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A B S T R A C T

Haemoglobin (Hb) is widely known as the iron-containing protein in blood that is essential for O2 transport in
mammals. Less widely recognised is that erythrocyte Hb belongs to a large family of Hb proteins with members
distributed across all three domains of life—bacteria, archaea and eukaryotes. This review, aimed chiefly at
researchers new to the field, attempts a broad overview of the diversity, and common features, in Hb structure
and function. Topics include structural and functional classification of Hbs; principles of O2 binding affinity and
selectivity between O2/NO/CO and other small ligands; hexacoordinate (containing bis-imidazole coordinated
haem) Hbs; bacterial truncated Hbs; flavohaemoglobins; enzymatic reactions of Hbs with bioactive gases, par-
ticularly NO, and protection from nitrosative stress; and, sensor Hbs. A final section sketches the evolution of
work on the structural basis for allosteric O2 binding by mammalian RBC Hb, including the development of
newer kinetic models. Where possible, reference to historical works is included, in order to provide context for
current advances in Hb research.

1. Introduction and scope

This review attempts a broad overview of selected topics in Hb
structure and function. It is necessarily superficial in all areas, but the
hope is that there is some benefit in taking a broad view, and perhaps
this can be a helpful for researchers new to the field. Throughout, I have
tried to acknowledge authoritative work that has had enduring ‘cur-
rency’, regardless of publication date. Hb research is highly inter-
disciplinary and I have endeavoured to include some of the important
contributions from bioinorganic chemistry, spectroscopy and structural
biology that have shaped our current understanding of Hb proteins.

2. The Hb superfamily – evolutionary conservation and
diversification of function

2.1. Hbs share a common three-dimensional structure and haem cofactor

All Hbs have a conserved core topology, comprising 6–8 α-helices
(labelled A–H). The very first protein structures to be determi-
ned—those of myoglobin (Mb) from muscle of the sperm whale [1,2],
and red blood cell (RBC) Hb from horse erythrocytes [3]—revealed the
globin structural blueprint, and firmly established the enduring para-
digm that structure underlies function. As the founding member of the
Hb family, Mb provides the reference against which all other Hb se-
quences and structures are compared [4]. For example, in each of
the> 200 non-redundant Hb structures in the protein data bank,

position F8 refers to the amino acid residue that is structurally
equivalent to the eighth residue in helix F of sperm whale Mb—this is
the haem-coordinating histidine residue (HisF8), which is the only re-
sidue that is 100% conserved across the whole Hb superfamily [5,6].
Residues in non-helical segments are referenced in relation to adjacent
helices; thus, CD1 refers to the first residue of the linker joining α-
helices C and D, and HC3 refers to the third residue following helix H,
on the carboxyl terminus.

Two different structural sub-classes of the globin fold are recognised
(Table 1 and Fig. 1). The 3-on-3 fold is the canonical Hb fold, ex-
emplified by Mb. The ‘3-on-3’ designation refers to the α-helical
‘sandwich’ formed by the A-G-H and B-E-F helices [7]. The C and D
helices are supporting structures, and are not always present. The
second structural class is the truncated Hb (trHb) class—also called 2-
on-2, 2-over-2, or 2/2 Hbs, based on the arrangement of the B–E and
G–H helical pairs, [8]. In trHbs, the A, C, D, and F helices are much
reduced or absent.

Whereas some Hbs function as monomers, other Hbs are assembled
from multiple globin subunits. Examples of the latter include mam-
malian RBC Hb, which is a tetramer of two Hb α and two Hb β subunits
[3], and earthworm Hb (erythrocruorin), which comprises 144 globin
chains with four unique sequences together with an additional 36 non-
globin subunits [9]. Within these oligomers it is the individual subunits
that conform to the conserved globin fold. Allosteric function (see
Section 7) and multisubunit organisation of Hbs have arisen a number
of times in evolution to solve the problem of O2 transport (see reviews
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by Royer et al. [10,11]).
Each globin polypeptide binds a single molecule of iron-proto-

porphyrin-IX (haem b; Fig. 2A). The haem molecule is amphipathic—it
contains two charged propionate groups that interact with water and/
or polar amino acid side chains on the surface of the globin, and the
remainder of the haem molecule is largely hydrophobic in nature and
binds in the hydrophobic interior of the globin, surrounded by apolar
side chains. Each haem has a central iron atom that is coordinated by
four equatorial N ligands, one from each of the four pyrrole rings of the
porphyrin. Haem is bound to the protein via a coordinate covalent bond
from an axial N ligand provided by the imidazole side chain of HisF8
(Fig. 2B, D), together with multiple non-covalent interactions between
the porphyrin and globin. Whilst the iron atom of the haem makes a
coordinate covalent bond with diatomic gaseous ligands such as O2, CO,
NO, HNO, NO2

− and H2S, the globin fold provides the essential en-
vironment to achieve reversible and selective ligand binding. The plane
of the porphyrin divides the haem pocket into two regions—the Fe-
coordinating HisF8 side chain occupies the proximal haem pocket,
leaving diatomic ligands bind on the opposite face of the porphyrin,
which is the distal haem pocket.

It is worth noting that, besides being the cofactor in Hb, haem has
other essential roles in biochemistry. Haem is present in five of the six
classes of enzymes recognised by the Enzyme Commission (they are
absent only in ligases) [12]. Haem b, as well as other haems, chlor-
ophyll, and vitamin B12 (cobalamin) are all synthesised from a common
pyrrole precursor. Vitamin B12 cofactor is used in radical generation by
the class II ribonuceotide reductase (RNR) enzymes, which are essential

for all DNA-based life; a similar cofactor may have been used in the
prototypical RNR enzyme present in the last universal common an-
cestor [13], suggesting that tetrapyrrole synthesis is very ancient in-
deed. Biosynthesis of porphyrin occurs inside the cell where it is to be
used (i.e., haem is not transported), via a series of reactions that take
place in the cytoplasm and mitochondria [14].

2.2. Distribution and functions of Hbs across three kingdoms of life

Both 3-on-3 Hbs and trHbs (2/2 Hbs) are found in bacteria, archaea
and eukaryotes, suggesting that both structural classes were present in
the last universal common ancestor. Sequence phylogeny indicates that
3-on-3 Hbs are divided into two families, and five sub-families (Table 1
and Fig. 1) [15,16], which, to some degree, represent functional
groupings. Thus, many members of the plant and metazoan Hb sub-
family bind O2 with moderate affinity (O2 association equilibrium
constant, KO2 ~1–20 μM−1) and have roles in O2 storage or transport
(Sections 3, 4.2 and 7). The flavohaemoglobin (FHb) and single-domain
globin (SDgb) sub-families are found only in bacteria, algae, and fungi
and are nitric oxide dioxygenase (NOD) enzymes that protect against
nitrosative stress by converting toxic NO to nitrate (reviewed in [17],
and see Section 5). These Hbs typically have high O2 affinity (KO2

10–1000 μM−1). FHbs are chimeric proteins with an N-terminal Hb
domain and C-terminal FAD/NAD binding domain with a conserved
ferredoxin reductase fold (see Section 5.3). Curiously the whole Mb-like
family group is absent in archaea.

The second family of 3-on-3 Hbs, the sensor globins, is absent from

Table 1
Important amino acid residues in the haem pockets of Hbs from different Hb families.

Structural 

class 

Family Sub-family or 

other sub-grouping 

B9 B101 CD1 E71 E111 E14 F82 FG5 G53 G81 H233

3-on-3 Myoglobin-like 

PF00042 

Plant & metazoan 

Hbs 

LFIC FLM F HLVQ VILF n.c. H IV LF FILV – 

nsHb1/2 FL F F H¶ V/Q M H¶ V F V/W – 

FHb F Y F Q L ASG H IV Y V E 

SDgb F Y F Q L AT H V Y V E 

Sensor Hbs4

PF11563 

GCS F Y ILF LVKRSE LMQF WHY H LI YV AG – 

Pgb W Y F V F W H K NG ST – 

trHb or 

2/2 Hb 

Truncated Hbs 

PF01152 

trHb1 (HbN) F Y F QL QL F H LIV FV VI – 

trHb2 (HbO) type 

i5

F Y FH ATS Q F H IV RA W – 

trHb2 (HbO) type 

ii 

F Y* Y* A L F H I RA W – 

trHb3 (HbP) F Y F H I F H F F W – 

The table shows conserved side chains in the proximal haem pocket (yellow), distal pocket (blue) and positioned equatorial to the δ methene (white).
Where more than one residue is common at a particular position, the most frequently encountered residues are listed.
Abbreviations used: truncated Hb (trHb), non-symbiotic Hb (nsHb), flavohaemoglobin (FHb), unicellular single domain globin (SDgb), globin coupled
sensor (GCS), protoglobin (Pgb), modified tyrosyl residue (Y*), position not conserved (n.c.).
1 Side chains in these positions, where underlined, donate hydrogen bonds to O2 ligand.
¶ Hexacoordinate Hbs.
2 Universally conserved proximal haem ligand.
3 Side chains in these positions, where underlined, make hydrogen bond interactions with HisF8.
4 Sensor single-domain globins (SSDgbs) also belong to this phylogenetic group, but as structures are currently available this group is omitted from the
table.
5 The set of class 2 type i trHbs includes all class 3 nsHbs.
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Fig. 1. Conserved and variable features of Hb tertiary structure. The figure shows tertiary structures that are representative of the major Hb families and sub-families (see also Table 1).
Most Hbs from the plant and metazoan Hb sub-family are highly similar to sperm whale Mb (pdb 2mgm) [152]; variations include the Cerebratulus lacteus mini Hb (1kr7) [161]. Other
families/sub-families are represented by Cgb from Campylobacter jejuni (2wy4) [107], YHb from Saccharomyces cerevisae (4g1v) [105], HemAT from Bacillus subtilis (1or4) [397], Pgb from
Methanosarcina acetivorans (2veb) [63], trHb1 (trHbN) from Tetrahymena pyriformis (3aq5) [174], trHb2 (trHbO) from Mycobacterium tuberculosis (1ngk) [178], trHb3 (HbP) from
Campylobacter jejuni (2ig3) [180]. Conserved α-helices that comprise the canonical 3-on-3 tertiary structure are colour-coded as follows: A (red-brown), B (pink), E (yellow/tan), F
(green), G (cyan), H (blue). Functionally important loops (CD, EF, FG) are also labelled. Conserved elements of the 2-on-2 Hb fold are coloured as for 3-on-3 Hbs. Additional secondary
structure elements present in Mb, but variably present in other Hbs are coloured grey. Additional structural elements that are unique to individual Hb sub-families are coloured magenta.
Features of the haem pocket are shown in more detail in Figs. 3 and 4. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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eukaryotes. Of the sensor globins, the two-domain globin-coupled
sensors (GCSs; Section 6) are best understood; these proteins are typi-
cally sensors of O2, NO, or CO that regulates aerotactic responses to
these ligands (reviewed [18]). These proteins sometimes show low O2

affinities (KO2 < 1 μM−1; [19]). Other subfamilies of the sensor glo-
bins are less well characterised. The third major phylogenetic family of
Hbs defines a separate structural class, the trHbs. TrHbs comprise at
least 3 subfamilies (trHb1/2/3, also called trHbN/O/P, or trHb groups
I/II/III) [20,21]. Structure and ligand binding has been characterised

for numerous trHbs, but physiological functions have only been tenta-
tively assigned and appear quite diverse. Some trHbs have extremely
high O2 affinity (KO2 5000–22,000 μM−1; e.g. [22]) suggesting that
they are likely to have enzymatic functions. TrHbs exist as single-do-
main proteins, or as chimeras with putative oxidoreductase or signal-
ling domains [23,24]. Of the chimeric Hbs, only the FHbs have been
crystallized in their multidomain form.

The implication from phylogenetics is that all Hb families arose in
bacteria and, today, about half of bacterial genomes contain Hbs [16].
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Fig. 2. Haem stereochemistry in Mb and model
porphyrins. (A, B) Haem group and proximal
HisF8 residue from the crystal structure of un-
liganded Mb, a high-spin 5-coordinate Fe(II)
complex, determined at a resolution of 1.15 Å
(pdb 1bzp) [185]. The 2FO–FC electron density
map (mesh) is contoured at 2 σ. The atom
colour coding is as follows: iron (orange),
oxygen (red), nitrogen (blue), carbon (yellow).
Pyrrole rings (Roman letters) and methene
bridge positions (Greek letters) are indicated.
Substituents at the β-pyrrolic positions (num-
bered according to the IUPAC convention) are:
methyl (−CH3; positions 2, 7, 12, 18), vinyl
(−CH]CH2; positions 3, 8), and propionate
(−CH2CH2COOH; positions 13, 17). Viewed
along the plane of the porphyrin ring (panel B),
only the B and D pyrrole rings are shown for
clarity. The Fe atom is displaced 0.29 Å out of
the plane defined by the four pyrrole N atoms
(horizontal line), towards HisF8. (C, D) Haem
group and proximal HisF8 residue from Mb
(CO), a low-spin 6-coordinate Fe(II) complex,
determined at a resolution of 1.15 Å (pbd 1bzr)
[185]. The Fe atom is in plane with four pyrrole
N atoms (0.015 Å displacement towards CO).
Figure panels A–D were prepared from co-
ordinates and structure factors deposited in the
Protein Data Bank, using the software, PYMOL.
(E, F) Crystal structure of the synthetic por-
phyrin, Fe(Tp-OCH3PP)(2-MeHIm), a high-spin
5-coordinate Fe(II) complex with low O2 affi-
nity that serves as a synthetic model of un-
liganded T state Hb [36]. In E, atom positions
are shown as thermal vibration ellipsoids (50%
probability). (G, H) Crystal structure of Fe
(TpivPP)(1-MeIm)(O2), a synthetic model of
Mb(O2) [41]. The O2 and 1-methyl imidazole
ligand are statistically disordered with 1/2 oc-
cupancy at two positions. Panels E–H were
prepared from data deposited at the Cambridge
Crystallographic Data Centre (CCDC) using the
CCDC software program MERCURY (E, G) or PYMOL

(F, G). Hydrogen atoms are omitted throughout
this figure. (For interpretation of the references
to colour in this figure legend, the reader is
referred to the web version of this article.)
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Consequently, functions of the extant bacterial Hbs reflect possible
functions of the ancestral Hb. An ancestral Hb would have operated in a
largely anoxic, or local microaerophilic, environment, prior to a sig-
nificant rise in global O2 2.4 billion years ago [25]. Thus, enzymatic
scavenging of toxic O2 and NO [26], sulfur metabolism [27], or sensing
and signalling in response to O2, NO, or CO [16], are possible ancestral
functions. When compared to bacterial Hbs, vertebrate Hbs (such as
RBC Hb and Mb) share highest sequence similarity to SDgb proteins,
and it has been suggested that lateral transfer of the SDgb gene(s) to the
primitive unicellular eukaryote occurred around the time of the en-
dosymbiotic events that generated mitochondria and plastids [28]. Mb
and erythrocyte Hb still retain physiological roles in NO removal (see
Section 5.4), in addition to O2 storage and transport.

3. Structure-function relationships of the haem pocket

3.1. A 5-coordinate haem with an axial imidazole base is essential for O2

binding

O2 binding is the hallmark feature of Hbs. Pioneering work using
synthetic porphyrins as models of the Hb biosite established two es-
sential conditions for high affinity and reversible O2 binding. These
requirements are: (1) a 5-coordinate haem with an axial base, such as
imidazole (Fig. 2A, B) or pyridine, and (2) a mechanism to prevent
irreversible haem oxidation. This important work is comprehensively
described in a series of excellent reviews [29,30,31]. The following
section briefly describes the importance of an axial base, and the non-
bonding interactions that protect the haem group from solvent and limit
irreversible haem oxidation.

As with other transition metal complexes, haem ligands make co-
ordinate, or dative, σ bonds with the metal centre in which both elec-
trons are donated from a lone pair on the ligand (O2/CO/NO, etc.).
Studies of free haems and synthetic porphyrins show that four-co-
ordinate metallo-porphyrins have little interest in O2 binding, whereas
5-coordinate Fe(II) prophyrins with an axial imidazole base bind O2

with high affinity. This can be rationalised by considering the energy of
the dz2 orbital relative to the other four metal d orbitals. By standard
convention, only the dz2 orbital is oriented perpendicular to the por-
phyrin plane and has σ-type geometry that is necessary to participate in
σ bonding with an incoming O2/CO/NO ligand. In 4-coordinate haem,
the dz2 orbital has low energy and so is fully occupied with d-shell
electrons from Fe(II) and, thus, unable to participate in bonding to O2.
By contrast, in 5-coordinate haem with an axial base, the energy se-
paration between the five metal d orbitals is reduced, allowing the 5 d-
shell electrons of Fe(II) to spread out, partially freeing up the dz2 orbital
(see [32,33] for illustrated explanations). Magnetic susceptibility
measurements, first made by Pauling and Coryell [34,35], established
that 5-coordinate deoxy HbFe(II) has 4 unpaired electrons (it is high
spin; S = 2), and recent Mössbauer spectroscopy shows that the ground
state electronic configuration for 5-coordinate deoxy Mb, deoxy Hb and
synthetic high spin Fe(II) porphyrins with an axial imidazole base is
(dxz)2(dyz)1(dxy)1(dz2)1(dx2−y2)1 [36,37]. It appears that the partly
filled dz2 orbital is a pre-requisite for FeeO2 bonding. Interestingly,
experiment and density function theory (DFT) suggest that the elec-
tronic ground state with an axial imidazole is distinct, even compared
to complexes with a similar base such as pyridine [36,37,38], and this
might be important for O2 binding in ways that are not yet fully un-
derstood.

3.2. Side chain packing around the haem group prevents irreversible Fe
oxidation and haem dissociation

Without the protection afforded by the globin fold, free Fe(II) por-
phyrins are oxidised in seconds to Fe(III) species, which are unable to
bind O2. In contrast, Fe(II) haemoproteins are stable for days. Broadly
two mechanisms are responsible for oxidation of haems. The first is the

μ-peroxo mechanism, which is initiated upon reaction of a (porphinato)
Fe(II)(O2) species with a second unligated (porphinato)Fe(II). The re-
sult is the generation of μ-oxo dimers with an Fe(III)–O–Fe(III) centre
(see [30]). In the presence of water, and at room temperature, the
conversion to μ-oxo dimers occurs on a ms time scale. This reaction is
essentially blocked in haem proteins by the bulk of the globin protein,
which prevents close approach of two haem moieties. In order for
synthetic model compounds to reversibly bind O2, the pathway to μ-oxo
dimers must be sterically blocked, as was achieved by James Collman
and co workers with the famous picket fence porphyrins, which are still
the only synthetic (porphinato)Fe(II)(O2) complexes for which x-ray
crystal structures have been reported (Fig. 2G, H) [39,40,41], although
a large number of alternative designs function as O2 binders [29,30,31].

The second pathway for haem oxidation involves the net transfer of
one electron from Fe(II) to O2, generating Fe(III) haem and superoxide.
The reaction is termed autooxidation. The rate of autooxidation shows a
biphasic response to O2 concentration, suggesting that it occurs in haem
proteins by different mechanisms in high [O2] (PO2 > P50; where P50 is
O2 partial pressure (PO2) at which 50% of O2 binding sites are satu-
rated) or at low [O2] (PO2 < P50) [42]. At high [O2], a process with
unimolecular kinetics dominates, which might involve protonation of
bound O2 followed by dissociation of a neutral superoxide radical (HOO
%), or reductive displacement of a superoxide anion (O2

−%) by hydroxyl
or other anionic species ([43] and references therein). Recent combined
quantum mechanics/molecular mechanics (QM/MM) calculations show
that the reductive displacement of O2

−% is the more energetically fa-
vourable process [44]. The reductive displacement overcomes the en-
ergetic penalty that would be incurred to separate negatively charged
O2

−% from the Fe(III)+ haem in a purely dissociative mechanism. At
low [O2], a bimolecular reaction takes over, in which an electron is
transferred from Fe(II)(H2O) haem (the water molecule is weakly co-
ordinated), to an O2 molecule that is in the distal haem pocket but not
coordinated to Fe(II) (an outer sphere electron transfer), generating
superoxide anion (O2

−%). Consequently, interactions that stabilise
bound O2 (see Section 3.6) or prevent water entry into the haem pocket
(below) slow the rate of autooxidation [42,45,46].

Close packing of apolar side chains around the porphyrin, and en-
trance to the haem pocket, as well as polar interactions with the haem
propionates, are important for high affinity haem binding, and pre-
venting ingress of water to the haem pocket. Sequence alignment of Hbs
[5], including non-symbiotic plant Hbs [47,48], FHbs and SDgbs
[49,50], GCSs and Pgbs [51] and trHbs [8,21,50,52,53], shows that
residues in Van der Waals contact with the porphyrin (such as residues
at positions CD1, F4, FG5, G5, G8, H15 and H19) have conserved
physicochemical properties, with bulky apolar Met, Ile, Leu, Val and
Phe side chains being heavily represented in these positions. Aromatic
residues, particularly Phe, but also Trp, are common in the haem pocket
presumably because π-stacking or edge-to-face (T-stacking) interactions
with the porphyrin macrocycle are highly stabilising [54]. For example,
PheCD1, which makes π-stacking interactions with pyrrole ring C, is the
second-most highly conserved globin residue after HisF8. Only in GCSs
is PheCD1 replaced with Leu or Ile [51], and, in trHb2, PheCD1 can be
replaced by polar His or Tyr [50], which play a specialised role in
electrostatic stabilisation of ligands (Section 3.7). In Mb, the disruption
of hydrophobic protein-porphyrin interactions by mutagenesis results
in a 10–100-fold increase in the rate of haem loss, due to hydration and
scission of the Fe–HisF8 bond [46,55], and this translates directly to a
loss of overall protein stability [56]. Polar or basic residues (commonly
Lys, Arg, His, Ser) are typically found at one or more of the surface
positions F7, FG3, CD3 (or CE3 when the D helix is absent) and E10,
where they make stabilising electrostatic interactions with the haem
propionates [45,55].

A number of Hbs have additional, unusual, protein-porphyrin con-
tacts. For example, Pgbs and trHb2s (Fig. 1) have loops or additional
helical elements that partially bury the propionates [57]. The trHb1s
from cyanobacteria Synechocystis [58,59,60] and Synechococcus [61]
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are highly unusual in having a covalent bond between the side chain of
HisH16 and the vinyl group of pyrrole ring A [59]. The high-resolution
(≤1.7 Å) crystal structures of these proteins also show highly ruffled
porphyrins [61,62]. A similarly distorted prophyrin occurs in Pgb from
Methanosarcina acetivorans (1.3-Å resolution) [63]), which lacks cova-
lent attachment of the porphyrin ring. In-plane (compression of the
porphyrin core) and out-of-plane (ruffling) distortions, presumably in-
duced by protein-porphyrin contacts, are thought to alter O2 affinity
through changes in porphyrin electronic structure [64–68], and may
contribute to the high O2 affinities of trHb and Pgb proteins. Finally, a
small number of globins have been discovered that don't bind haem at
all [69,70]. In these proteins, the size of the haem-pocket cavity is
dramatically reduced, and, in one case, is occupied by a fatty acid [70].

3.3. Steric interactions between the proximal His and the porphyrin ring
lower iron reactivity

Reactivity of haem Fe is predominantly determined by the nature of
the axial ligand (see Section 3.1); however, although all Hbs coordinate
haem Fe through the same axial imidazole (the side chain of HisF8), the
O2 affinities of Hbs still vary widely—dissociation rate constants span
seven orders of magnitude, ranging from 10−3 to 104 s−1 [71]. Side
chains in the proximal haem pocket control reactivity of the iron
through two mechanisms: (1) steric interactions that perturb the geo-
metry of the haem–HisF8 interaction (compared to a free haem–imi-
dazole) and (2) changes in the basicity of the HisF8 side chain brought
about by electrostatic (hydrogen bonding) interactions (the topic of
Section 3.4).

Steric effects can influence Hb affinity because ligand binding re-
quires a change in the stereochemistry (or ‘shape’) of the haem co-
ordination complex (see early reviews by Hoard [72], Perutz [33] and
Scheidt [32]). Work in synthetic porphyrins [36,37,73–77] has de-
monstrated the following general rules (of course, with notable ex-
ceptions):

• In general, 5-coordinate porphyrins are high spin (4 or 5 unpaired
electrons in the case of Fe(II) or Fe(III), respectively), square pyr-
amidal complexes with the Fe atom displaced 0.39–0.54 Å out of the
plane defined by the four pyrrole N atoms, and the porphyrin ske-
leton domed towards the axial base (Fig. 2E, F)

• On the other hand, 6-coordinate porphyrins are low spin (0 or 1
unpaired electron for Fe(II) or Fe(III), respectively), octahedral co-
ordination complexes in which the porphyrin is flat, and Fe lies in
the porphyrin plane (displacement from the pyrrole N plane
≤0.11 Å) (Fig. 2G, H)

On this basis, steric interactions that hinder movement of the iron
into the porphyrin plane resist the high spin to low spin transition that
is required by O2 binding, and, consequently, reduce O2 affinity. Such
steric effects arise largely from interactions between the porphyrin ring
and the proximal imidazole base itself, and the magnitude of the effect
depends upon the position and orientation of the imidazole base with
respect to the porphyrin, which, in haem proteins, is controlled by the
protein structure.

Rotation or tilting of the imidazole with respect to porphyrin draws
the Fe–His bond out of a perfectly axial position and increases steric
interaction between imidazole and porphyrin. In Hb α chains, a steric
clash between the HisF8 imidazole and the porphyrin in 6-coordinate
(ligated) structure contributes to ~1000-fold lowering of the O2 affinity
of the T state (see Section 7.7). Smaller effects have been demonstrated
in picket fence porphyrins with a sterically hindered proximal base (2-
methyl imidazole, shown in Fig. 2E, F, or 1,2-dimethyl imidazole)
which show ~100-fold lower affinity for O2 than do compounds with
an unhindered base (1-methyl imidazole, Fig. 2G, H) [78–80].

The azimuthal angle of the HisF8 side chain with respect to the
pyrrole nitrogens is another factor that modulates steric interactions

(Fig. 3) and therefore has the potential to modulate O2 affinity. The
effect of azimuthal angle has been studied in sperm whale myoglobin
(Mb) [81–84], mammalian Hb [85,86] and plant leghaemoglobin (LHb)
[84,87], using an innovative approach devised by Doug Barrick. In this
approach, HisF8 was mutated to Gly, and an active haem site was re-
constituted by the addition of free imidazole base, which naturally
occupies the proximal haem pocket and coordinates the Fe(II) haem
[81]. A HisF8 → Gly substitution in sperm whale Mb results in ~4-fold
increased O2 and CO binding affinity, largely due to a decreased dis-
sociation rate constant [84]. Crystal structures reveal that the exo-
genous imidazole adopts an unhindered staggered position [81,83],
rather than the hindered eclipsed position seen in the wild-type protein.
In Mb, the HisF8 side chain makes a hydrogen bond to the side chain of
SerF7, which appears to stabilise the eclipsed position, based on ob-
servations that SerF7→ Ala, Val, Leu mutations increase Fe reactivity
[88]. Soybean LHb has O2 affinity that is 20-fold higher than Mb (KO2

23 μM−1) [89,90] and this has been attributed to smaller steric effects
in the plant protein. In the crystal structure of unliganded LHb, the
proximal HisF8 imidazole shows ~50% occupancy in two staggered
positions, separated by ~90°, suggesting that this side chain is more
mobile than HisF8 in other globins [91]. In LHb, HisF8→ Gly muta-
tions (with exogenous imidazole added) cause a small decrease in ligand
affinity [84], consistent with HisF8 already being fully unhindered in
the high affinity wild-type protein. The role of the proximal pocket in
controlling ligand affinity was confirmed by swapping the F helices of
LHb and Mb: a three-fold decrease in O2/CO affinity occurred for a
chimera carrying the Mb F-helix, whereas a five-fold increase in affinity
was conferred on a chimera carrying the Lb F-helix [84]. Circumstantial
evidence that a staggered imidazole position contributes to affinity
comes from structural studies of Hbs with the highest O2 affinities. For
example, Hbs from parasitic Paramphistomum epiclitum (KO2 3300 μM−1

[92,93]), rice nsHb1 (KO2 1800 μM−1 [94]), trHb1 from Synechocystis
sp. (KO2 17,000 μM−1 [95]), trHb2 from Geobacillus stearothermophilus
(KO2 13,200 μM−1 [96]) and trHb2 from M. tuberculosis
(KO2 ≥ 7900 μM−1 [97]), all have a staggered proximal imidazole with
an azimuthal angle close to the ideal 45°.

3.4. Hydrogen bonding of the proximal histidine modulates Fe reactivity

The second major factor influencing iron reactivity in Hbs is hy-
drogen bonding between the proximal HisF8 side chain and residues in
the proximal pocket (Fig. 4). Whilst HisF8 coordinates haem Fe through
a lone pair on the side chain Nε2 atom, the protonated Nδ1 atom is free
to participate in hydrogen bonding to other chemical groups.

Resonance Raman and density functional theory (DFT) calculations
show that hydrogen bonding through Nδ1 alters the electronic proper-
ties of the proximal imidazole such that it can donate more or less
negative charge to the haem Fe, and this modulates the FeeXO bond
strength (where X is C, N, or O) [98–101]. Interestingly, DFT calcula-
tions suggest that moderate strength hydrogen bond, e.g., to a carbonyl
acceptor group, results in synergic enhancement of π-backbonding from
Fe to O2 and σ-donation from O2 to Fe, thus stabilising FeeO2 [101]. On
the other hand, a strong hydrogen bond to His Nδ1 increases the imi-
dazolate character of the His side chain, causing it to donate more
negative charge to the haem, and resulting in σ-donor competition with
the XO ligand for the Fe dz2 acceptor orbital. This competition weakens
the FeeXO bond. It has been noted that haems with strong electron
donating axial ligands, such as imidazolate or thiolate ligands, fre-
quently have similar binding affinities for NO/CO/O2 ligands, com-
pared to haems with a neutral axial imidazole (see Section 3.6), sug-
gesting that electronic properties of the proximal His have a role in
ligand discrimination, in addition to overall affinity and reactivity of
the FeeXO complex [102,103].

In light of the above, it is interesting that hydrogen bonding from a
neutral HisF8 imidazole to the carbonyl group of residue F7 is common
in O2 transport Hbs, and that proximal haem pocket interactions are

D.A. Gell Blood Cells, Molecules and Diseases 70 (2018) 13–42

18



quite different in the bacterial FHbs [104,105] and SDgbs [106,107],
which function primarily as NOD enzymes (Fig. 4). In FHbs and SDgbs,
a carboxylate (GluH23) and phenol (TyrG5) pair is highly conserved in
the proximal haem pocket, and makes strong hydrogen bond interac-
tions that stabilise HisF8 as an imidazolate. σ-Donor competition be-
tween O2 and the axial imidazolate increases negative charge on O2,
which favours NOD enzyme activity [17,105–108]. A similarly posi-
tioned carboxylic acid is found in the haem enzymes, horse radish
peroxidase (HRP) and cytochrome c peroxidase (CcP), and contributes
to the mechanism of OeO bond cleavage [109,110].

Measurements of the Fe–His bond stretching frequency (νFe–His)
together with potentiometry have confirmed the chemical similarity of
haem sites from FHb/SDgb sub-families and peroxidase enzymes. Thus,
stretching frequencies for 5-coordinate Campylobacter jejuni Cgb
(251 cm−1) [106,107], Vitreoscilla SDgb (252 cm−1), and E. coli Hmp
(244 cm−1) [108] are significantly higher than for unliganded Mb
(220 cm−1) [111–113] and unliganded Hb (~215 cm−1) [114–117],
and similar to values from cytochrome c peroxidase (248 cm−1) and
HRP (244 cm−1) enzymes [118,119]. The Fe(III)/Fe(II) midpoint po-
tential for Cygb is −134 mV at pH 7 [107], and for E. coli Hmp it is
−121 mV [120]; both are considerably lower than Mb (+58 mV) or
mammalian Hb (+150 mV) [121], and closer to midpoint potentials
for HRP (−250 mV) [122] and Cytochrome c peroxidase (−194 mV)
[123].

It is worth noting that coordinating haem through lone pairs on S or
O atoms (Cys, Met or Tyr side chains) as seen in other non-Hb haem
proteins, causes even greater shifts in oxidation potential according to
hard-soft acid-base principles [124]. Thus, haem proteins with 5-co-
ordinate Tyr/− (−303 mV) or His/Tyr (−550 mV) arrangements have
much lower redox potentials and strongly favour Fe(III) centres [124].
A HisF8 → Tyr mutant of Mb has a midpoint potential ~250 mV lower
than the wild type [125]. This has important clinical relevance in the
form of the methaemoglobinopathies, wherein mutations of proximal
HisF8 or distal HisE7 to Tyr (all these natural Hb variants are referred
to as HbMs) cause rapid oxidation to Fe(III) methaemoglobin (metHb),
which is unable to transport O2 (biochemical and clinical correlates of
natural Hb variants are reviewed in [126]).

3.5. The FeeO2 bond is polar

Whilst the proximal HisF8 plays a dominant role in controlling Fe

reactivity, residues in the distal haem pocket are important for con-
trolling affinity and selectivity through more direct interactions with
ligands. Because NO, CO and O2 are similar sized apolar molecules,
discrimination between these by Mb and other Hbs must occur at the
level of the FeeXO complexes [127], which have substantially different
electronic properties [98,99]. The precise electronic structure of the
FeeO2 bond has been debated since the 1936 papers on this subject
were first published by Pauling and Coryell [29,30,34,35,128–134].
Infrared spectroscopy of the OeO bond clearly supports formal reduc-
tion of bound oxygen to superoxide; thus the νOeO frequency in Hb
(O2) (1107 cm−1) [135], Mb(O2) (1103 cm−1) [136] and synthetic
(porphinato)Fe(II)(O2) complexes (1150 cm−1) [137] are clearly in a
range expected for O2

− (1150–1100 cm−1) [29,137], and not for mo-
lecular O2 (1555 cm−1) or peroxide (O2

2−; 842 cm−1) [29]. This is
consistent with the formal superoxo model, Fe(III)+(O2

−), proposed by
H. G. Weiss [128,129]. A bonding model involving σ-donation from an
electron pair on O2

− to Fe(III), with minimal contribution from π-
backdonation, is generally accepted [99], although computational
studies and Mössbauer spectroscopy indicate the net charge transfer is
less that± 1 e− [131,138]. Whatever the model, there is consensus
that the FeeO2 bond is highly polar. In comparison, smaller decreases
in νCeO (from 2145 to ~1950 cm−1) and νNeO (from 1877 to
~1600 cm−1) upon haem binding suggest less transfer of electronic
charge to these ligands and hence less polar Fe(II)(CO) and Fe(II)(NO)
complexes [98]. The mechanisms by which Hbs discriminate between
polar and non-polar ligand adducts are discussed next.

3.6. Hydrogen bonding with HisE7 stabilises bound O2 in Mb and RBC Hb

Selective stabilisation of bound O2 over CO and NO is physiologi-
cally important to prevent poisoning by endogenous CO/NO, which,
although present at very low levels, have dramatically stronger binding
to Fe(II) haems. The intrinsic high CO affinity of Fe(II) haems is de-
monstrated by binding experiments in apolar solvents, which show the
equilibrium constant for CO binding (KCO) is ~104 greater than KO2

([30,31,127] and references therein). Haem proteins with an apolar
distal haem pocket have similar preferences for CO over O2—for these
proteins, the ratio KNO:KCO:KO2 is typically in the order of ~106:~103:1
[102]. If this were true of Hb or Mb, then CO produced by normal haem
catabolism (porphyrin cleavage at the α methene by haem oxygenase)
would result in poisoning. Poisoning does not happen because KCO:KO2

is reduced to 25:1 for Mb [139]. The mechanism is an increase in the
affinity for O2, relative to CO, arising from electrostatic interactions
between the partial negative charge on bound O2 and polar side chains
in the distal pocket (Fig. 5) [127]. Anticorrelation of νFeeXO and νXeO
stretching frequencies has been used extensively to probe the electro-
static potential of the distal haem site in Hbs and other haem proteins,
and is reviewed elsewhere [99,140].

Pauling was the first to propose [128] that hydrogen bonding with
the distal HisE7 stabilised partial negative charge on O2 ligand in
mammalian RBC Hb and Mb (Fig. 5, top left), and this hydrogen
bonding was subsequently confirmed experimentally by Raman
[141–143], EPR [144], X-ray crystallography [145,146], neutron dif-
fraction [147] and NMR [148]. The theory that electrostatic interac-
tions selectively enhance O2 binding has also been borne out by ex-
tensive mutagenesis studies in muscle Mb (reviewed by [127,149]) and
by computational studies [66,150]. For example, substitution of HisE7
with Val, the side chain of which cannot form hydrogen bonds, causes
a> 1000-fold increase in the O2 dissociation rate constant (kO2), and a
100-fold decrease in the equilibrium association constant, KO2 [151].

In their quantitative review of O2/CO/NO binding, Phillips and
Olson [127] show that a polar E7 side chain has two distinct effects on
ligand binding kinetics. The first effect is that polar HisE7 causes a
small (~10-fold) decrease in the binding rate constant for O2 or CO,
compared to model synthetic porphyrins in apolar solvent, or haem
pocket mutants with an apolar E7 side chain [139]; the reason is that
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Fig. 3. Steric hindrance between HisF8 and the porphyrin ring. (A, B) In sperm whale Mb,
the proximal imidazole base is eclipsed by the closest pyrrole nitrogen atoms—azimuthal
angle ~0°. (C, D) In LHb, the azimuthal angle (arrow) is ~30°, close to the maximum
staggered position of 45°.
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conserved GluH23 anion and TyrG5 make strong hydrogen
bonding interactions that increase the imidazolate char-
acter of HisF8 and impart an electron ‘push’ to the haem
(arrow). A similar polar environment is seen in the per-
oxidase enzymes, horse radish peroxidase (pdb 1hch)
[553] and cytochrome c peroxidase (pdb 1zby) [554], in
which the proximal imidazolate is hydrogen bonded to the
carboxylate side chain of Asp. Protonation states, for polar
groups only, are tentative for illustration purposes (apolar
CeH groups are not shown).
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electrostatic interactions with HisE7 stabilise a non-coordinated water
molecule in the haem pocket of unliganded Mb that must dissociate to
allow room for diatomic ligands to enter the haem pocket [152,153].
More recently the reverse exchange of CO for water has been measured
[153] and the role of non-coordinated water molecules in controlling
ligand binding rates has been shown in other Hbs [154]. Together,
these results show that the hydrogen bonding potential of residues in
the distal pocket contributes significantly to the overall kinetic barrier
for O2 binding.

The second effect of the polar E7 side chain, as suggested by
Pauling, is to stabilise polar Fe–ligand complexes. In the case of O2

binding to Mb, the small negative effect of HisE7 on the ligand asso-
ciation is offset by a ~1000-fold decrease in the dissociation rate con-
stant of the polar Fe(III)+(O2

−) complex. The net result is ~100-fold
increase in O2 affinity of Mb with HisE7 compared to Mb mutants with
apolar side chains at the E7 position [127]. Mutant studies suggest that
hydrogen bonding with HisE7 contributes around −3.5 kcal mol−1 to
O2 binding affinity in Mb, and around −2 kcal mol−1 in the Hb α and
Hb β chains [155]. These values are similar to those obtained from QM
computational approaches, which are in the range −3.7 to
−6.8 kcal mol−1 for Mb [66,150,156]. For apolar Fe(II)(CO) com-
plexes, the positive contribution from weak hydrogen bonding to HisE7
is smaller than the negative contribution from steric interference by
water in the distal pocket, leading to an overall ~5-fold drop in KCO for
Mb compared to apolar haem pocket mutants of Mb [127]. For NO, it
appears that a ~10-fold stabilisation of NO by hydrogen bonding is
almost exactly offset by the 10-fold reduction in KNO due to water in the
haem pocket. In summary, hydrogen bonding interactions in the distal
pocket increase Hb affinity and selectivity for O2 ligand by lowering the
Hb(O2) dissociation rate.

3.7. Hydrogen bonding networks in the distal pocket are highly varied

Taking a broad view of Hb structure, it is striking that the plant and
metazoan Hb sub-family is the only group in which distal HisE7 is
conserved and acts as the sole hydrogen bond donor to bound ligand
(Table 1). In other families, a more extended hydrogen bond network
involving two or more polar side chains is typical (Fig. 5). One of these
polar residues is almost always TyrB10, which replaces Phe, Ile or Leu
at the corresponding position in Mb. The FHbs and SDgbs share highly
conserved TyrB10 and GlnE7 residues in the distal pocket, which hy-
drogen bond with bound ligand [105,157,158]. An extended polar
network in the distal pocket is typically associated with higher O2

binding affinities and is also a feature in the haem enzymes HRP and
CcP [102]. Some typical and atypical features of the hydrogen bond
network in each of the three Hb families (Table 1) are briefly discussed
next.

Even within the restricted group of plant and metazoan Hbs, O2

affinities vary over at least 3 orders of magnitude (e.g., see [92]). Mb-
like Hbs from parasitic nematodes such as Paramphistomum epiclitum
(TyrB10/TyrE7; KO2 3300 μM−1) [92,93] and Ascaris suum (TyrB10/
GlnE7; KO2 425 μM−1) [159,160] bind O2 with much higher affinity
than Mb (KO2 1.1 μM−1) [139], and stabilise O2 through hydrogen
bonding to TyrB10, as seen for the non-plant and metazoan Hbs.
However, the identity of side chains in the B10/E7 positions clearly
does not tell the whole story, as demonstrated by studies of Hb from
nerve tissue of the nemertean worm Cerebratulus lacteus. Although
clearly clustering with the metazoan Hbs, C. lacteus Hb has an unusual
truncated structure, missing helix A and most of H [161], and, although
it has a TyrB10/GlnE7 sequence in the distal pocket, it exhibits only
moderate O2 affinity (KO2 1.3 μM−1) that is very similar to that of Mb.
Crystal structures indicate an extended hydrogen bond network in the
distal pocket involving TyrB10, GlnE7, and ThrE11, of which TyrB10
makes the most significant interactions directly with the bound O2 or
CO [161,162]. The lower-than-expected O2 affinity is attributed to
equilibrium between different hydrogen bonding patterns [163,164]: a

high affinity state in which the phenol of TyrB10 hydrogen bonds to the
O2 or CO ligand, and a lower affinity in which TyrB10 phenol is hy-
drogen bonded to the side chain of ThrE11 and a lone pair on phenolic
O of TyrB10 is directed towards the ligand with consequent electro-
static repulsion of the ligand [163,164]. Evidence for this explanation
comes from molecular dynamics (MD) and QM/MM calculations
[163,165], and by the fact that mutation of ThrE11 → Val causes a
1000-fold reduction in the O2 dissociation rate constant and a 130-fold
decrease in KO2 [164]. A much smaller 7-fold decrease in CO dis-
sociation rate constant for the E11Thr → Val mutant is also consistent
with the proposed model as Fe(II)(CO) is expected to be less sensitive to
electrostatic effects. A similar equilibrium may explain moderate affi-
nity (KO2 1.2 μM−1; [166]) in trHb1 from Paramecium caudatum [167].

Unlike the case of Mb (Section 3.6), mutation of distal HisE7 → Val
(or Ala or Leu) in soybean LHb causes little change in O2 affinity
[87,90], suggesting little electrostatic stabilisation of ligands by HisE7
in LHb. The reason appears to be that interactions between HisE7 and
TyrB10 constrain the imidazole side chain in a position that reduces
hydrogen bonding to O2. For Mb(CO), and a number of other Hbs,
multiple νCeO stretching frequencies, measured by infra-red spectro-
scopy (IR), indicate the presence of multiple conformational states of
HisE7 [168], some of which correspond to conformers with hydrogen
bond interactions between protonated Nε2 of HisE7 and the CO ligand
[66]. In the case of LHb, the presence of a single major νCeO peak led
Kundu et al. to suggest that HisE7 is restrained by a hydrogen bond
from TyrB10 to Nδ1 of the imidazole [169]. Mutation of TyrB10 freed
HisE7 to adopt other conformations (as evidenced by multiplicity of
νCeO) and increased O2 affinity, suggesting that electrostatic interac-
tions between HisE7 and ligand were enhanced [87,167,169]. Although
a hydrogen bond from TyrB10 to HisE7 is not seen in the crystal
structure [90], computational studies indicate that TyrB10-interacting
and non-interacting conformers of HisE7 are populated in solution, and
that the HisE7 rotamer with a hydrogen bond to TyrB10 makes weaker
electrostatic interactions with O2 [167].

Structural plasticity appears to be common in the distal pocket of
proteins in the sensor Hb family, suggesting this might be linked to
signal transduction mechanisms. The distal haem pocket in several
bacterial globin-coupled sensors (GCS) undergoes conformational
change such that TyrB10 can coordinate bound ligand or swing away to
generate a low affinity state [19] [170]. This group of Hbs is notable for
low conservation of PheCD1 (can be Phe, Ile or Leu) and there is con-
siderable variation at E7 and E11 that is not seen in other Hb groups. In
one GCS from Geobacter sulfurreducens, HisE11 and HisF8 form hex-
acoordinate haem [171] (Section 4). In Pgb from Methanosarcina acet-
ivorans, TyrB10 is conserved but the distance from the haem site means
this side chain only makes a small contribution to ligand affinity
[63,172]. M. acetivorans is an obligate anaerobe that lives in marine
sediments where it is thought to metabolise CO, hence CO binding in-
eractions with Pgb have been of interest. Complex CO binding kinetics
[172] and structural plasticity in the distal haem pocket [173] suggest
an equilibrium between a high affinity liganded state with hydrogen
bonding from TrpB9 to CO, and a lower affinity state in which this
interaction is absent. These varied properties demonstrate that there is
still much to discover about the structural basis for ligand affinity in
this group.

Finally, members of the bacterial trHb family typically have high
ligand affinities and display a number of distinctive distal pocket fea-
tures. Hydrogen bond networks in the distal pocket of these proteins
frequently involve multiple polar side chains that interact with each
other, as well as with bound haem ligands (Fig. 5, bottom row). Crys-
tallographic studies have identified distal pocket hydrogen bond net-
works comprising side chains of TyrB10, GlnE7 and GlnE11 in trHb1
proteins, and mutations at any of these positions increase O2 dissocia-
tion and autooxidation rates [8,174–176]. A hydrogen bonding to li-
gand through the indole N of TrpG8 is a distinctive feature of trHb2
[53,96,177–179] and trHb3 proteins [180–182]; in each case, the
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indole ring of TrpG8 lies parallel to the porphyrin ring and makes ad-
ditional π-stacking interactions with the porphyrin macrocycle. Some
trHb2s (type ii in Table 1) have a distal pocket with an unusual post-
translational modification, whereby a pair of tyrosine side chains are
linked via a covalent bond between the Oη atom of TyrB10 and the Cε2

atom of TyrCD1 [178]; the remaining hydroxyl of TyrCD1 donates a
hydrogen bond to the O2 ligand. These π-stacking interactions and
covalent modifications are expected to stabilise electrostatic interac-
tions with haem ligands.

The trHb3 group is notable as the only group outside the plant and
vertebrate Hbs in which HisE7 is conserved. In the crystal structure of
trHb3 from C. jejuni, HisE7 does not make a hydrogen bond with the
bound CN− ligand [180]; however, RR, mutagenesis and MD simula-
tions indicate that TyrB10, TrpG8 and His E7 all contribute to the hy-
drogen bond network [181,182]. Mutation of TyrB10 and HisE7 to
apolar residues increases the O2 affinity dramatically, from
KO2 = 222 μM−1 in the wild-type protein, to KO2 = 15,000 μM−1

[181], suggesting that TrpG8 on its own makes a highly stabilising
interaction that is moderated by the extended hydrogen bond network.
MD simulations suggest that multiple hydrogen bond networks may
coexist in C. jejuni trHb3 to lower O2 affinity, as also proposed for
Cerebratulus lacteus miniHb, LHb, and P. caudatum trHb1 (see above),
suggesting this might be a common mechanism to regulate ligand af-
finity [182].

3.8. Steric hindrance as a mechanism for discriminating haem ligands

The different geometry of linear FeeCeO (~180°) versus bent
FeeOeO (~120°) and moderately bent FeeNeO (~140°) provide for
potential steric selection of ligand binding, as proposed by Collman
[137]. Initial reports of a bent FeeCeO conformation in MbCO struc-
tures were found to be artifacts of isotropic refinement of anisotropic
crystals, due to limited resolution in the original x-ray diffraction stu-
dies [183]. Model porphyrins [31] and crystal structures of Mb de-
termined with atomic (1 Å) resolution [184,185], as well as numerous
other protein structures, show that CO invariably binds with a linear
geometry. Although steric hindrance is not required for a quantitative
explanation of CO/O2 selectivity [127], Collman points out [31] that a
linear FeeCeO unit does not discount a role for sterics CO/O2 dis-
crimination as a mechanism in other Hbs. The rationale is that steric
hindrance does alter relative stabilities 1000-fold in synthetic por-
phyrin models without substantial FeeCeO distortion; instead distor-
tions in the porphyrin core [36,37,77], that may be too small to be
detected in the majority of protein crystals, are implicated.

3.9. The distal haem pocket captures diatomic ligands prior to Fe–ligand
bond formation

Whilst ligand dissociation rate constants are predominantly con-
trolled by iron reactivity (proximal haem pocket effects) and electro-
static stabilisation of FeeXO, rate constants for ligand binding are
controlled by accessibility of the iron and capture of ligand into the
distal haem pocket. The effect of polar residues and water in the distal
pocket on ligand association rate has already been mentioned (Section
3.6). Hydrophobic residues in the distal haem pocket have a strong
influence on ligand association rates by providing a hydrophobic pocket
into which O2/CO/NO can bind prior to reaction with the haem Fe.
Residues LeuB10, PheCD1, ValE11, IleG8 determine the size of the
distal haem pocket and have effects on O2 binding rates [186–188]. A
smaller volume increases the number of collisions of O2 with the Fe
centre—as illustrated by LeuB10 → Phe mutants of Mb [189,190] and
Hb [191], which increase the affinity and the rate of geminate CO re-
binding following photolysis, whereas mutation to Ala has the opposite
effect. ValE11 is highly conserved in O2 transport Hbs and has a subtle
steric interaction that is destabilising to the distal pocket water mole-
cule in unliganded Mb, but not substantial enough to significantly

hinder haem ligands [187,188]. In the β subunit of RBC Hb, ValE11
hinders ligand binding in the T, but not R, quaternary state (see Section
7.7). In addition to forming the ligand binding/rebinding cavity, hy-
drophobic residues in the distal pocket have important effects on haem
binding, lowering autooxidation rates, and making steric interactions to
position polar side chains. For example, PheCD4 helps to position HisE7
for hydrogen bonding in Mb [192].

3.10. Diatomic ligands enter the distal haem pocket by defined pathways

The driving ‘force’ that concentrates ligands to the haem pocket is
the hydrophobic effect that causes hydrophobic O2/CO/NO to partition
from the solvent water to the apolar cavities in the distal haem pocket
[153,193]; the pathway of ligand diffusion from the exterior of protein
to the distal haem site dictates the kinetics. Perutz proposed entry of O2

to the haem pocket of Mb and Hb via a solvent channel created by an
outward rotation of the HisE7 side chain [194,195]. The E7 gating
mechanism is supported by the everted position of the HisE7 side chain
in crystal structures of Mb carrying bulky ligands [196–198], and also
in crystals of MbCO at pH 4 [199], where it was supposed that the low
pH increases the cationic state of HisE7, thus increasing its solvent
exposure. Even at pH 7.0, atomic-resolution structures of Mb reveal
~20% occupancy of the everted HisE7 side chain conformation [184].
In solution, the multiplicity of the νCO stretching frequencies can be
explained using MD [200] and QM/MM [66] as arising from a mix of
hydrogen bonded and everted, or open, states of HisE7.

An alternative route for ligand migration is diffusion via a longer
pathway of atom-sized hydrophobic cavities in the protein. Xe is a re-
latively large and inert atom that binds with low affinity purely through
Van der Waals interactions and has been used extensively as a probe for
internal cavities. Crystal structures of Mb under pressurised Xe atmo-
sphere show Xe molecules bound in a number of cavities within the
protein matrix [201,202]. When the Fe–ligand bond is broken, natu-
rally by thermal energy or induced by photolysis, the ligand molecule is
positioned close to the haem-Fe from which it can rebind (geminate
rebinding with ps–ns time constants), or diffuse to the bulk solvent and
be replaced by ligand diffusing in from the solvent (bimolecular re-
binding). The Xe-binding sites in Mb have been proposed as transient
sites for O2/CO/NO ligands migrating to the haem pocket [203];
however, filling cavities with Xe under pressure had no effect on ge-
minate or bimolecular CO binding for Hb [191] and only small effects
on the slow (μs) phase of geminate rebinding in Mb (reflecting a small
fraction of geminate rebinding from internal Xe sites) [71,204,205].
The results described above suggest that Xe-binding cavities in Hb and
Mb are not major routes of ligand migration.

Mutational, crystallographic and kinetic studies of laser flash pho-
tolysis of Hb(CO) and stopped-flow spectrophotometry by Olson,
Gibson and colleagues suggest that the E7 gate is the predominant
pathway for ligand entry in Mb [71,204] and Hb α and β chains
[155,191,206]. Royer and colleagues [207,208], using similar methods,
identified the E7 gate as the major route of ligand entry and exit in HbI
from the clam Sapharca inaequivalvis, which is representative of a group
of dimeric metazoan Hbs that have a dimer interface formed by the E
and F helices. Interestingly, the MD results of Boechi et al. [193] sug-
gest that HisE7 does not provide a physical barrier to O2 diffusion in the
closed state, but rather, in the open state, creates a hydrophobic site,
corresponding to a shallow free energy well (−2 kcal mol−1 compared
to O2 in solvent), above the edge of the porphyrin ring and ~5 Å from
the iron into which ligand would be captured if traversing the E7
channel. Depth of energy well was directly related to the bimolecular
rate constant for entry into the haem pocket in Mb mutants. MD si-
mulations of RBC Hb reveal a similar E7-linked hydrophobic cavity and
suggest that opening of the E7 gate regulates ligand association rate in
the β chain [209]. Together these results suggest HisE7 as a common
gas migration pathway in plant and metazoan ‘HisE7’ Hbs; it is clear,
however, that other ligand migration pathways operate in different
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groups of Hbs.
In particular hydrophobic tunnels have emerged as major routes of

ligand diffusion in the trHb1 and trHb2 families and some other Hbs.
Channels or tunnels are formed by contiguous or nearly contiguous
series of cavities leading from the exterior of the protein to the haem
pocket in the trHb1 proteins from Paramecium caudatum [8,210],
Chlamydomonas eugametos [8,210] and Mycobacterium tuberculosis
[210–212], and in trHb2 from Mycobacterium tuberculosis
[178,213,214] the thermophilic actinobacterium, Thermobifida fusca
[215,216], Pgb from Methanosarcina acetivorans [63] and the metazoan
C. lacteus Hb [161,165,217,218]. Compared to the cavities in Mb
(13–45 Å3), the tunnel cavities are much larger (180–400 Å3), are lined
with hydrophobic residues forming a barrier to water, and can ac-
commodate multiple Xe atoms consistent with diffusion pathways for
apolar ligands [210]. The locations of cavities are conserved between
members of the trHb1 family, but distinct from those in Pgb and C.
lacteus Hb, suggesting separate evolutionary origins. MD simulations
have demonstrated that ligand migration through these systems of
cavities can account for the observed kinetics of ligand binding
[154,210,214,219]. MD studies also show that non-coordinated waters,
stabilised by the polar residues in the distal pocket of trHbs, create a
barrier to the final step of ligand migration and have a strong effect on
the overall ligand binding kinetics [154,220,221]. Bustamante et al.
suggest that, although ligand migration occurs through the apolar
tunnels, water in the distal pocket may still exchange with the bulk
solvent through an E7-like gate [154]. Finally, trHb3 proteins lack
conserved hydrophobic tunnels seen in trHb1 and trHb2; trHb3 is the
only group outside the plant and metazoan Hb group to conserve HisE7;
the distal HisE7 side chain adopts a partially outward facing con-
formation in one molecule of the asymmetric unit in crystals of trHb3
from Campylobacter jejuni [180], all suggesting that an E7 gate me-
chanism may be at play.

4. Hexacoordinate Hbs (HxHbs)

4.1. HxHbs as physiological and pathophysiological states

In free haem, the binding of one axial imidazole generates much
higher affinity for binding a second base in the remaining sixth metal
coordination site, leading to rapid formation of a bis-imidazole com-
plex. Bis-imidazole coordination dramatically reduces affinity for dia-
tomic ligands, through a competition effect, unless interaction with the
second imidazole can be selectively hindered [222]. In Mb, erythrocyte
Hb, and many other Hbs, the distal HisE7 can potentially coordinate the
haem, but is restrained from doing so by the protein matrix; under mild
denaturing/non-physiological conditions, however, formation of a re-
versible 6-coordinate bis-histidyl complex can occur in Mb and Hb
[223,224]. Bis-histidyl coordination favours Fe(III) over Fe(II) oxida-
tion state and so can be coupled with Fe oxidation. Under pathophy-
siological conditions, 6-coordinate Fe(III) haems, termed hemichromes,
can potentially involve protein groups other than HisE7 as Fe ligands,
and are formed as part of an irreversible process of Hb oxidation and
denaturation [225]. It is now known that bis-histidyl haem coordina-
tion also has an important physiological role in RBC Hb production
(Section 4.3). What is more, there are a large number of Hbs that
constitutively employ reversible haem coordination by a side chain in
the distal haem pocket as part of normal physiological function, and
these are referred to as hexacoordinate Hbs (HxHbs).

The largest group of HxHbs are the non-symbiotic Hbs (nsHbs) from
plants [226,227]. Plant nsHbs form three phylogenetic groups: class 1
and class 2 nsHbs have a 3-on-3 Hb structure, a third class of plant
nsHbs has a 2-on-2 trHb fold. All class 1 and 2 nsHbs, for which co-
ordination state has been reported, have hexacoordinate haems [226].
In mammals, a neural-specific Hb, neuroglobin (Ngb) [228–231], and
ubiquitously expressed cytoglobin (Cygb) [232,233] are HxHbs. A third
vertebrate HxHb, globin X, has been found in fish and amphibians

[234,235]. Drosophila melanogaster Hb [236] and a neural Hb from bi-
valve mollusc, Spisula solidissima [237], are other examples of HxHbs
from the metazoan subfamily. In all these cases the distal HisE7 serves
as the sixth metal ligand.

Outside the plant and metazoan Hbs, HisE7 is generally not con-
served and only a handful of bacterial Hbs are known to be HxHbs.
Cases that have been established by crystallography include group I
trHbs from cyanobacteria Synechocystis sp. and Synechococcus sp.,
which have HisF8/HisE10 coordination [58,60,61,62,238]; a highly
unusual HisF8/LysE10 coordination in trHb1 from the alga Chlamydo-
monas reinhardtii [239]; and, a single GCS, from Geobacter sulfurreducens
with HisF8/HisE11 [171]. The class 3 plant nsHbs have a trHb fold, and
can form pentacoordinate or hexacoordinate structures. The mechan-
isms that regulate haem coordination are unclear but, in A. thaliana
trHb, a role for an N-terminal extension to the conserved Hb domain is
implicated [47,240]. Multiple hexacoordinate states involving TyrCD1
or TyrB10 in trHb2 from cold-adapted Pseudoalteromonas haloplanktis
have been suggested [241]. A survey of all these proteins suggests that
hexacoordination does not segregate with a particular biological func-
tion and several functions, similar to 5-coordinate Hbs, seem likely as
described below.

4.2. Some HxHbs may function as O2 transporters

A physiological role in O2 transport or storage typically requires O2

binding with P50 in order of 1 Torr. Because HisE7 competes with O2 for
Fe binding in HxHbs, the intrinsic O2 affinity of the 5-coordinate species
must typically be> 10-fold greater than in Mb to achieve a similar
overall KO2. Consequently, O2 dissociation rates may then be too slow
to facilitate O2 diffusion (kO2 in order of 1 s−1 is required)
[226,227,242]. The plant class 2 nsHbs have binding parameters con-
sistent with O2 transport function—KO2 2.9 ± 3.5 μM−1 (P50
~0.2 Torr) and kO2 1.1 ± 1.2 s−1, and may help to maintain cellular
metabolism under conditions of hypoxia, although this is just one
theory (reviewed by [227]). Drosophila melanogaster HxHb binds O2

with a P50 of 0.12 Torr [243] and knock out studies support a role in O2

transport or signalling [244]. Neural specific HxHb from the bivalve
mollusc (Spisula solidissima) binds O2 with a P50 of 0.3–0.6 Torr, in a
similar range to 5-coordinate neural globins from the annelid (Aphrodite
aculeate; P50 1.1 Torr) and nemertean worm (Cerebratulus lacteus; P50
0.6 Torr), and a role for these proteins in O2 delivery to nerve cells is
well established [245]. All these proteins are expressed at high con-
centration (1–3 mM) as required to facilitate O2 diffusion. On the other
hand, vertebrate Ngb is expressed at μM concentration in most neural
tissues arguing against a transport function, except in retinal rod cells,
where Ngb concentrations of 0.1–0.2 mM may facilitate O2 supply to
mitochondria during visual activity [246]. Cygb, Ngb and globinX also
display high rates of autooxidation that make a role in O2 transport
unlikely [226,246]. Cygb has been shown to regulate NO signalling in
the vascular system [247] and is efficiently reduced by the cytochrome
b5/cytochrome b5 reductase system [248], satisfying multiple criteria as
a bona fide NOD enzyme. Cygb is ubiquitously expressed and so might
have a general role in protecting electron transport proteins from NO
toxicity [17]. Knocking down Ngb expression increases hypoxic neu-
ronal injury in vitro and ischemic cerebral injury in vivo, suggesting
roles in scavenging reactive O2 or NO species, or in signal transduction
(reviewed by [249]). Globin X is distantly related to Ngb, but is non-
neuronal [235] and has recently been shown to have a nitrite reductase
activity in fish RBCs [234].

For class 1 nsHbs, O2 transport function is unlikely as the average
KO2 is 410 μM−1 (P50 0.002 Torr) due to very high intrinsic reactivity
of the 5-coordinate haem, coupled with weak hexacoordination and
strong electrostatic stabilisation of bound O2 by distal HisE7 [227]. An
alternative possibility is that class 1 nsHbs detoxify NO (see Section 5).
The reaction with NO involves oxidation of the haem Fe, and so an
efficient reduction mechanism is needed for catalytic turnover.
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Interestingly, HxHbs have more rapid reduction kinetics than 5-co-
ordinate Hbs in vitro [250], although a cognate reductase for nsHbs in
vivo has yet to be identified and is an important criterion for assigning a
biological NOD function [251].

4.3. Hexacoordination linked to protein conformational change

A number of cases show that conversion between 5-coordinate and
hexacoordinate haem can be linked to a ‘signalling’ function, such as
protein-protein interaction or redox regulation, through a coupled
conformational change in the globin protein. An example is the inter-
action between α-Hb stabilising protein (AHSP) and α subunit of RBC
Hb (hereafter referred to as simply ‘α’ for simplicity). AHSP performs a
chaperone function by stabilising nascent free α until the Hb β subunit
(hereafter referred to as simply as β) becomes available to form a
functional tetramer. In this way, AHSP protects developing erythroid
cells from harmful effects that otherwise arise from α redox activity,
haem loss and precipitation [252–254]. AHSP binds to α that has an
oxidised Fe(III) haem ~100-fold more tightly (KD 0.17 nM) than it
binds to α with a functional Fe(II) haem centre (KD 17 nM) [255–257],
largely due to 100-fold lower dissociation rate constant of the AHSP·αFe
(III) complex [257]. Greater stability of the AHSP·αFe(III) complex
arises because, upon AHSP binding, αFe(III) undergoes a conforma-
tional change coupled to conversion of the 5-coordinate haem to a
HisF8/HisE7 hexacoordinate haem [256,258–260]. In contrast, con-
version of AHSP·αFe(II) to the hexacoordinate complex is thermo-
dynamically unfavourable [260].

AHSP also binds to α(O2), and the AHSP·α(O2) complex converts to
a HisF8/HisE7 hexacoordinate complex with a half-life of 14–23 min
(pH 7, 37 °C) by an autooxidation mechanism [261,262]. A steric in-
teraction between a cis-prolyl residue of AHSP and the G helix of α
promotes autooxidation and α conformational change
[256,258,263–265]. The physiological importance is to convert all free
forms of α that are not paired with β to a redox-inert state with low
cytotoxicity.

AHSP binds more tightly to α with an Fe(III) centre, compared to α
with an Fe(II) centre, and, hence, stabilises the Fe(III) oxidation state
over Fe(II). The degree of stabilisation has been measured as a large
drop in the redox midpoint potential of α from+40 mV to−78 mV (in
1 M glycine, pH 6.0, 8 °C) [266]. The lower redox potential and the
hexacoordinate structure physically blocks ligand access and inhibits
reactions with H2O2 and other species that would otherwise generate
harmful radicals through redox cycling [258–260,266]. It is well es-
tablished that bis-imidazole coordination favours Fe(III) over Fe(II) in
model haem systems, and the lower redox potentials for 6-coordinate
Hbs compared to 5-coordinate Hbs confirms this pattern in haemo-
proteins [230,267,268]. This is also clearly demonstrated by Hb mu-
tations that switch the native 5-coordinate or 6-coordinate structure.
For example, a double HisE7 → Val, ValE11 → His mutation in Mb
generates a hexacoordinate haem and shifts the redox midpoint po-
tential from +76 mV [269] to −128 mV [270]. In another study
mutations that converted HxHbs to pentacoordinate structures, in-
creased the redox midpoint by +112 mV or +146 mV in two instances
[268]. The interesting thing about the AHSP·α complex is that the
presence of Fe(III) or Fe(II) haem is sufficient to tip the balance between
two different protein conformations—Fe(III) haem selects hex-
acoordination coupled with conformational switch to the high-affinity
AHSP·α complex, whereas, Fe(II) haem selects pentacoordination and
retains the native-like conformation. The overall effect is to trap oxi-
dised (non functional) α, whilst allowing reduced (functional) α to
more rapidly dissociate and rebind β.

To perform its chaperone function, AHSP binds to α with a high on
rate (kon ~107 M−1 s−1) [257], which is 20-fold greater than the rate
constant for α binding to β. At the same time, the greater stability of the
α·β dimer ensures a net transfer of α from AHSP·α to α·β; the transfer is
100-fold faster for 5-coordinate AHSP·αFe(II) compared to 6-coordinate

AHSP·αFe(III). Once formed, bis-histidyl α can be reduced by metHb
reductase whilst in complex with AHSP, or after transfer to β, to gen-
erate functional Hb [262]. There is evidence that Hb chains are initially
synthesised with Fe(III) haems, in which case AHSP·α complexes may
be the major pathway for incorporation of native Fe(II) α chains into
mature Hb (see [271] and references therein). In this scenario the bis-
histidyl intermediate might actually facilitate haem reduction, as faster
reduction kinetics for 6-coordinate haem, compared to 5-coordinate
haem has been shown in other systems [250]. Finally AHSP can also
bind and stabilise α apoprotein in a partially folded state, suggesting it
might facilitate haem insertion into nascent α chains [254,255,272].

A second example of structural change linked to hexacoordination
involves allosteric regulation of vertebrate Ngb and Cygb. Ngb and
Cygb are allosterically regulated by intermolecular disulfide bond for-
mation, suggesting they may respond to cellular redox stress
[273–276]. In Ngb, reduction of the CysCD7–CysD5 disulfide bond
lowers O2 affinity from a P50 of 0.67–1 Torr in the oxidised state
[230,274,277] to 7.5–10 Torr in the reduced state (and a similar drop
in O2 affinity is seen for Ngb with Cys residues mutated to Gly or Ser)
[274,277]. Ngb undergoes considerable conformational change upon
ligand binding, including conversion from a 6-coordinate unliganded to
liganded state, a ‘sliding’ of the haem group, and movement of the F,
CD, EF, FG regions [278,279]. High hydrostatic pressure has been used
to shift the equilibrium between the 5-coordinate and 6-coordinate
unliganded states, suggesting that the conformation or flexibility of the
CD region is an important determinant of 6-coordination in the un-
liganded state [280,281], although the role of the disulfide was not
addressed directly in these studies. A strand-to-helix transition in the
CD loop upon disulfide formation has been proposed as the mechanism
of redox control [282] and gains some support from the only crystal
structure of wild-type human Ngb in the oxidised state [283] compared
with that of a triple-Cys mutant which cannot form a disulfide bond
[284]. Ngb is also allosterically regulated by H+ [277] and by phos-
phorylation [285]. The nature of disulfide bonding in Cygb is more
uncertain due to the formation of both intra- and inter-molecular dis-
ulfide linked species in vitro. One study by Lechauve et al. found that
reduction of an intramolecular CysB2–CysE9 disulfide bond increases
P50 from 0.2 to 2 Torr, similar to the effect seen in Ngb [276], although
others have found the change in affinity to be< 2-fold [274]. There is
evidence that Fe coordination in Cygb is also regulated by lipid binding
[286].

Finally, HxHb from Synechocystis undergoes a large conformational
change on binding to the ferric ligands, CN− and N3

− [62], which in-
volves a hinging motion of the E helix, rearrangement of hydrogen
bonding around the pyrrole D propionate, and the formation of an extra
turn in the F helix. Large conformational changes in response to ligand
binding are unusual for Hbs and it is attractive to speculate that they
represent novel signalling mechanisms.

5. Hbs and protection from nitrosative stress

5.1. NO production and nitrosative stress

NO is produced in living systems by two general mechanisms: (a) by
the nitric oxide synthase (NOS) class of haem-containing enzymes using
the amino acid L-arginine as substrate [287], or (b) by the process of
nitrate reduction in bacteria [288,289], fungi [290] and plants [291] to
liberate energy for metabolism under conditions of low [O2]. Bacteria
and fungi employ a denitrification reaction, which uses nitrate (NO3

−),
instead of O2, as the terminal electron acceptor to liberate energy under
hypoxic conditions. In the process, nitrate is reduced in subsequent
steps to nitrite (NO2

−), NO, N2O and finally N2, from which N can be
assimilated by nitrogen fixation. A competing process, respiratory am-
monification, can convert nitrite directly to ammonia without produc-
tion of NO [292]. An alternative nitrate reduction pathway, that also
generates NO, operates under hypoxic conditions in plants [291]. As a
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signalling molecule, NO has numerous roles in eukaryotes and pro-
karyotes including regulation of smooth muscle by binding to the haem-
enzyme guanylate cyclase (generating the second messenger, cyclic-
GMP), targeted killing of pathogens by macrophages and other cells in
the immune system [293], transcriptional regulation of bacterial viru-
lence [294], and, induction of ethylene production in plants [295]. NO
acts on its signalling targets at nM concentration, but is also toxic
through inhibiting many other haem- or iron-containing enzymes at
similar concentrations, as well as generating non-specific damage
through radical chemistry, all of which contribute to nitrosative stress
(reviewed in [17]). In particular, NOD activity is likely to be important
in many cell types to prevent potent (nM) inhibition of cytochrome c
oxidase, the terminal oxidase of respiration [17,296].

5.2. Reactions of Hb with NO and other bioactive gases in the haem pocket

It has been known since 1865, when it was shown by Hermann (see
[297]), that NO has extremely high affinity for Hb. Under physiological
conditions the major Hb/Mb species in mammals are deoxy Hb/MbFe
(II) and Hb/Mb(O2), both of which undergo extremely rapid reaction
with NO. Under anaerobic conditions, HbFe(II) and MbFe(II) bind NO
reversibly, but with extremely high affinity (KNO ~2 × 1011 M−1) and
the bimolecular association rate is close to diffusion controlled
(~108 M−1 s−1) [155,187,297,298]. Upon exposure to O2, the ferrous
nitrosyl HbFe(II)(NO) species converts to metHb and nitrate (NO3

−)
[299] at a rate governed by the slow dissociation of NO from Fe(II)
haems (kNO is 10−4 to 10−5 s−1) [300,301]. On the other hand, the
reaction of NO with Mb(O2) or Hb(O2) to form metHb and nitrate is
extremely fast (bimolecular rate constant ~1 × 108 M−1 s−1) [302]
and similar in speed to bimolecular reaction of NO to unliganded Hb; in
both cases the rate-limiting step is capture of NO into the distal haem
pocket [187,189]. Reaction products of Mb(O2) or Hb(O2) in excess NO
are exclusively metHb and nitrate [303]. Additional reaction products,
such as S-nitrosated Hb (see Section 5.4) and nitrite (NO2

−) have been
reported at low (physiological) [NO]:[Hb] mixing ratios [304]; how-
ever these products may arise from artificially high local [NO] as a
mixing artefact of bolus NO addition, as, when NO donors are used,
nitrosation products and NO2

− account for< 1% of the NO consumed
[305,306].

The NO induced oxidation of Hb(O2) proceeds by an NO dioxy-
genation (NOD) mechanism [307]. The NOD reaction involves capture
of NO in the distal pocket of HbO2, where it reacts with bound O2 to
form an Fe(III) cis-peroxynitrite transition state, Fe(III)+(OONO−), that
immediately isomerises to an Fe(III)+(NO3

−) complex [308–310]. Both
O atoms of the bound O2 are incorporated into the NO3

−, as determined
by 18O labelling, confirming the NOD mechanism [311]. The transient
Fe(III)+(NO3

−) intermediate dissociates in< 1 ms at neutral pH, but
can be observed spectrophotometrically at high pH [308]. An alter-
native pathway proceeding by reaction of non-coordinated O2 in the
distal pocket of HbFe(II)(NO), termed O2 nitrosylation, has been pro-
posed [312], but problems with this mechanism have been raised by
Gardner [17]. The NOD mechanism is consistent with kinetics of NO
reactions with vertebrate Hb/Mb and bacterial FHbs, and is likely to be
a general mechanism for NO reaction with Hb over a wide range of O2

concentrations in vivo.
In an authoritative review of the NOD mechanism, Gardiner [17]

identifies several key features of Hbs that promote NOD activity as
follows. (1) High O2 affinity promotes the NOD reaction, which pro-
ceeds through the O2 ligated haem, and mutations that reduce O2 af-
finity increase NO-inhibition of the NOD reaction. Hbs for which the
physiological importance of NOD enzyme activity has been demon-
strated, have O2 binding affinity orders of magnitude higher than Hbs
that function in O2 transport. (2) Sufficient space is required in the
distal haem pocket to capture both O2 and NO ligands efficiently and
allow formation of the Fe(III) cis-peroxynitrite transition state, and
these structural features have been conserved in evolution of FHbs and

vertebrate Hbs. (3) The radical nature of the Fe(III)+(O2
−) centre

(Section 3.5) may promote rapid reaction with NO through radical
pairing. (4) A mechanism for univalent reduction of the ferric Hb back
to the starting ferrous form is needed for catalytic turnover. Identifying
an effective reduction pathway in vivo is essential before assigning a
NOD function to any particular Hb because virtually all Hbs can de-
monstrate NOD activity in vitro under suitable assay conditions [251].

In bacterial FHbs, Fe(II) haem is regenerated by the C-terminal
oxidoreductase domain in order to maintain NOD enzyme turnover,
providing incontrovertible evidence for an enzymatic function in these
proteins. In mammalian Hb, NOD activity (together with autooxida-
tion) generates Fe(III) metHb, and this is reduced back to functional Fe
(II) Hb by cytochrome b5, which, in turn, receives electrons from cy-
tochrome b5 reductase (also called metHb reductase). Both FHb and
cytochrome b5 reductase are flavin-containing enzymes that receive
reducing equivalents from NADPH. Thus the overall NOD reaction is

+ + → + +
+ +2NO 2O NAD(P)H 2NO NAD(P) H2 3

– (1)

The flavin adenine dinucleotide has an important feature, in that it
can exist in an oxidised (FAD), one-electron reduced (semiquinone; %
FADH) or fully reduced (FADH2) state, and can therefore act as med-
iator between single-electron reduction of Fe(III) haem and the two-
electron oxidation/reduction of NADPH/NADP+ [313]; two Fe(III) Hb
reduction cycles must occur for every NADPH turned over.

The above paragraphs details reactions of ferrous Hb species with
NO. An interesting feature of NO is that, unlike CO and O2, NO can also
bind to Fe(III) haems, albeit with much lower affinity (kon
1.5 × 105 M−1 s−1; KD 7 × 10−5 M for Mb) [314]. The ferric nitrosyl
Fe(III)(NO) complex has some Fe(II)(NO+) character (see [315]). Here,
NO+ is isoelectronic with CO and the FeeNeO unit adopts a linear
structure, like FeeCeO (and unlike the bent ferrous Fe(II)(NO%) com-
plex). The Fe(II)(NO+) character also confers reactivity towards nu-
cleophiles. An example is the reductive nitrosylation of metMb (or
metHb) by excess NO inder anaerobic conditions to form nitrite:

↔ + + → +

+

+ −

+

[Fe(III)(NO) Fe(II)(NO )] OH NO HbFe(II)(NO) NO

H

–
2

(2)

In this reaction, the nucleophilic OH− reacts with Fe(II)(NO+) to
form an Fe(II)(ONOH) intermediate with a bimolecular rate constant of
~3 × 102 M−1 s−1 for Mb and ~3 × 103 M−1 s−1 for Hb [316].
Chemical and biochemical features of reductive nitrosylation are re-
viwed by Ford [315]. A ferric nitrosyl haem is also an intermediate in
the nitrite reductase reaction that converts NO2

− to NO in bacterial
denitrification (essentially the reverse of reductive nitrosylation) [317].
It has long been known that deoxygenated HbFe(II) can react with ni-
trite under anaerobic conditions to form Hb(II)NO and met(III)Hb by
the following linked reactions [318].

+ + → + +
− + −HbFe(II) NO H HbFe(III) NO OH2 (3)

+ →HbFe(II) NO HbFe(II)(NO) (4)

The reason for highlighting these reactions is that they may be
important for the biological function of some Hbs, such as in metabo-
lism of nitrogen oxides under anoxic conditions by the nitrate reductase
reaction [319], and they are also implicated in serveral putative me-
chanisms of NO signalling by mammalian Hb and Mb, as described in
Section 5.4.

Several other oxides of nitrogen are of pharmacological interest; one
of these is nitroxyl (HNO, also called azanone). Whether HNO is pro-
duced endogenously in mammals is controversial, but conversion of
exogenously supplied HNO to NO is chemically plausible and may ac-
count for some of its biological effects. Nevertheless HNO has distinct
pharmacology suggesting some unique biological chemistry [320]. Like
NO, HNO is reactive to both Fe(II) and Fe(III) haems, and promotes
similarly fast oxidation of Mb(O2) to metMb [321]. One potentially
important difference is that, unlike NO, HNO reacts directly and rapidly
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with thiols (106 to 107 M−1 s−1) [321].
Finally, hydrogen sulfide (H2S) reacts with Hb(O2) and ferryl HbFe

(IV)(O) species to generate sulfhaems, which have a sulfur atom in-
corporated into the haem pyrrole B leading to defective O2 binding and
clinical cyanosis [322]. Nevertheless some organisms living in sulfur
rich environments, such as hydrothermal vents and mangrove swamps,
form symbiotic relationships with sulfide-oxidising γ-proteobacteria
and produce globins that transport H2S. The clam, Lucina pectinata, has
three Hbs, two that transport O2, and a third, HbI, which binds H2S with
high affinity and releases it by slow dissociation from the Fe(III) haem
or by haem reduction [323].

5.3. Bacterial and yeast FHbs, and uni-cellular single-domain globins
(SDgbs)

FHbs were the first bacterial Hbs to be described [324,325]. They
contain three domains—an N-terminal globin domain, a central FAD-
binding domain and a C-terminal NADP-binding domain; the FAD and
NAD binding domains combine to form a conserved ferredoxin re-
ductase fold [104]. Residues of the haem pocket implicated in NOD
activity are highly conserved across FHbs, as are residues surrounding
the flavin cofactor that play roles in electron transfer from NADP [326].
FHbs from E. coli [251,327], Salmonella enterica [328], Salmonella ty-
phimurium [329], Ralstonia entropha [330], Staphylococcus aureus [331],
Bacillus subtilis [332], and Saccharomyces cerevisiae (yeast) FHb
[333,334] have been shown to protect their host organisms from ni-
trosative stress in gene knockout studies, considered the gold standard
for assigning biological function [16]. In E. coli, expression of HMP is
regulated by the transcription factor FNR (fumarate and nitrate re-
duction) [335], which is a master regulator controlling response to
anoxia and oxidative and nitrosative stress [307]. In a number of cases,
resistance to nitrosative stress conferred by FHb contributes to pa-
thogen virulence [329,331,336].

An unusual feature of some FHbs is the ability to accommodate the
aliphatic chain of a fatty acid into the haem pocket. The FHb from
Ralstonia eutropha (formerly Alcaligenes eutrophus; a soil and water
bacterium of interest in bioremediation due to its ability to decompose
chlorinated aromatics) was isolated with a molecule of phosphatidy-
lethanolamine or phosphatidylglycerol in the haem pocket [337]. In-
stability of R. eutropha FHb in the absence of lipid suggests a con-
stitutive complex [158]. HMP from E. coli has only been crystallized in
the absence of lipid [157], but, nevertheless, binds to unsaturated or
cyclopropanated fatty acids in solution with nanomolar affinity [338].
Resonance Raman and x-ray absorption fine structure (EXAFS) suggest
lipid-bound HMP has a 6-coordinate high-spin iron centre, which the
authors attribute to an unusual coordinate bond donated by π electrons
from an unsaturated moiety of the lipid [339]. The lipid alters kinetics
of CO/O2 binding, although the significance of this is not clear [326]. It
has been suggested that the lipid interaction serves to colocalise FHb
with the respiratory chain complexes in the membrane [326]. Reduc-
tion of membrane lipid hydroperoxides has been demonstrated for HMP
[340], suggesting a role in reversing oxidative membrane damage. In
contrast, FHb from the yeast, Saccharomyces cerevisiae, appears not to
bind any lipid [105]. Taken together, the data suggest diversification of
function among FHbs from different groups of organisms. FHbs from S.
cerevisiae [105] and R. eutropha FHb [158] have been crystallized with a
variety of bulky azole ligands (potent FHb inhibitors [341]) in the haem
pocket, and comparisons of these structures with apo and lipid-bound
structures has led to the hypothesis that the NAD, FAD, and Hb domains
undergo relative motions during the catalytic cycle, perhaps to regulate
electron transfer between the NAD and FAD cofactors [158].

Turning to the single domain Hbs, a NOD function for SDgb from
Campylobacter jejuni (Cgb) has been demonstrated by gene deletion
[342], biochemistry [107,181] and expression analyses [342,343]. The
physiological role of SDgb from Vitreoscilla stercoraria (VHb) has not yet
been conclusively demonstrated (the organism is not amenable to

genetic modification), but VHb fused with a FHb reductase domain has
been extensively used in biotechnology applications to protect against
nitrosative stress [344,345]. Although evidence that SDgs function
generally as NOD enzymes is emerging, an important piece of the
puzzle—identifying the reductase for SDgb proteins in vivo—remains to
be solved. Many bacterial trHbs are also likely to be NOD enzymes
[346]. A role in nitrosative stress response has been demonstrated ge-
netically for trHbs from Synechococcus [347], Chlamydomonas re-
inhardtii [348,349], Mycobacterium species [350,351] and the antarctic
marine bacterium Pseudoalteromonas haloplanktis [352].

5.4. Reactions of mammalian Mb and Hb with NO

The finding that Hb(O2) is a potent inhibitor of venous and arterial
relaxant responses provided key evidence in the original discovery that
NO is the endothelium-derived relaxing factor [353]. It is now accepted
that NO is a central regulator of blood flow, and that Hb inside RBCs
plays a central role in destroying NO through the NOD reaction, thereby
providing a sink for NO that is produced by endothelial NO synthase
(eNOS) and preventing NO reaching toxic levels [354]. Whilst the
lifetime of NO inside the RBC is< 1 μs, physical barriers to NO diffu-
sion such as the RBC membrane and the unstirred layer proximal to the
membrane, as well as flow effects that draw RBCs away from the en-
dothelium towards the centre of the vessel lumen, all combine to in-
crease the lifetime of NO to the ms timescale in the lumen wall, and
allow NO to accumulate to physiologically active concentrations (see
[305,355] and references therein). The importance of this compart-
mentalisation is dramatically demonstrated by the rapid increase in
blood pressure that occurs, due to consumption of NO in the en-
dothelium, when Hb is released into plasma under pathological con-
ditions [356]. Several experiments have demonstrated that NOD is the
primary mechanism of NO removal in vivo. First, human subjects
breathing NO experienced a rise in metHb and nitrate levels in stoi-
chiometric amounts, as expected for NOD reaction, with minimal levels
of alternative reaction products [357]. Second, transfusion of re-
combinant Hb mutants into rabbits reveals a linear relationship be-
tween NOD activity, determined spectrophotometrically in vitro, and
the rise in arterial blood pressure in vivo [309].

In addition to the established paracrine function of NO discussed
above, evidence is emerging for endocrine signalling by nitrogen oxides
in a number of physiological systems, including the cardiovascular
system. Due to the short half-life of NO, endocrine signalling would
require conversion of NO to another chemical form and back to NO at
the target tissue; two ‘transportable’ nitrogen oxides that have received
considerable attention from the field are nitrite (NO2

−) and S-ni-
trosothiols (R–SNO), as outlined briefly in the following paragraphs.

In humans, nitrite comes from diet, from reduction of nitrate by
microorganisms (e.g., crypts of tongue) or from spontaneous oxidation
of NO, which is generated by endogenous NOS enzymes [358]. En-
dogenous production accounts for the major fraction of circulating ni-
trite under normal circumstances. Nitrite has vasodilatory activity, and
a mechanism has been proposed whereby nitrite is converted to NO by
nitrite reductase reaction with deoxyHb [359,360]. Enhancement of the
reaction under reduced oxygen saturation and acid conditions sug-
gested this could operate under allosteric control [360–362]. A major
challenge to the nitrate reductase concept is that any NO produced
would immediately be consumed by the NOD reaction or remain tightly
bound to HbFe(II), and would not escape the RBC. An alternative
suggestion is that nitrite and NO react in some combination with metHb
to generate N2O3, which can diffuse out of the RBC and decompose to
liberate NO in the vessel wall. The ferric nitrosyl species might form
first and react with the nucleophilic NO2

− [315,363–365].

↔ + → +
+ −[Fe(III)(NO) Fe(II)(NO )] NO HbFe(II) N O2 2 3 (5)

Or, alternatively an [Fe(III)(NO2
−) ↔ Fe(II)–NO2%] species forms

first and reacts with %NO in a radical-radical type interaction
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[363,366]. In any case, metHb is a minor (≤1%) fraction of total Hb
and any reactions involving NO have to compete with the diffusion rate
limited reaction with HbFe(II)(O2) or HbFe(II); thus, the bioactive role
of nitrite in regulating blood flow is still not understood [367].

S-nitrosothiol is a second form of transportable ‘NO’ that has gen-
erated a large amount of interest. S-nitrosation is a modification of thiol
(R–SH) groups in proteins (cysteine residues), and low molecular
weight components (notably glutathione) to form S-nitrosothiol groups
(R–SNO; more accurately represented as a combination of three re-
sonance structures see [368]). A model proposed by the Stamler group
is that NO binds initially to HbFe(II) and is subsequently transferred to
βCys(93)F9 upon oxygenation of tetramers in the lungs; then, as Hb
converts to the T state at lower O2 tension in the microvasculature, the
quaternary change in Hb exposes βCys(93)F9 to solvent favouring
transfer of the nitroso group to the thiol of another protein or small
molecule that can then move out of the RBC, so avoiding the problem of
NO inactivation by the NOD reaction [369–374]. This mechanism,
however, is controversial on a number of counts. First, other workers
found no evidence for a direct transfer of NO from haem to βCys(93)F9
upon oxygenation [365,375,376]. One of the thorny issues is that
≤0.1% of Hb βCys(93)F9 sites are nitrosated leading to difficulty in
accurately measuring changes in this micropopulation [377]. Second,
an allosteric mechanism for regulating the migration of NO from the
nitrosyl haem to βCys(93)F9 has not been established.

Nevertheless, S-nitrosation is emerging as a general mechanism of
redox based signalling [378] and the biochemistry of S-nitrosation has
been extensively studied [321,379]. Early work showed that S-ni-
trosation of cysteine and glutathione by solutions of NO required the
presence of O2 [380–382], suggesting that oxidation of NO or the thiol
group is necessary. In aerobic solution, NO is oxidised to N2O3 which
has NO+-like activity and reacts readily with thiol, which is a strong
nucleophile.

+ → + +
− +N O RSH RSNO NO H2 3 2 (6)

The alternative is one-electron oxidation of the thiol to a thiyl ra-
dical, which can pair with the %NO radical

→ ∙ + +
− +RSH RS e H (7)

∙ + ∙ →RS NO RSNO (8)

A third reaction—direct reaction of %NO with thiol, followed by
oxidation of the RSHNO% intermediate—has been proposed [304], but
has been considered by others as less likely under physiological con-
ditions [321,379]. Some groups have postulated that intramolecular S-
nitrosation in Hb involves coupled oxidation/reduction of the thiol/Fe
(II)(NO+) haem [364,383,384]. Others favour nitrosation of βCys(93)
F9 via reaction with N2O3 generated via Reaction 5 [315,364,365].

Whatever the mechanism, genetic evidence supports a physiogical
role for βCys(93)F9, which is notable as one of only three residues
conserved across all mammalian and bird Hbs (the others being HisE7
and PheCD1), in cardiovascular function. Experiments on mice with
RBCs expressing human Hb showed that a βCys(93)F9 → Ala mutation
caused no gross changes in systemic and pulmonary arteriole blood
pressure [385], but did show defects in peripheral blood flow under
normoxic and hypoxic condutions [386] and increased the severity of
ischemic injury and mortality in models of myocardial infarction [387]
consistent with a role in NO signalling.

In summary, whilst there is evidence that nitrite and S-nitrosation
products have biological activity, the physiology of NO and Hb is
dominated by the diffusion rate-limited NOD reaction of NO with Hb
(O2) and autooxidation of HbFe(II)(NO) species, as described in the
opening paragraphs of Section 5.2. To conclude this section, it has re-
cently been discovered that Hb and Mb are expressed at low levels in a
variety of tissues outside RBCs and muscle, where they may have roles
in NO signalling (see [17,246]). Examples include erythrocyte Hb
chains expressed in neurons and endothelial cells of blood vessels

[388–393]. As one example, Hb α subunit is expressed in arteriole
endothelial cells, where it regulates NO signalling to smooth muscle in
redox sensitive manner consistent with a NOD activity [389].

6. Hbs in O2 sensing

The two-domain globin GCSs, sensor single-domain globins
(SSDgbs), and more distantly related Pgbs, form a family of sensor Hbs
present in ~30% of globin-containing bacterial and archaeal genomes
[51,394]. Of these, the GCSs have been the most widely studied. GCSs
comprise an N-terminal Hb domain and a variable C-terminal signalling
domain [395,396].

The structures of the Hb domains from several GCSs have been
determined, together with ligand binding and enzymatic activities
(reviewed by [18]), yet the precise roles of SDGs in vivo are still poorly
understood due to a lack of genetic and physiological studies [16].
Homology of the C-terminal GCS domain to proteins of known function
is currently the best guide to likely physiological roles of GCSs. Thus,
HemAT from the archaeon Halobacterium salinarum and HemAT from
the Gram-positive bacterium Bacillus subtilis carry a C-terminal methyl
accepting chemotaxis protein (MCP) domain, suggesting they sense O2

in order to trigger an aerotactic response [397,398]; a model for O2

signal transduction has been proposed for these proteins [397]. A
globin coupled histidine kinase from Anaeromyxobacter sp. shows his-
tidine kinase activity in response to O2 or CO binding [399]. A number
of GCSs have a C-terminal diguanylate cyclase domain and produce the
bacterial second messenger, bis-(3′-5′)-cyclic diguanosine monopho-
sphate (c-di-GMP), to regulate biofilm formation, in response to O2

binding [400,401]. Histidine kinase and c-di-GMP represent two major
second-messenger signalling pathways in bacteria. Interestingly a new
class of Hb coupled to adenylate cyclase has recently been discovered in
the eukaryotic parasite Leishmania [402] and Gram-negative bacterium
Vibrio brasiliensis [403]; these proteins function in oxidative stress re-
sponses and appear to be structurally related to a non-haem globin
involved in stress signalling in Gram-positive B. subtilis [69].

7. The role of human RBC Hb in O2 transport

7.1. Natural genetic variants of RBC Hb

Since Linus Pauling and colleagues [404] described the basis of
sickle cell anaemia as a specific chemical defect in Hb caused by a
change in a single allele—the first ‘molecular disease’—insight into
almost every feature of Hb molecular function has come from study of
natural Hb variants and their associated clinical consequences (re-
viewed [126]). There are over 1000 mutations in Hb genes that have
been described [405], largely giving rise to single amino acid changes,
most of which are catalogued on the Globin Gene Server (http://globin.
cse.psu.edu) [406]. Although the clinical correlates of natural Hb se-
quence variation are beyond the scope of this review, a brief mention is
made of HbS (βGlu(6)A3 → Val; the sickle cell mutation of Pauling)
because it is the most common and medically important Hb variant. The
frequency of the βS allele is attributed to positive genetic selection
because it confers survival advantages against malaria [407]. The βGlu
(6)A3 → Val substitution switches a negatively charged side chain for a
hydrophobic one, which permits deoxygenated Hb in the T quaternary
structure to form polymers that disrupt the architecture and flexibility
of the RBC, causing multitude of biochemical and physical changes,
including the eponymous sickle cell shape. The process of polymerisa-
tion and cell deformation is complex; Frank Ferrone has made the major
contribution to understanding the physical mechanisms (see for ex-
ample, [408]). The pathological outcomes of Hb polymerisation are: (1)
deformed cells block vessels in the microcirculation causeing ischemia
and re-perfusion injuries, and (2) RBCs undergo lysis, resulting in
haemolytic anaemia. The pathological, clinical and epidemiological
factors have recently been succinctly summarised by Gladwin and
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colleagues [407].

7.2. Cooperative binding of O2 to Hb

The solubility of O2 in water (~0.3 mM at 20 °C and 1 atm pressure)
is insufficient to achieve full tissue oxygenation in most animals.
Consequently, vertebrates have evolved mechanisms to store (Mb) and
transport (Hb) O2. The concentration of Hb tetramers in RBCs is typi-
cally ~5.2 mM (equivalent to ~21 mM haem) and RBCs typically ac-
count for 45% of blood volume, giving a theoretical O2 concentration of
~9 mM. The level of O2 in air is 21% by volume, which corresponds to
~8.75 mM at 1 atm pressure and 20 °C (one mole of gas under these
conditions occupies 24.0 l by the ideal gas law). Thus, Hb raises the O2

concentration in blood to the same level as in air. A plot of O2 sa-
turation against the partial pressure of O2 (PO2) has the characteristic
sigmoidal shape (Fig. 6) that was first described by Christian Bohr in
1903 [409] and follows a simple empirical relationship, described by A.
V. Hill in 1910 [410]

=

+

Y P
(P P )

n

n n
O2

50 O2

In this equation, Y is the fraction O2 saturation, and P50 is the value
of PO2 at which 50% of the O2-binding sites are occupied. The factor, n,
called the Hill coefficient, measures cooperativity—the tendency for
binding (or dissociation) at one site to promote binding (or dissocia-
tion) at all other sites. Positive cooperativity (n > 1) ensures a large
release of O2 over the relatively small change in PO2 between the lungs
(PO2 ~100 Torr) and the venous blood (PO2 ~40 Torr), as shown by
dashed lines in Fig. 6A. Although the Hill equation gives no insight into
how cooperatively is achieved, it is still widely used as a convenient
description of O2 affinity and cooperativity for different Hbs. However,

as shown in Fig. 6B, the Hill equation, with only 2 fitted parameters,
fails to accurately capture the O2 saturation profile, particularly at low
PO2.

Quantitative models that describe cooperative O2 binding and give
insight into the molecular mechanisms started with G. S. Adair, who, in
1925, showed that Hb contained four binding sites for O2 [411]. The
binding model of Adair, with four binding constants, accurately cap-
tures the complete O2 saturation curve (Fig. 6B). The development and
rigorous testing of models, including the sequential binding models of
Adair [412] and, later, Koshland, Némethy and Filmer (the KNF model)
[413], has been the subject of excellent reviews [414–417]. In parti-
cular, the Monod, Wyman and Changeux (MWC) ‘two-state concerted’
model [418], based on the concept of allostery proposed by Monod and
Jacob in 1961 [419], has endured as a theoretical basis for under-
standing cooperative O2 binding. Key features of the MWC model,
drawn on in later sections are:

• Hb adopts two alternative and distinct quaternary structures, termed
the tense (T) and relaxed (R) states that are in equilibrium. In the
absence of O2, the T quaternary conformation is much more stable
than R ([To] / [Ro] ≫ 1, where [To] and [Ro] are the molar con-
centrations of the unliganded T and R states)

• Quaternary and tertiary conformations are strictly coupled. In the T
state, all four subunits have a tertiary (t) conformation with low O2

affinity (association equilibrium constant KT), whereas in the R
state, all four subunits have a tertiary conformation (r) with high O2

affinity (KR)

Because O2 has higher affinity for empty sites in the R quaternary
state, the T↔ R equilibrium must shift towards R with the addition of
O2, according to Le Châtelier's principle. The basis for cooperativity is
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Fig. 6. O2 saturation curves of RBC Hb. (A) Curves are
shown for purified haemoglobin (black circle) in the ab-
sence of organic phosphates (1.2 mM Hb, 0.1 M potassium
phosphate, pH 7.4, 25 °C), data taken from Imai [420], and
for whole fresh blood (red circles) that contained physio-
logical levels of 2,3-DPG (0.89 μmol 2,3-DPG per μmole Hb
tetramer) and CO2 (PCO2 = 40 Torr; pH 7.4, 37 °C), data
taken from Winslow et al. [556]. The saturation function of
the Monod, Wyman, Changeux (MWC) model (Eq. (2) from
[415]) was fit to the data using a standard unweighted
Levenberg-Marquardt procedure (solid lines). The Hill
equation (main text) was also fit to the data (not shown).
The derived MWC and Hill parameters for purified Hb in
the absence of allosteric effectors were: L = 7.66 × 106;
c = 2.578 × 10−3; 1/KT = 58.5 Torr; P50 = 8.26 Torr;
Hill coefficient (n) = 3. The derived parameters for whole
blood in the presence of allosteric effectors were:
L = 1.558 × 104; c = 1.66 × 10−2; 1/KT = 150.6 Torr;
P50 = 28.8 Torr; n = 2.52. Typical arterial and venous PO2
is 100 and 40 Torr, respectively. (B) A comparison of fitting
the equations of Hill (two parameters), MWC (three para-
meters), and Adair (four parameters) to saturation data for
purified Hb as shown in A. Note that the Hill equation
deviates considerably from the data, particularly at low
PO2. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of
this article.)
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that the T↔ R quaternary switch requires a concerted switch of all
subunits to low or high affinity. In the MWC model, it is important to
note that O2 binding to an individual site does not increase the O2

binding affinity of other sites within that tetramer, other than to in-
crease the probability of a switch to the R quaternary structure; in other
words, there is no cooperativity within the T or R quaternary states. The
MWC model gives quantitative fit to the O2 saturation curve generated
under a given set of solution conditions, using just three independent
parameters L, KT and KR. Fitted values for the MWC parameters can be
interpreted as follows, with reference to typical data obtained for highly
purified Hb (Fig. 6A, black data points and fitted curve; data from
[420]). The value L is the equilibrium constant between the R and T
quaternary states with zero O2 molecules bound (L = [To] / [Ro]). In
the current example, [To] / [Ro] = 7.66 × 106, showing that [Ro] is
negligible. The values for KT and KR are typically presented as c= KT /
KR and 1 / KT. In the current example, c = 2.6 × 10−3, showing that
affinity of T is ~103-fold lower than the affinity of R. Also, for every n
O2 bound (for 0≤ n ≤ 4 sites) the quaternary equilibrium constant
increases by a factor cn; thus, with all four O2 sites occupied the value of
[T4] / [R4] = L·cn = 3.4 × 10−4, in other words [Ro] is now negli-
gible. These parameters are significantly modulated by pH, salt, organic
phosphate concentration and temperature [421–423], as demonstrated
by displacement of the red and black curves in Fig. 6, and discussed in
following sections. The parameter values presented in this paragraph
are for illustrative purposes, and the reader is encouraged to consult the
orginal works (e.g., references above) where more sophisticated fitting,
such as weighting based on experimental errors will be employed.

An extension of the MWC model, proposed by Eaton, Henry and co-
workers and called the tertiary two-state (TTS) model, successfully
predicts kinetics, as well as thermodynamics, of O2 binding (Section
7.9) and also accurately models O2 binding globally across different
conditions of pH, temperature and allosteric effectors
[415,416,424,425]. The distinguishing feature of the TTS model is that
the two tertiary subunit conformations, t and r, exist in equilibrium
within both T and R quaternary states. In other words, tertiary and
quaternary structural changes are not strictly coupled as they are in the
original MWC model. Instead, T quaternary and t tertiary structures are
mutually stabilising, as are the R and r structures, thus cooperativity
still arises from a shift from T to R in the presence of O2, according to Le
Châtelier.

7.3. Hb is allosterically regulated by H+, CO2 and 2,3-diphosphoglycerate

In addition to positive allosteric action of O2, other physiologically
important allosteric effectors lower O2 affinity. In his 1904 study, Bohr
found that CO2 lowered O2 binding affinity [409]; this response, which
is due to decreasing pH, is called the Bohr effect. CO2 arising from re-
spiration is converted to carbonic acid (CO2 + H2O ↔ H2CO3) inside
erythrocytes by carbonic anhydrase. Carbonic acid dissociates to bi-
carbonate (HCO3

−) and H+. Bicarbonate is released back into the
plasma in exchange for Cl−, whereas H+ accumulates inside ery-
throcytes. This is the primary mechanism for CO2 transport—bicarbo-
nate in the serum accounts for 70–80% of CO2 transport, with another
15–20% of CO2 being carried as carbamino Hb (by reaction of CO2 with
the terminal amine groups of α and β chains)[426–428], and the re-
maining ~7% CO2 is transported by dissolution. In the lungs, the above
reactions are reversed. Details of the physiological interplay between
O2 and CO2 transport have been reviewed recently [429]; for the pur-
pose of the present review, however, we are interested in how H+ (and
also Cl−) act as allosteric inhibitors of Hb through the Bohr effect.

The alkaline Bohr effect describes the decrease in O2 affinity with a
decrease in pH in the range pH 7.9–6.3 and is defined as ∂ log(P50)/∂pH.
Under physiological conditions (0.1 M Cl−, pH 7.4) the magnitude of
the Bohr effect is −0.5 [430], which also corresponds to ~0.5H+ re-
leased per O2 bound [431]. The Bohr protons come from ionisable
groups in Hb, for which the affinity for H+ is greater in the unligated

state compared to the O2 ligated state; in other words, the pK of the
ionisable group is significantly increased in the unligated state of Hb.
On chemical grounds, His side chains or the terminal amino groups are
the most likely sources of the Bohr protons. Ho, Lukin, and colleagues
measured H+ dissociation by NMR to determine the pK of all 26 surface
His side chains in T and R. They found that the pK of βHis(146)HC3
increases from 6.4 in the ligated R state to 7.9 in the unliganded T state,
and accounts for 60% of the Bohr effect [432] consistent with predic-
tions of Perutz [433] and Kilmartin and Wootton [434]. The alkaline
Bohr effect is reduced by approximately 50% in the absence of Cl−, and
virtually all of the chloride-independent contribution of the Bohr effect
occurs through βHis(146)HC3 [432]. The chloride-dependent Bohr ef-
fect is still not completely understood; there is no consensus about the
binding sites for Cl− and the effect is more likely to arise from a net-
work of electrostatic interactions involving a large number of residues,
which together stabilise additional H+ binding in the T state [431]. A
more extreme version of the Bohr effect, called the Root effect [435] is
of physiological importance in many species of bony fish, but is still
poorly understood at the structural level (for example, see [436]).

In addition to CO2 and H+, organic phosphates also regulate (lower)
the affinity of vertebrate Hb. In some species, such as human and horse,
2,3-diphosphoglycerate (2,3-DPG), is an allosteric inhibitor [437,438];
in the absence of 2,3-DPG Hb affinity remains too high to effectively
release O2 in the tissues (Fig. 6A, compare black and red traces). 2,3-
DPG is produced in mammalian RBC as a secondary metabolite of
glycolysis and in human RBCs is ~5 mM (approximately equimolar
with Hb tetramers). Other mammalian species, such as cattle and sheep,
have naturally ‘low affinity’ Hbs with low sensitivity to 2,3-DPG. Ty-
pically, Hbs with high intrinsic oxygen affinity have P50 values in the
range 4–6 Torr, whereas low affinity Hbs have P50 values in the range
10–20 Torr, as measured in conditions of 0.05 M Bis-Tris, 0.1 M NaCl,
pH 6.5–7.5, at 20–25 °C [439]. Inositol pentaphosphate (IPP) is the
corresponding allosteric regulator of Hb in birds, and ATP or GTP
performs this function in reptiles and fish. In humans, 2,3-DPG con-
centration increases in response to prolonged hypoxia over hours or
days during acclimatisation to altitude, or anaemia, in order to increase
O2 delivery [429]. In pregnancy 2,3-DPG can increase up to 30%,
which, coupled with a relative insensitivity of foetal Hb (α2γ2) to 2,3-
DPG [440], facilitates O2 transport to the foetus.

7.4. Quaternary interactions mediate cooperative O2 binding

The first structures of Hb, solved by Max Perutz and colleagues at
5.5 Å, showed that Hb is a dimer-of-dimers, with two equivalent α·β
dimers arranged with a two-fold rotational symmetry [3,441] (cover,
this issue). The dimer-of-dimers is realised in solution as the equili-
brium αβ + αβ ↔ (αβ)·(αβ). Within the (αβ)·(αβ) tetramer, α makes
two different contact interfaces with β, one within the permanent αβ
dimer, designated the α1β1 interface, and a second across the dimer-of-
dimers (allosteric) interface, designated α1β2 (there are, of course,
symmetry related α2β2 and α2β1 interfaces). The 5.5-Å resolution data
obtained by Perutz showed that the two permanent αβ dimers rotate by
15° with respect to one-another in the liganded [3] compared to un-
liganded [441] tetramer, and, in doing so, narrow the separation be-
tween the β subunits in liganded Hb. In this quaternary transition,
Perutz saw a connection with the thermodynamic R (high affinity) and
T (low affinity) states from MWC model.

At this point it is important to note that proteins are flexible entities
and that a crystal structure can only represent a subset of the con-
formational ensembles present in solution. Although the majority of Hb
structures determined by crystallography are highly similar to the ori-
ginal ‘T’ or ‘R’ structures, a number of liganded structures with different
rotations of the αβ dimers have been crystallized [442,443]. A liganded
‘R2’ structure with αβ dimer rotation of ~23° relative to the T structure
[442] is represented by at least 14 structures in the Protein Data Bank
[444]. It was proposed that the R2 structure represented the true end
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point for the quaternary transition in solution [445], but it was shown
later that R and R2 have the same high O2 affinity [446]. Using other
structural methods, namely NMR [447–453] and wide-angle X-ray
scattering (WAXS) [454], studies by Chein Ho and others indicate that
the time-averaged solution structure of liganded Hb is unlikely to be
identical to crystallized structures (reviewed in [431]). Most recently,
the Cryo-EM structure of Hb(CO) has been determined at a resolution of
2.3 Å, and this is highly similar to the R2 crystal structure [455]. The
unifying view is that the thermodynamic R state corresponds to an
ensemble of structures in a relatively flat energy landscape, rather than
a single unique structure [431,456,457]. Unlike dimer rotation angles,
specific side chain contacts at the α1β2 interface (described in
[458,459]) are largely conserved in liganded Hbs crystallized in dif-
ferent R-like states (R, RR etc.) implying that these α1β2 intermolecular
contacts have greater relevance to the thermodynamic R state than
dimer rotation angles [457,460].

Early studies showed that quaternary interactions across the α1β2
interface lower the intrinsic O2 affinity of haems in the T state. This is
clearly demonstrated by the fact that isolated Hb α and β monomers
[461] and permanent αβ dimers [462] bind O2 non-cooperatively and
with high affinity similar to that of R state tetramers. In fact, as first
noted by Wyman [463] and extensively explored by Ackers and co-
workers (reviewed [464–467]), the αβ+ αβ↔ (αβ)·(αβ) binding
equilibrium is thermodynamically linked to O2 saturation. Thus, the
dimer-tetramer affinity is much higher for deoxy Hb (KA

~4 × 1010 M−1) than for fully ligated Hb(O2) (KA ~9× 105 M−1)
[466,468–470] (KA values given for the condition 0.1 m Tris.HCl, 0.1 M
NaCl, 1 mM EDTA, pH 7.4, 21.5 °C). In contrast, the association con-
stant for α·β heterodimerisation (KA ~5× 1011 M−1) is independent of
O2 ligation state [471], indicating the absence of allosteric transitions
across this interface. The free energy change for binding 4O2 to two αβ
dimers is −33.2 kcal mol−1; for binding 4O2 to an (αβ)·(αβ) tetramer
it is −26.9 kcal mol−1; the difference is 6.3 ± 0.2 kcal mol−1

[465,466], which is the (unfavourable) free energy that must be sup-
plied from O2 binding in order to switch from T to R conformation and
is also called the cooperative free energy of binding. It is worth noting
an alternative definition of cooperative free energy, also frequently
used, as the difference in free energy between binding of the first and
fourth O2 molecule; this can be obtained directly from a transformation
of the Hill plot (given knowledge of the intrinsic binding affinities of α
and β subunits) [472] and has a value of 3.7 kcal mol−1 measured
under the same conditions as above.

7.5. Structural features that distinguish high affinity R from low affinity T

Based on his structures of liganded [473,474] and unliganded horse
Hb [475] at 2.8 Å-resolution, together with knowledge of synthetic
porphyrins from the work of L. J. Hoard [72–75], Perutz proposed his
stereochemical mechanism for cooperative effects in Hb. In the ste-
reochemical mechanism, interaction between the haems (cooperativity)
results from a switch between two (coupled tertiary and quaternary)
structures, where one structure (tertiary t in T) resists the stereo-
chemical changes required (see Section 3.3) by O2 binding (therefore
has low affinity), and one structure (tertiary r in R) does not (therefore
is high affinity) [430,458]. The structural features that characterize the
unliganded T [457,475,476] and liganded R states [457,473,474,477]
have been reviewed (for example, see [430]) and some key points are
outlined in the following paragraph.

First, structural changes are restricted to the ‘allosteric core’, which
includes the haem and contiguous structural elements, including HisF8,
the F helix and the FG corner (the FG corner sits at the allosteric α1β2
interface) [458,459,478–481]. Second, the T and R quaternary struc-
tures are characterised by different sets of side chain interactions at the
allosteric α1β2 interface (as introduced in the previous section). The FG
corners from Hb α and β subunits both contribute to the allosteric in-
terface but behave quite differently. The interfacial contacts made by

αFG corners change very little during the quaternary transition, and
hence these are termed ‘hinge’ contacts; whereas, βFG makes different
set of side chain contacts in T and R, and so these are termed ‘switch’
contacts [430]. There are no structural differences at the α1β1 interface
detectible from x-ray diffraction studies, suggesting each αβ dimer
behaves as a single unit during the allosteric transition. Third, ~0.4 Å
movement of the Fe atom into the plane of the porphyrin ring, which
occurs upon ligand binding, is amplified through a pivoting movement
of helix F to a much larger displacement of the FG corners. Although the
α1β1 interface does not undergo structural changes, the permanent αβ
dimer does change shape as the αFG and βFG corners within the same
αβ dimer move ~2.5 Å closer together in R compared to T [459,479];
this movement presumably forces dimer rotation and requires one of
the FG corners (βFG) to switch partners.

7.6. The unliganded T and liganded R structures are unstrained

With all the structural data available, can we understand the
structural basis for O2 affinity in RBC Hb? Perutz proposed that affinity
is lowered in quaternary T because the T structure resists stereo-
chemical changes at the haem required by O2 ligation [458,482]. To
look for evidence of strain in the haem, imposed by the protein, the
haem centre of Hb has been compared with model haems (Fig. 2). The
findings are (1) that model 5-coordinate high spin Fe(II) porphyrins
[36,37,77,78,483,484] have similar stereochemistry to the haems of
unliganded T [457,476], and (2) synthetic 6-coordinate, low spin, O2-
ligated porphyrins [39,41] have the same stereochemistry as liganded R
state Hb [457,477]. Other sensitive spectroscopic tests have been ap-
plied which conclude that the above porphyrin species are excellent
models for deoxy Hb and Hb(O2) [484–486]. As well as establishing
that Fe moves ~0.4 Å into the porphyrin plane in the T ↔ R transition,
the above studies show that strain in both unliganded T and liganded R
must be low. A similar conclusion is reached based on energy mini-
misation of Hb haems [478]. The essential point is that substantial
strain is only expected when there is a miss-match between the haem
stereochemistry and the tertiary or quaternary state, for example, li-
ganded tertiary t in quaternary T [478]. Unliganded Hb has been crys-
tallized in the T state from solutions containing PEG, and subsequently
liganded to obtain structures of ligated t in T which do show some
porphyrin ring distortions and lengthening of the Fe–Nε, particularly at
the α haems, indicative of a strained conformation (reviewed in [430]).

7.7. Strain in the liganded T state: structural basis for the low affinity of T

As concluded at the end of the preceeding section, ligation of ter-
tiary t within quaternary T introduces strain into the structure—-
meaning that the energies of certain bonding or non-bonding interac-
tions within the Hb tetramer are raised (e.g., bonds are stretched), and
this partially offsets a favourable energy change from FeeO2 bond
formation, and so lowers O2 affinity overall. For ligation of tertiary r in
quaternary R the restraining interactions—equivalent to the co-
operative free energy—have been removed. It is interesting to consider
two aspects of the strain mechanism. Firstly, there are interactions at
the haem that directly alter O2 affinity (reviewed in general terms in
Section 3). Based on differences between the liganded and unliganded
Hb structures available in 1970, Perutz identified strain in the Fe–His
bond, resisting in-plane movement of the Fe atom, as a key factor [458].
At the same time, Perutz also identified steric interference between
ValE11 and O2 in the distal pocket of the β chains in T state Hb. These
mechanisms (discussed in the next paragraphs) are now understood
quite well. A second aspect of the strain mechanism—identifying the
full network of molecular interactions that quantitatively account for
the cooperative free energy—has been harder to answer. Perutz’ ori-
ginal concept was that eight salt bridges present in T, but not R, sta-
bilised the T structure, and that the cooperative free energy was re-
quired for breaking these bonds [458]. However, considerable evidence
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now indicates that quaternary salt bridges do not make a large con-
tribution to the low affinity of T (see discussions in [430,478,487,488]).
Structure-based computational approaches suggest that cooperative
free energy comes from multiple steric interactions, mostly within the
allosteric core, including steric interactions with the haem and at the
α1β2 interface, as well as the C-terminal regions that form T-specific salt
bridges, rather than being located in a small number of discrete bonding
interactions [209,489–493].

Returning to proximal and distal interactions at haem. Resonance
Raman spectroscopy (RR) provides a wealth of information about haem
structure, but the stretching frequency of the Fe–His bond (νFe-His)
[112,494] is one of the only parameters showing a simple correlation
with O2 binding affinity [495,496] and so has been extensively used to
track allosteric changes in Hb. Although there is no evidence for large
strains in crystal structures of unliganded T state Hb, RR is sensitive to
much smaller changes bond parameters. A lower νFe–His frequency in T
state deoxy Hb (215–216 cm−1) [114–116] compared to Mb
(220 cm−1) [111–113] or the isolated Hb α (223 cm−1) or β
(224 cm−1) chains [494] reflects increased Fe–His tension in the deoxy
T state. Similar decreases of 10–16 cm−1 in νFe–His are seen in hin-
dered versus unhindered model porphyrins [497] [498]. These differ-
ences correspond to strain energies of< 0.3 kcal mol−1 [478,499]
(less than a tenth of the cooperative free energy), consistent with the
conclusions above that strain on the haem in unliganded T state is
small. However, the correlation of νFe–His in the unliganded state with
O2 affinity suggests that small strains in the unliganded molecule are
converted to proportionally larger strains in the ligated tertiary t state.
Unfortunately, νFe–His is not resonance-enhanced in the 6-coordinate
liganded complexes so strains in ligated complexes cannot be measured
directly in the same way.

Multiple lines of evidence indicate that Fe–His strain is greater in α
chains than in β. Early evidence came from studies of NO adducts. NO
exerts a strong trans effect on Fe(II) that weakens the proximal Fe–His
bond. In the background of strong stabilisation of the T state using the
allosteric effector, inositol hexaphosphate (IHP), NO binding ruptures
the Fe–His bond in the α chains in solution [500–502] and also in a
crystal structure of T state Hb(NO) [503]. Rupture of the α Fe–His has
also been seen in a crystal of T state Hb(CN) [504]. As α Fe–His remains
intact in R state Hb(NO) and Hb(CN), the above data indicate that in-
creased strain in liganded T, compared to liganded R, is sufficient to
rupture the Fe–His bond.

Using their approach described in Section 3.3, Barrick and collea-
gues specifically ablated the Fe–His bond in α or β, or in both chains
[85,86]. They showed that Hb retaining only α Fe–His had similar CO
affinity to intact Hb, retained substantial cooperativity, and retained
signatures of the quaternary transition in 1H NMR spectra. On the other
hand, tetramers retaining only β Fe–His had> 10-fold increase in CO
affinity, essentially lost cooperativity and showed diminished markers
of quaternary transition. These data demonstrate that strain transmitted
specifically through α Fe–His substantially lowers O2 affinity and is a
major determinant of quaternary switching. QM/MM implementation
of an in silico version of the Barrick experiment also show that reduced
O2 affinity in α is almost entirely due to proximal effects (strain in the
Fe–His bond), whereas proximal effects account for very little of the
reduced affinity of β [209]. Recently νFe–His has been measured se-
parately for α and β chains within quaternary T by using mixed pro-
tohaem/mesohaem hybrid tetramers, showing νFe–His is lower in α
chains (207 cm−1) than in β chains (218 cm−1) [116]. Subsequently,
Bringas et al. have used computational methods to produce geometry
optimised structures of liganded T and find that the Fe–His is dramati-
cally strained in Hb α (Fe–Nε bond length of 2.20 Å) compared to iso-
lated haem (Fe–Nε bond length 2.12 Å), and this difference disappeared
in the optimised R quaternary structure [209]. In the same structures, β
Fe–His was less perturbed, and, in fact, slightly compressed (2.08 Å in T
versus 2.09 Å in R).

Increased Fe–His strain in α is attributed to greater off-axis rotation

of HisF8 imidazole in Hb α [480]. The smaller strains in β Fe–His arise
from force on the porphyrin from side chains surrounding HisF8, in
particular from PheG5 [480,493,505]. Affinity in β chains is lowered
predominantly, not by Fe–His strain, but by a more distributed set of
steric effects surrounding the haem [209,480,493], including inter-
ference between O2 ligand and ValE11 in the distal haem pocket
[458,506–508]. A new finding from recent QM/MM work is that a shift
in HisE7 gate equilibrium towards the open state occurs for β, but not
α, upon T → R transition leading to an increased ligand binding rate
[209]. The net result, as consistently shown by experiment
[155,509,510,511] and computation [209,493], is that α and β chains
have similar O2 affinity in T, probably within a factor of two, and si-
milar increase in affinity upon T→ R transition, consistent with the
proposal that functional equivalence is important in maintaining high
cooperativity [510]. Nevertheless, despite progress over ~60 years of
research since the first pioneering work of Perutz, it seems the struc-
tural basis for cooperative free energy is still not completely understood
[488].

7.8. Allosteric effectors act by shifting the tertiary t ↔ r equilibrium

Early pioneering work described in Section 7.4 provides strong
evidence that quaternary interactions underpin cooperative O2 binding
(so-called homotypic allosteric interaction). The discovery of allosteric
mechanisms that operate at the tertiary structural level has emerged
from efforts to understand how heterotypic allosteric effectors (in-
hibitors) change O2 affinity. Co-crystal structures with human T Hb
show one binding site for the allosteric inhibitor, 2,3-DPG, between the
two β chains at the entrance to the central Hb cavity, with negative
charges on the 2,3-DPG interacting with multiple positively charged
groups on Hb [512,513]. This site was predicted by Perutz [433], who
suggested that closer positioning of the β chains in the R state would
block 2,3-DPG binding to R, and that the action of 2,3-DPG could be
explained by preferential binding to, and stabilisation of, the T state,
equivalent to a 15–30-fold increase in the MWC parameter, L (L =
[T0] / [R0]). However, precise measures of ligand equilibria and ki-
netics over a wide range of conditions show that up to 50% of the de-
crease in P50 induced by 2,3-DPG arises from a change in the intrinsic
O2 affinities of the T and R states, KT and KR [421,422,514,515]. This
proposal breaks one of the central postulates of the MWC model—that
there is no allostery within T or R quaternary states. And, lowering of KT

and KR is even more dramatic with potent synthetic allosteric effectors
such as IHP, Bezafibrate (BzF) and L35 [421,514,516]. These effectors
have multiple binding sites, in the Hb central cavity and on the surface
of Hb, and bind to both T and R quaternary structures [481,517–519].
Furthermore, IHP and L35 also lower the O2 affinity of semi-
haemoglobins, which are dimeric forms containing a haem group in
only one α or β chain, emphasising a mechanism that is independent of
quaternary structure [520].

A series of elegant experiments, using Hb in crystals or in gels, have
shown that allosteric effectors act by shifting the tertiary t↔ r equili-
brium. The first set of experiments was stimulated by the discovery that
T state deoxy Hb can be crystallized from solutions containing PEG and
subsequently liganded without the crystals being destroyed [521,522].
Using this method, Eaton, Henry and co-workers showed that T state Hb
crystals bound O2 non-cooperatively and with low affinity
(P50 = 148 Torr at pH 7.2, 15 °C) and with no Bohr effect [511,523].
The O2 affinity in the crystals was equal to the low extreme of affinity in
solution, which can only be attained by adding strong allosteric in-
hibitors IHP and BzF together (these bind to separate sites to have
combined effect) [421,422]. The same allosteric inhibitors had no effect
on the extreme low affinity of the crystals [524]. An explanation, put
forward by Rivetti et al. [523], is that the T state Hb in solution con-
tains both high affinity r and low affinity t tertiary structures in equi-
librium, and allosteric inhibitors shift the tertiary equilibrium in the
r → t direction, thus lowering O2 affinity without a change in
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quaternary state. Crystallization freezes out the equilibrium in favour of
the lower energy t tertiary structure in quaternary T, and crystal forces
resist changes in tertiary or quaternary structure rendering the crystals
insensitive to allosteric effectors.

The second set of important experiments was inspired by the dis-
covery that embedding Hb in silica gel dramatically slows quaternary
switching, from a timescale of μs in solution to days in the gel state
[525]. Deoxy T state Hb embedded in silica gel has a P50 of ~12 Torr at
pH 7.0, 15 °C in the absence of allosteric effectors, and a P50 of
~139 Torr in the presence of IHP (2 mM) and BzF (2 mM), matching
the values obtained under similar conditions in solution [526,527].
Furthermore, the Bohr effect is of similar magnitude in silica gels and in
solution, indicating that increased H+ binding lowers O2 affinity in-
dependent of quaternary changes [526,527]. It can also be shown that
Hb crystallized in the R state [446], or embedded in silica gels [525],
can be deoxygenated and rebinds O2 with high affinity (P50
0.1–0.3 Torr) [446], similar to the 4th oxygen binding to R in solution.

Results in Hb crystals and Hb in silica gels demonstrate that co-
operative O2 binding requires quaternary structural changes. In addi-
tion, silica gels permit tertiary structural changes whilst restraining
quaternary changes, and, in doing so, demonstrate that tertiary level
changes account for most of the effect of IHP/Bzf, and most of the
chloride dependent and independent Bohr effect.

7.9. The kinetic pathway from haem-ligand interactions to quaternary
changes

The final sections of this review consider the time scales of struc-
tural changes involved in ligand binding to Mb and to Hb, and the
causative sequence of events that underlies tertiary and quaternary
transitions in Hb. The kinetics of ligand binding in Mb was revealed in
flash photolysis experiments pioneered by Quentin H. Gibson and
others. Flash photolysis of Hb(CO) generates unliganded Hb in the R
state, that subsequently relaxes back towards the equilibrium un-
liganded T state on a μs–ms time scale; bimolecular rebinding of CO
occurs with a fast and a slow rate, corresponding to binding to the R
and T deoxy states [528–531]. Monitoring the fraction of CO rebinding
to R and T enabled Sawicki and Gibson to measure the R→ T qua-
ternary transition to occur with a time constant of ~20 μs [532]. By
measuring on even shorter time scales, Eaton, Henry and colleagues
found that a fraction of sites switch to lower affinity tertiary states with
a time constant< 1 μs, and proposed that a r → t tertiary structural
change precedes quaternary structural changes [533]. This conclusion is
consistent with later computational kinetic models developed by Martin
Karplus and coworkers [414,491,492,534]. Silica gels came to the fore
again due to their capacity to dramatically slow tertiary, and essentially
freeze quaternary, structural changes. After laser photolysis of Hb(CO)
in silica gels, two bimolecular CO rebinding rates can be separated,
with time constants of ~25 ms (slow) and ~1 ms (fast) at 20 °C [488],
corresponding to binding to t (low affinity) and r (high affinity) sub-
units. The same fast and slow CO rebinding rates can be detected in
both R and T quaternary state, implying that t (or r) is functionally
identical in T and R [425,488,535], an idea that underpins the TTS
model of allostery [415,416,424,425].

One of the current frontiers in understanding Hb function is to trace
the kinetic pathway of the tertiary and quaternary transition over the
period of fs–ms as it occurs in solution. For the much simpler Mb
system, a full 3D picture of structural changes down to the ps time
domain has been obtained by time-resolved x-ray diffraction methods
and spectroscopy. Following the synchronised severing of the FeeCO
bond in Mb(CO) with a laser light pulse, stereochemical changes in-
cluding doming of the porphyrin and movement of Fe ~0.3 Å out of the
porphyrin plane occur with biphasic kinetics with a fast 50–70 fs phase
and slower ~0.4 ps phase [111,536–540]. The sudden change in haem
geometry compresses the Fe–His bond, which can be detected within
1 ps by time-resolved RR as the appearance of a νFe–His signal at

222 cm−1—the increased value of νFe–His, compared to the 220 cm−1

value measured for unliganded Hb at equilibrium, indicates bond
shortening [111]. The change in haem geometry introduces strain into
the protein, which relaxes with stretched exponential kinetics [541]
and a time constant of ~100 ps [111]. Time-resolved Laue crystal-
lography has revealed a series of Mb x-ray structures at ~1.8 Å re-
solution, with the first data set obtained within 100 ps after photolysis,
and a number of subsequent structures obtained out to the μs time point
[542,543]. The data shows correlated motions of helix C, F, H away
from the haem, and movement of helix A, E towards the haem within
100 ps of FeeCO photolysis, suggesting an ‘upward’ force on haem and
a ‘downward’ force on proximal His is generated in the initial photo-
product [542,543]. Tilting motions of the haem and conformational
changes in distal haem pocket residues, including HisE7, are larger than
differences between the static HbCO and Hb structures [542,543]. The
invention of the x-ray free electron laser has allowed x-ray diffraction
[544] and x-ray scattering [545] analysis to be extended down to the ps
time domain. The experiment has shown that a global expansion of Mb
occurs within 1 ps of FeeCO photolysis, after which the protein un-
dergoes oscillatory motions with a ~4 ps period that decay away to
equilibrium; the effect has been dubbed a ‘protein quake’ [544,545].
Future development of these techniques may see the first complete,
atomic level, deterministic model for any protein.

Turning back to the structural transitions of the more complex Hb
molecule. Although the T and R endpoints are related through simple
rotation of αβ dimers (together with a small ~1 Å translation move-
ment), the process of the T↔ R transition involves two separate and
sequential rotations involving different sub domains of Hb, rather than
a single rotation [534]. Evidence supporting a two-step transition
comes from several experimental studies. First, time-resolved magnetic
CD [546] and RR [547] show that the βTrp(37)C3–αAsp(94)G1 hy-
drogen bond in the hinge region rearranges with a time constant of
~2 μs following photolysis of HbCO; whereas, the αTyr(42)C7–βAsp
(99)G1 hydrogen bond in the switch region rearranges with a time
constant of 21 μs [547]. Time resolved WAXS, which is a sensitive to
global protein shape, indicates that the major quaternary reorganisa-
tion in the R → T directions takes place in the 2 μs phase [548]. This
could correspond to the major quaternary transition in the minimum
energy pathway calculations of Fischer and Karplus (who model the
reverse, T → R transition) [534]. According to Spiro, the major R → T
rotation proceeds reorganisation of side chains in the switch region into
their T-specific contacts, including the formation of the αTyr
(42)C7–βAsp(99)G1 hydrogen bond, but these switch region contacts
are still needed to attain the high-affinity t tertiary structure [549];
however, some uncertainty remains in correlating reorganisation of the
switch contacts in the Karplus model with markers of the T-state spe-
cific contacts as reported by RR [534].

A further series of experiments by Spiro and co-workers was de-
signed to resolve events in the Hb α and β subunits, and to correlate
changes at the haem sites with reorganisation of the hinge and switch
regions, as reported by changes in the RR marker bands [116,505,550].
As with Mb, compression of the Fe–His bond occurs in< 1 ps following
photolysis of HbCO—indicated by appearance of νFe–His at 230 cm−1

[115,117,550]—and is followed by relaxation of the protein in a series
of steps over a μs time scale, compared to sub-ns relaxation in Mb
[551,552]. RR measurements obtained from protohaem/mesohaem
hybrid Hbs [116,505] show that νFe–His in β evolves earlier than in α,
with an initial reduction in β νFe–His at ~3 μs coinciding with the
proposed rotation of the αβ dimers to establish the quaternary T hinge
contacts. The α chain evolution occurs later, and with a more dramatic
reduction in νFe–His at 20 μs [116], coinciding with the proposed ro-
tation of the α subunits to establish the T switch contacts [116,505].

8. Concluding remarks

Work on Mb and RBC Hb has ushered in many of the great
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breakthroughs in molecular biology (to use the term in its original and
widest sense), including such conceptual leaps as the theory of allos-
tery, as well as driving the development of methods that have re-
volutionised biology, like protein crystallography. Now exciting new
prospects lie on the horizon, made possible by the application of
powerful new time-resolved spectroscopic methods, the growing cap-
ability of computational chemistry to tackle macromolecular systems
and metal centres, and the x-ray free electron laser, to name a few. With
these tools it is hoped that the first complete deterministic description
of protein function might be achieved for Mb or other robust single
subunit Hbs. Beyond this, and despite the remarkable progress of
~60 years, a complete structural explanation for oxygen affinity in RBC
Hb remains an unsolved problem. Another promising space for future
research comes from the avalanche of genomic data, particularly from
bacterial species, which is revealing the true extent of Hb diversity. This
vast sequence space is sure to throw up new Hb functions and me-
chanisms through biochemical and biophysical studies. At the same
time, the biological functions of many Hbs remain elusive despite ex-
tensive knowledge of their structure and chemistry; thus genetic studies
in the host organsisms are crucial to soundly attribute function. The
unexpected diversity of Hbs in vertebrates is another new and open
field. Until recently Mb and RBC Hb were the only known vertebrate
Hbs; now Cygb, Ngb, globin E, globin Y, globin X and androglobin have
been discovered, and the tissue distribution of even Mb and Hb α/β
subunits is much wider than originally understood. The role of these
proteins in vertebrate physiology is grist to the mill. There is plenty to
occupy the new wave of Hb researchers.
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