<15mmHg; Hb ny=2.6-3.0, body wall Hmx=2.1-2.2) even though the
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ligated Hbs are monomeric. This finding indicatesdissociate appreciably, oxidation results in dissociation of Hb
deoxygenation-dependent self-association, probably at least tdo monomers and of Hb Il to dimers (Spagnuet@l. 1988).
tetramers. Calculations show that the neural Hb, present @ihese dissociations are marked by hemichrome formation in
2-3mmol 1 heme concentration, could function as an oxygerwhich the sixth coordination position of the iron is occupied
store to prolong the activity of this predator in anoxic mud$y an endogenous ligand, presumably the distal histidine. The
where it searches for prey. Even under normoxic conditionglissociation is reversed by addition of ligands such as WO
the neural and body wall Hbs could augment delivery  the ferric iron. Thus, the association states of Hbs | and Il are
during bursts of activity. both valence- and ligand-state-dependent. This property,
initially thought to be unique t&capharcaturns out to be
Mollusca widespread and occurs in the Hbs of animals in at least five
Cooperativity inScapharcaib: a predominant mechanism in - phyla including the chordates. Examples are discussed below.
invertebrates?
The red cells of the arcid claBtapharca inaequivalvisave ~ Annelida
two Hbs, homodimeric Hb | and heterotetrameric Hb Il, both Zhuet al.(1996), following the earlier work of Ascobt al.
of which bind Q cooperatively by mechanisms completely (1978), have shown that the extracellular Hb of the annelid
different from those used by theyB, tetrameric Hbs of Lumbricus terrestrisbehaves upon oxidation exactly as
vertebrates (Chiancoret al. 1981; lkeda-Saitet al. 1983).  described for the Hb of the molluScapharcaLumbricusHb
The essential features of tl&apharcamechanism will be has four major kinds of globin chains: chaiasb and c
summarized here because of the finding that some of thorming a disulfide-linked trimer) and chainThe CO—ferrous
properties are shared by many Hbs in organisms of diverdemer self-associates extensively to assemblages as large as
phyla. Royeet al.(1990) have shown that the subunit interface(abdio, and CO chaiwl is largely tetramericdy),but oxidation
of the homodimeric Hb | is formed by the E and F helices scauses the trimer assemblages to dissociate completahco (
that the two hemes are in direct contaattheir propionic acid and ds to dissociate tadz. Addition of CN reverses these
groups through a set of 17 symmetrically ordered watedissociations completely. Trabctrimer and chaim associate
molecules (Royeet al. 1996, 1997). Ligand binding to the to form @bcds, a principal subunit, which, together with non-
heme causes the iron atom to move into the heme plane, aglibbin structural units (‘linkers’), form the 4.1MDa,
does in vertebrate Hbs. Associated changes in heme shaggproximately 200 polypeptide, assemblage of the Hb. Partial
squeeze a phenylalanine (residue 97) out of the heme pocketidation causes the Hb to shed subunits, a property that
into the interface to contact the other subunit. These changascounts for the wide variation in reports of the molecular mass.
disrupt the 17 ordered water molecules, and six are releasellist as inScapharcaHb, the oxidation of the heme causes a
The hemes move further into the pocket so that the propion@mnformational change of the E helix that results in hemichrome
acid groups of each subunit move away from those of the oth&rmation. This shift is associated with a weakening of a critical
subunit. These local changes in the heme pocket and tlebunit interface that results in dissociation.
adjacent interface are the processes that are responsible for
cooperative @binding. The importance of water molecules in Echinodermata
the mechanism is underlined by the finding that mutation of The intracellular Hbs oCaudina arenicola(Bonaventura
interface residue Thr72Val causes a 40-fold increase in O and Kitto, 1973; Mitchelkt al. 1995) are dimeric as oxy Hbs
affinity, although the change involves the loss of only twoand associate to tetramers and larger assemblages upon
hydrogen bonds and two water molecules (Reyer. 1996).  deoxygenation. The ligand-linked dissociation appears to be
The crystal structure of the heterotetrameric Hb 1l ofcompletely responsible for the observed cooperativity. The
ScapharcaRoyeret al. 1995) shows that the structure of the Hbs dissociate to monomeric hemichromes upon oxidation,
heterodimers within the tetramer is very similar to that of thgust as inScapharcaand cyanide causes reassociation. The
homodimeric Hb 1, suggesting that,Chinding to the crystal structures dfaudinaHbs (Mitchellet al. 1995) reveal
heterodimer within the tetramer is also cooperative. Oxygethat the interface in the dimer is similar to thaSicapharca
binding by Hb | is characterized by a Hill coefficient, of  although the contact residues differ.
1.5. The higher cooperativity of®inding by the tetrameric
Hb Il (n4=2.1) reflects either the additional interactions acros&horonida
the dimer—dimer interface or the association of deoxygenated The ligated intracellular Hbs dPhoronopsis viridisare
tetramers. A striking difference between Hbs | and Il is that Ocompletely dimeric, but dissociate to monomers upon
binding by Hb I has no heterotropic effects, i.e. the equilibriunoxidation and reassociate to dimers upon cyanide addition
is unaffected by allosteric factors such as protons or anions. (Garlick et al. 1979). The oxygen equilibrium has low
contrast, tetrameric Hb 1l self-associates upon deoxygenationpoperativity Gn=1.2) at a Hb concentration of 1@éoll~1
probably to tetramers of tetramers (Chiancehal. 1981), a heme.
process that is pH-dependent and linked to anion binding
(Boffi et al. 1990). Chordata
Although ferrous dimeric Hb | and tetrameric Hb Il do not The lampreys and hagfish are the most primitive living
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vertebrates, and their Hbs have properties that sharply 1.0
distinguish them from those of all other vertebrates. Although 6-day-old embryg
cooperative @binding fn=1.2) was found in lamprey Hb by
Wald and Riggs (1951), it was not recognized because it Wa§
thought that the Hb was always monomeric. The Hbs ofg
lampreys are monomeric at pH 7 when ligated with COr O
but self-associate to dimers and tetramers upon deoxygenati
(Briehl, 1963; Behlke and Scheler, 1970; Andersen, 1971
Andersen and Gibson, 1971; Dat#ti al. 1973; Brittainet al.
1989). The ligand-dependent dissociation from dimers an
tetramers with low @ affinity to high-affinity monomers is
responsible for the cooperativity{=1.2—1.4). The release of
protons accompanying the dissociation accounts completely 0
for the pH-dependence of,inding. Oxidized Hbs of the
lampreysLampetra fluviatilis(Behlke and Scheler, 1970) and
Petromyzon marinu@iu, 1997) are monomeric, but addition Fig. 1. Oxygen equilibrium of blood from adult and 6-day-old
of metHb ligands causes reassociation to dimers at low pH, embryos of the chicken and from man. The data have been
in many invertebrate Hbs. normalized to the sam®p, value for 50% saturation to emphasize
The pH-dependent dissociation of lamprey Hb within recthe differences in shape. The experiments with chicken blood used a
cells will increase the osmotic pressure and alter the acid—baPo: of 650mmHg (1mmHg=0.1333kPa) to achieve full saturation
balance. These topics are reviewed in detail by Nikinetah  (2dapted from Lapennas and Reeves, Bp8%he maximal Hil
coefficient for the 6-day-old embryo is 6.5 at 85% saturation and
(1995). ) .
. . . approximately 4.1 for the adult blood at 80% saturation (Lapennas
Hagfish Hbs also self-associate upon deoxygenation, but tland Reeves, 1983
level of cooperativity is lower than in lamprey Hbs. Baretai '
al. (1972) found that none of the isolated components of th
Hb of the hagfishEptatretus burgerishowed significant studied. Many studies of chicken blood have reported very
cooperativity, but discovered that upon deoxygenation twasteep @ binding curves with Hill coefficients above 4 at high
components formed a hybrid tetramer that exhibited significarevels of oxygenation (for references, see Ceblal. 1992;
cooperativity. Evidence for such subunit interaction has alsWorger, 1994). Examples of such equilibria (Lapennas and
been shown for the Hb of the hagfidlyxine glutinosgFago  Reeves, 1988b) are shown in Fig. 1. These data show that
and Weber, 1995). The combination of unlike chains tembryonic red cells of the chicken have steepeedquilibria
produce a cooperative complex might be thought of as than those of the adult; both are much steeper than that of
precursor of the cooperativeioBz tetramers of higher human red cells. In contrast, mdst vitro studies of Hb
vertebrates, but there is no structural evidence that thsolutions do not exhibit this property. This puzzling difference
interfaces are similar. If the interfaces resemble thoshkas not been fully resolved, but may depend in part on
suggested for the lamprey, the cooperative mechanism wouttifferences in concentration and allosteric factors. Such data
be totally different. can be produced by deoxygenation-dependent self-association
In conclusion, oligomeric Hbs have been identified in fiveof tetramers. However, erroneously high Hill coefficients can
phyla (chordates, echinoderms, phoronids, molluscs araso result from incomplete saturation with oxygen, as
annelids) that dissociate upon oxidation and reassociate widmphasized by Lapennag al. (1981) and Vorger (1987,
the addition of a ferric heme ligand. This finding points to al994). The superposition of the artifactual effects of
common mechanism that links oxidation of the heme iron tancomplete saturation on the real effects of tetramer—tetramer
the weakening of a critical subunit interface. We suggest thaelf-association makes analysis of some of the early data
the same pathway is used for communication between hendéficult. Nevertheless, the evidence for tetramer—tetramer
and the subunit interface during cooperativebihding. The interactions is compelling. We will consider first the general
crystal structures of botBaudinaand ScapharcaHbs reveal consequences of linkage (Wyman, 1964; Wyman and Gill,
that the E/F helices form the dimer interface. We infer that th#990) between  oxygenation and dissociation  of
critical interface is likely to be similar, although not identical, tetramer—tetramer complexes. We neglect the dissociation of
in all these Hbs. This phylogenetic perspective suggests thigtramers to dimers in the discussion, but one should recognize
the most common cooperative mechanism in the animdhat real data do exhibit ligand-dependent dissociation of
kingdom may be that ddcapharcaHb. tetramer to dimer at low concentrations as well. The
deoxygenation-linked self-association of tetramers can be
described in terms of a thermodynamic cycle (Fig. 2)
Vertebrates In this cycle, Hb refers to the tetramer, Kllvalues and
Tetramer—tetramer association and supercooperativity — standard free energy valueSGP values) refer to the overall
Avian Hbs and bloods have been the most extensivelgquilibrium association processes. Conservation of energy
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Fig. 2. A thermodynamic cycle describing deoxygenation-linked = ' ' T T
self-association of Hb tetramers. In this cycle, Hb refers to the T, 0 05 10 15 20 25
tetramer, all dissociation constark)(values and standard free E
energy AG°) values refer to the overall equilibrium association 2 20
processes. For further details, see text. - B .
1.5
requires thaA GP+AGI=AG3+AGS. ConsequentlyK1K4=K2K3 1.0 - n=1.8 n=4.2
or K1i/K2=K3/K4. This means that iK1>K> then, necessarily,
K3>K4. Cobbet al. (1992) showed by sedimentation velocity 0.5
analysis that tetramers of component D of chicken Hb sel
associate upon deoxygenation to dimers of tetramers in t 0 4
absence of organic phosphates, but that component A does |
measurably self-associate under these conditions. Se 054 n=14 n=15
association could not be detected in either component whe
oxygenated. Thus, for component D, in the cycle outline ~10 4 e HbD
above,K1>K2 andKz>Ky, i.e. the Hb tetramer must have a ¢ HbD +IHP
much higher oxygen affinity than that of Hlifoctamer). 15 | | | |
During oxygenatlpn, the e'q.umbrla will shift from Iow-gfﬂmt){ 0 05 10 15 20 o5
octamers to higher-affinity tetramers. This shift will
necessarily be associated with a rise in the Hill coefficient logPo,

Moreover, this rise will be dependent on total proteinFigl 3. Oxygen equilbria of components of chicken Hb.
concentration. Thus, oxygen equilibria of Hbs at lowa) component A, (B) component D. The plots are derived from the
concentrations would be governed primarily by thegriginal data used for Fig. 2 of Isaacks al. (1976). IHP, inositol
cooperative @bindingwithin tetramers (process Il in Fig. 2). hexaphosphatey is fractional oxygenation. Conditions are given in
Process | (Hpformation) would be insignificant, but would Table 1.

become increasingly important as the concentration increase
Although no studies have yet been made of the concentratio i
dependence of oxygen binding by chicken Hb, we can as?ﬁ
whether the published studies of oxygen binding have bee& Hb used in various £equilibrium measurements of chicken
performed at protein concentrations sufficiently high to makeHb together with calculated values afon the basis that

the effect of t.etramer—'tetramer interactions experimentalll_%Disszz_%mgCm3. These calculations suggest that the
observable. This guestion can b.e add'resse'd'as follows. Measurements by Isaaclks al. (1976) (chicken Hb) and
process .I, 2Hb:_Hbz, the equilibrium dissociation constant Vorger (1994) (pigeon Hb) were made at concentrations too
Kpissis given by: low to expect to see clear evidence for tetramer—tetramer

02Cr interactions. However, re-examination of the data of Isagicks
= Kbpiss . 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.

The mass fraction of tetramer (Hl), is determined byCr, Ernst, A. F. Riggs and M. R. Hackert (in preparation) from the
the total mass concentration of the Hb. Cebhl.(1992) give  data used for Fig. 2 of Isaacksal.(1976). These data provide
the valueskKasso= 0.39cnimg™? or Kpisss2.56 mgcm? at  an explanation for the apparent paradox that the Isaacks data

7.5 in the absence of organic phosphates, WKgsecis
e association constant. Table 1 gives the mass concentrations

1-a
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Table 1.Estimated extent of dissociatian, of tetramer—tetramer complexes of some avian hemoglobins

Protein
Temperature concentration Pso
(°C) pH (mgmftl) a (mmHg) n? Reference

Chicker? Component A 37 7.4 1.7 0.69 36.4 2.3 Isaaekal.(1976)

Component D 37 7.4 1.7 0.69 27.9 2.3 Isaaekal. (1976)
Chickert Component A 37 6.9 200 0.11 81 2 Baumaatral. (1987)

Component D 37 6.9 200 0.11 68 3 Baumanmal. (1987)
Pigeo®  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 £at 50 % oxygenation.

2value of the Hill coefficient provided by authors.

350 mmol 1 bis-Tris, pH 7.4Pco, = 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 1 Tris, 100 mmoltl NaCl, pH 7.4, molar ratio IHP/ Hb tetramer = 67.

IHP, inositol hexaphosphate; IPP, inositol phentaphosphate.

show high Hill coefficients for the oxygen equilibria of both A whereas most birds possess both components A and D. The
Hbs A and D in the presence of inositol hexaphosphate (IHR)xygen equilibria for blood and Hb solutions were very similar
but not in the absence of IHP, whereas Ceblal. (1992) and showed no evidence for supercooperativity: the maximal
found that deoxy Hb D formed dimers of tetramers and deox#lill coefficient of 3.35 (pigeon blood) is close to the maximal
Hb A showed no detectable self-association. The simplesialue of 3.38 obtained for human Hb (Doydé al. 1992).
explanation appears to be (1) that the oxygen equilibria wendorger (1994) suggests that supercooperativity is absent in
performed at concentrations where the deoxy Hb would bpigeon blood because it requires two different components.
largely tetrameric rather than octameric and (2) that IHRHowever, the data of Isaacks al. (1976) (see Fig. 3) show
binding shifts the equilibrium in favor of octamers. This mayevidence for high cooperativity in isolated single components
mean that IHP is bound more tightly to octamers than tof chicken Hb. The measurements of solutions of pigeon Hb
tetramers and that, since IHP binding to chicken Hb is pHwere made at too great a dilution to ensure detection of
dependent (Brygiest al.1975), the Hill coefficient should also supercooperativity were it present. The lackipbalues greater

be pH-dependent. Alternatively, if the deoxygenated Hb
consisted of an equilibrium mixture of R-state and T-statt
forms, IHP would shift the equilibrium towards T-state forms

and so the proportion of Hisvould increase. o v
A striking feature of the @equilibria in Fig. 3 is that the 1.0

curves, appear biphasic in the presence of IHP but not in i

absence. Could the elevated Hill coefficients at high degree 05 n=4.5 n=3.0

of oxygenation in Fig. 3 be merely the artifactual consequenc
of the low oxygen affinity resulting from IHP binding? This
might result in less than 100% saturation being taken as fu
saturation. Fig. 4 shows simulated Hill plots on the assumptio
that the valuewn is either 2.0 or 3.0 and that 89 % oxygenation,
corresponding to 102 mmHg (Hb D data), is used as if it wer
100 % oxygenation. Although the data of Fig. 4 resemble thos
of Isaacket al.(1976) (Fig. 3), a major difference is apparent:
the lack of saturation produces only a 1.5-fold increase in th
mean Hill coefficient between the lower and upper parts of th
curves in the simulated data, whereas Fig. 3 shows a 2.8- 075 _0'50 -0 '25 (') 0'25 0'50 075
3.5-fold increase. The maximBb, used in the experiments ’ ' ' ' ' '
was 265 mmHg, indicating that the high values cannot be
attributed completely to inadequate Safturatlon and therefo}Fig. 4. Simulation of the effect of incomplete saturation. Two sets of
must reflect the known presence of dimers of tetramers ijata were created, one with the Hill coefficiene2.0 (triangles)
deoxy chicken Hb D (Cobet al. 1992). and the other witny=3.0 (filled circles). The degree of saturation
Vorger (1994) has made very carefuyl inding studies of  used to define ‘100%’ oxygenation in both sets of data is 89 %. See
both blood and Hb from the pigeon, which has only componertext and legend to Fig. 3 for details.

log[y/(1-y)]
o
!

1

o

o
|

|

=

o
|

|OgP02 /P50



Oxygen binding by hemoglobirfd79

than 4 in pigeon blood, however, is strong evidence againstthe 1.0+ A A oA
presence of supercooperativity. This result might conceivably Ao 4
have arisen from depletion of the organic phosphates within the =]
red cells either before or during the measurements. IS 0.84 2

The data of Baumanet al. (1987) in Table 1 are not & o
consistent with those of Isaacks$ al. (1976). The data of § 0.6 - -
Baumanret al.(1987) were obtained at a protein concentration & o A
of 200 mg mt! so that virtually all of the deoxy Hb should have 8 a
been associated to dimers of tetramers, bunthealues do 2 0.4 o
not show this. Two possible reasons for this can be suggestedg - a Newborn
(1) the lengthy technique used generates up to 25% metHb (5 . 2
(Baumannet al. 1982), which would decreasey, and (2) pe 0 Adult
Isaackset al. (1976) used aPco, of 40mmHg, whereas &
Baumannet al. (1987) used no C£ The known preferential 0 T T T T T 1
binding of CQ to T-state Hb would increase the amount of 0 20 40 60 80 100 120
both Hbr and (Hh)2 so thatny should be elevated. The Po, (mmHg)
discrepancy between the two sets of data underlines the need 15 -
to re-examine this system to define the conditions required for ' 2
supercooperativity. 10

Mammals 0.5 4 o

Holland and associates have found very high cooperativityla‘ a =65
of Oz binding in the red cells of embryonic marsupials Z'\; 0 1 Y
(Holland et al. 1988, 1994; Calveret al. 1994) and rabbits ‘o
(Holland and Calvert, 1995). They used a Hemo-Scan -0.54
instrument modified as described by Lapennas and Lutz (1982) o Adult
to ensure that the recordBd, accurately corresponded to that -1.0 J
of the chamber. They found that full saturation was achieved & 4 Newborn
by air (Po,=150 mmHg); raising th@o, to 400 mmHg did not 15 g : : : : : .
change the final absorbance significantly (Hollahdl.1994). 0.8 1.0 12 14 16 18 20
Furthermore, they measurec ®inding in both directions: logPo,

oxygenation and deoxygenation gave indistinguishable results o _
(Hollandet al. 1988). Fig. 5 shows the results for the brushtailFig- 5. Oxygen equilibria of blood from newborn brushtail possum
possum. The overall pattern corresponds closely to th@nd its mother, adapted from Figs 1 and 2 of Cale®l. (1994).
reported by Lapennas and Reeves (238Jor chicken blood The same data are used for both A and B. Equilibria were measured

. . - N » in the presence dfco,=42 mmHg at 37 °C. The values shown are
(see Fig. 1), which shows a biphasic Hill plot values for the newborn blood; the values for adult blood increase from

greqter than 4 apove 0% oxygenation. The b'°°9' for th_e52.9 (lower part) to 3.6 (upper part), fractional oxygenation. For
studies was obtained from newborn marsupials which at birts.iher details. see legend to Fig. 3.

are still embryonic, as reflected in the fact that neura
connections between eye and brain have not been made. Wh
embryonic rabbit blood gave similar biphasic Hill plots with 1975). The adult Hb used in these studies was treated with
high cooperativity in the upper half of the curves. The increas@doacetamide to prevent irreversible polymerization by
in the Hill coefficient is approximately 240% between thedisulfide formation. Organic phosphates (ATP and GTP)
lower and upper halves of the curve, a result similar to that igreatly reduce the £affinity as in other Hbs, and also enhance
the data of Isaaclet al.(1976) for chicken Hb. Hemolysis by the cooperativity of @binding (Webeket al.1983). This is the
addition of distilled water abolished the high cooperativity, buexpected result because organic phosphates bind preferentially
it is unclear why this occurred. Dilution, a decrease in organito tetrameric deoxy Hbs. Dissociation of the tetramer destroys
phosphate levels and the loss of intracellular buffering coulthe binding site for GTP or ATP so that enhanced cooperativity
be partly responsible. produced by organic phosphates results directly from the
decreased tetramer—dimer dissociation in the presence of ATP
or GTP.
Fish The tetrameric oxy Hbs of teleost fish, in contrast, are
The Hb of an elasmobranch, the spiny dogf&dualus extremely resistant to dissociation to dimers (Edelsteial.
acanthias is tetrameric only in the deoxy form; it dissociates1976): the tetramer to dimer dissociation constant is 100-fold
reversibly to dimers upon oxygenation (Fyhn and Sullivanlower than that of human Hb. However, sedimentation analysis
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of deoxy carp Hb indicates a weak self-association to dimets the Bohr effect because the assembly process is pH-
of tetramers with a dissociation constant@2 mg mr! (Atha  dependent. The dissociation of B®ithin the red cell would
and Riggs, 1982). Deoxy Hb in the red cells should be at leabe accompanied by a threefold increase in the osmotic pressure
75% associated on this basis. Tle vivo effect of if compensating ionic changes did not occur. These cellular
tetramer—tetramer interaction should therefore be substanti@hanges have yet to be explored.
The linked effect of such association oplinding has not yet The Hbs of the tadpole of the bullfrdgana catesbeiana
been investigated. display ligand-linked dissociation of tetramers to dimers and
to monomers that is strongly pH-dependent (Aghal. 1979).
These dissociations are partly reflected in the pH-dependence
Amphibians of cooperativity. However, the cooperativity as measured by
The Hbs of amphibians display a complex array ofny decreases from 2.5 to 1.5 between pH7 and pH8, where
dissociation/association processes that change duringry little dissociation of the tetramer occurs. So this drop in
development. Elliet al. (1970) showed by sedimentation cooperativity with pH must be intrinsic within the tetramer and
velocity experiments that the Hbs of the fiegna esculenta not a function of dissociation. Cooperativity of Binding is
and the axolotAxolotl mexicanunboth polymerize reversibly modulated not only by pH but also by organic phosphates
upon deoxygenation. The deoxygenation-linked assembly ¢Watt and Riggs, 1975), which raise the cooperativity because
axolotl Hb was found to be extremely sensitive to pH: a ris¢hey bind only to tetramers. These studies emphasize the fact
in pH from 6.5 to 7.0 caused almost complete dissociatiorthat the Q equilibria are concentration-dependent and that
This suggests a very large pH-dependencexdfi@ling (Bohr  measuring this dependence is essential for establishing
effect), but this linkage has yet to be studied. In contrast, thghysiologically relevant data.

corresponding assembly of Hb of the frBgna esculentis Bardgardet al. (1997) have recently made very careful
independent of pH, and the Hb of the n@witurus cristatus  measurements of £binding and aggregation of the adult Hb
does not self-associate at all. from the European froBana temporariaA single component

The ligand-dependent dissociation behavior of the Hbs of theccounts for 80-90% of the Hb. This Hb associates upon
tadpole and adult bullfroRana catesbeiandave been studied deoxygenation and the 20 equilibria are strongly
extensively. The adult hemoglobin has two major componentspncentration-dependent, as with the Hb of the bullfrog. They
B and C, present in the molar ratio 1:2. Component ®btained data up to Bo, of 760 mmHg and estimated full
polymerizes by forming intermolecular disulfide bonds, but thisaturation by extrapolation. The maximal values of the Hill
can be prevented by reaction of available sulfhydryl groups withoefficient, nH, never exceeded 3.0 even at very high Hb
iodoacetamide. The more interesting association occurs upeoncentrations. The data were analyzed in terms of the two-
deoxygenation of a 1:2 mixture of components B and C whicktate Monod-Wyman—-Changeux model. Deoxygenation-
forms a mixed trimer of tetramers, B(Aggarwal and Riggs, dependent tetramer—tetramer association suggests, however,
1969; Tam and Riggs, 1984). Analysis of sedimentation velocitthat the number of states required to describe the system is
profiles reveals that the association can be satisfactorilikely to be greater than two.
described in terms of two steps, BBC and BC+G=BCp, in
which the second C is bound more tightly than the first,
indicating significant cooperativity (Tam et al., 1993). The Reptiles
tightness of the B&£ assemblage increases strongly with a Blood and Hbs of two species of garter snakamnophis
decrease in temperature, which suggests that the interactions spe have been reported to bingw@th high cooperativity, with
not primarily hydrophobic but electrostatic, Van der Waals anadin>4 (Berner and Ingermann, 1988; Sode, 1991). Could this
hydrogen bonding. Model building has suggested a possibfending have resulted from their use of air to achieve full
explanation for this cooperativity: the first C binds to B at onesaturation? If their reports ofy values of approximately 5
site, whereas the second C binds to both C and B (®tn&h  reflect the true properties of the oxygen equilibrium, then close
1993). This deoxygenation-linked association is reflected in th full saturation could be reached with air; if it is wholly an
strong dependence of the 2 Oequilibrium on protein artifact, then full saturation would not have been reached. The
concentration (Tam and Riggs, 1984). Thus, theaflinity = analysis given for chicken Hb is applicable here (see Fig. 3).
decreases and the Hill coefficient increases as the concentratidhe Sode data show a Hill coefficient ratigpefniower) Of
of Hb rises. Th@maxVvalues of the separate B and C componentspproximately 4 for whole blood. Comparison with the
are lower than in mammals, but the 1:2 B:C mixture canses simulation in Fig. 3 suggests that the whole-blood data do
to reach values similar to those in mammals. This indicates thegflect the presence of supercooperativity that disappears upon
BC, formation may serve to raise cooperativity close to the valueemolysis. This difference is not clearly evident in the data of
in mammals rather than to create ‘supercooperativity’. The verBerner and Ingermann (1988), where the riseninwith
high Hill coefficients (1>4) reported earlier (Tam and Riggs, oxygenation is only slightly greater than that shown in the
1984) may have resulted from incomplete saturation wifta® simulations in Fig. 4. We conclude that supercooperativity
previously discussed. may be present in whole snake blood, but its presence in Hb

The formation of BEalso makes an important contribution solutions is uncertain.
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Fig. 6. Results of sedimentation equilibrium experiments on the CCFig. 7. Linkage system for a tetramedefz hemoglobin that both
Hbs of the turtlePhrynops hilariifrom Reischlet al. (1984). The  dissociates taup dimers and associates ta)> octamers. The
data for components | (filled symbols) and Il (open symbols) ardifference 2G4 minus 4Gz will give the cooperative free energy, as
shown. Triangles, pH6.5; circles, pH7.7; squares, pH 8.6, at 20 °C. defined by Ackerset al. (1992), andAGs minus AG4 will give the
additional cooperative free energy resulting from tetramer—tetramer
interaction AG, standard free energy. The species with odd numbers of
Extensive studies by Focesi and associates on the Hb of tigands are omitted in the oxygenation of the octomer (right column).
Brazilian water snakeiophis miliarisare of particular interest
here because oxygenation is accompanied by a large increasdigand-linked subunit dissociation/association processes
in the tetramer to dimer dissociation constant in the presenaecur in many diverse Hbs. Although, mammalian Hbs usually
but not in the absence of ATP (Matsuetal.1987; Foceset  dissociate only to dimers, Hbs of numerous lower vertebrates
al. 1990). The deoxy Hb is an equilibrium mixture of dimersdissociate to both dimers and monomers. Strong evidence for
and tetramers in the absence of ATP. These data indicate thetramer—tetramer association of some deoxy Hbs has been
ATP shifts the equilibrium to mostly tetramers because it bindpresented. The overall linked relationships for a
only to them. Cooperativity of £binding is low 4=1.0-1.2) dimer—tetramer—octamer system required for a complete
in the absence of ATP, but in its presence cooperativity idescription of chicken Hb are shown in Fig. 7. The
pronounced ry=1.9-2.0). Amino acid sequence analysisMonod—Wyman—-Changeux (MWC) two-state model has been
(Matsuuraet al. 1989) indicates that the!p? dimer—dimer used extensively to describe the cooperative processes within
contacts are weakened by tfochain substitutions which the tetramer (fromuzB2 to a2f32X4 in Fig. 7). Ackerset al.
eliminate two electrostatic interactions: Glu(G3al and (1992, 1997) have been able to determine the detailed linkage
Glu(CD2)- Thr. relationships for the dimer—tetramer system in human Hb, but
Many tetrameric turtle Hbs dissociate readily not only toaddition of tetramer—tetramer interactions adds a daunting new
dimers but also to monomers with dilution (Sullivan and Riggscomplexity. However, determination of the weight-average
1967; Reischkt al. 1984). An example of the concentration- molecular mass as a function of the degree of oxygenation
dependence of the molecular mass is shown in Fig. 6. Hill plotwould make the task tractable. The X-ray structure of deoxy
of oxygen binding data are biphasic, withincreasing from 1.8 chicken Hb will be needed for understanding the process. For
to 2.8. This shift must reflect the pronounced dissociatiosome of the systems that exhibit tetramer—tetramer
properties shown in Fig. 6, but it may also include a contributiointeractions, the gain in cooperativity may well be not to create
from incomplete oxygenation. The quantitative linkage betweetsupercooperativity’ (i.e. Hill coefficients greater than 4), but
dissociation and oxygenation has not yet been investigated. rather to raise an intrinsically low cooperativity of tetrameric
Hbs.

Conclusions The author is grateful to Yang Qiu and James Knapp for

This brief survey attempts to answer the two questions askeluable discussions. | thank Russell Isaacks for making
in the Introduction: how widespread is thBcapharca available the original data used for the construction of Fig. 3.
mechanism among non-vertebrate Hbs, and how important airrent work in the author’s laboratory has been supported by
tetramer—tetramer interactions in vertebrate Hbs? ThBRISF grant MCB-9723825.
conclusion is reached that tSeapharcanechanism may be the
predominant process in invertebrate Hbs. Surprisingly, it may
also occur in a primitive vertebrate, the lamprey. Thus, lamprey References
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