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Abstract

The superfamily of globins has emerged some 4000 Myr from a common ancestor, which was among the basic protein com-
ponents required for life. Globins are present in the three kingdoms of life. From a structure point of view, these molecules are
defined by the presence of a characteristic protein fold, rich in «-helix, surrounding a heme group. Depending on the species or
organs, they may be physiologically active as monomers, tetramers or large size polymers. Their function varies from the classical
reversible binding of oxygen for transport and storage to cytoprotection against reactive oxygen species, NO scavenging, signal-
ing in oxygen dependent metabolic pathways, or possibly other specific properties involving ligand or electron transfer. All these
aspects are discussed in this review. To cite this article: H. Wajcman et al., C. R. Biologies 332 (2009).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Evolution de la structure et de la fonction dans la superfamille des globines. La superfamille des globines est apparue il
y a quelques 4 milliards d’années a partir d’un ancétre commun qui se trouvait parmi les protéines indispensables a la vie. Les
globines sont présentes dans les trois regnes du monde vivant. Ces molécules se définissent par une structure commune constituée
par un repliement caractéristique de six a huit hélices « autour d’une molécule d’heéme. Selon les especes ou les organes, ces
molécules peuvent étre physiologiquement actives sous forme de monomeres, de tétrameres voire de polymeres de grande taille.
Leur fonction varie d’une liaison réversible a 1’oxygene permettant le classique transport ou stockage de ce gaz a celui d’une
protection de la cellule contre les agressions oxydantes. Il peut également s’agir d’un piégeage du monoxyde d’azote, ou encore
d’un rdle de signalisation dans le contrdle de métabolisme ou de fonctions oxygene dépendantes. Des roles nouveaux dans des
processus de transports d’électrons ou de fixation de ligands sont régulierement décrits. Tous ces aspects sont discutés dans cette
revue. Pour citer cet article : H. Wajcman et al., C. R. Biologies 332 (2009).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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In this review we will discuss the structure and func-

tion of proteins belonging to the globin superfamily, and
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these molecules, which is a typical three-dimensional
folding of a small number of « helices — named the
globin fold — protecting a non-covalently bound heme
group and allowing a reversible oxygen binding. These
molecules appeared about 4000 Myr and, depending
on the species, developed functional properties vary-
ing from scavenging against oxidant species to oxygen
transport and storage, and in some cases, some original
unexpected properties.

1. Definition and variety of globins

A few years ago, the definition of a globin was sim-
ply a protein resembling myoglobin (Mb) or the alpha
and beta chains of hemoglobin (Hb). Based on DNA
analysis of human and many other organisms, the globin
family has expanded. As more proteins are discovered
and the details of their function emerge, it is more dif-
ficult to make a simple test of a globin. The exact se-
quence is highly variable and therefore not a clear test.
We do not intend to include the known cytochromes
as they are clearly separate in structure and function.
Our globins bind oxygen reversibly and have structures
nearly superimposable, but, as we discuss below, this
still leaves room for some new molecular mechanisms.

Heme is a chemically highly active group that has
been involved in biological processes as soon as life
appeared. Heme participates in many biochemical func-
tions among which are the binding and transport of
gaseous ligands (O3, NO, CO), scavenging of free ox-
idant species, oxido-reduction, or oxygen-sensing. The
specificity of these functions is directed by the struc-
ture of the protein to which it is associated. To remain
soluble and active it needs to be surrounded by a hy-
drophobic environment that is obtained by a few struc-
tural 3D protein arrangements, the most common being
the globin fold.

The classical globin molecule is characterized by
the canonical 3/3 «-helical myoglobin fold, which has
been described fifty years ago by Kendrew [1]. This
molecule, ca 150 residues long, is characterized by
a heme group surrounded by 8 helices designated A
through H from the N to the C terminal. Helices A,
B, C and E are on distal side of the heme and helices
F, G and H on the proximal side (Fig. 1A). To this
structure, a pattern of 37 hydrophobic residues at con-
served, solvent-inaccessible positions has to be added
[2]. These residues are summarized in Table 1. In human
hemoglobin, the replacement of any of these residues
leads to a hemoglobin molecule which is unstable or has
altered oxygen binding properties. The main function of
vertebrate hemoglobins and myoglobin is to bind oxy-

Table 1
Conserved residues of the globin structure.

Hydrophobic residues at contacts A8, All, Al12, AlS5, B6, B9, B10,

between helices B13,B14, C4, E4,E7,ES8, El11,
E12, E15, E18, E19, F1, F4, G5,
G8, Gl1, G12,G13, G15, Gl6,
H7,H8, H11, H12, H15, and H19,

CDl1, CD4 and FG4
His at F8

Inter-helical residues

Binding to heme iron

gen reversibly for transport and storage, but additional
roles, such as cytoprotection against reactive oxygen
species and NO scavenging, are now well documented.

Initially, the description of globins was limited to
myoglobins and to «- and {3-subunits of hemoglobins
in vertebrates. Hemoglobins were further described in
some insects and as symbiotic hemoglobins (leghe-
moglobins) in the nodules of legume plants. Non-
symbiotic hemoglobins were further found in a large
variety of plants other than legumes [3]. The emergence
of high throughput genome sequencing facilities and
powerful high performance bioinformatic tools revealed
an unexpected wide occurrence of putative globin se-
quences in the three kingdoms of life leading to a rapid
growth of a “globin superfamily”. In all these molecules
a similar 3D structure, characterized by the typical
globin fold, has been found despite a large variety of
functions and linear amino-acid sequences.

Within this family, a large group is made from
globins, with sequences shorter than normal by 20 to 40
residues and named “truncated globins” (Fig. 1B). They
were found in unicellular eukaryotes, [4], cyanobacte-
ria [5], a nemertean [6], and a large number of bacteria
[7,8]. The multiple amino acid deletions, insertions, and
replacements resulted in these molecules in a distinctive
alteration of the globin fold. These globins are single
domain molecules whose crystal structures exhibit an
abbreviated 2/2 «-helical fold characterized by a very
short or absent A helix, a decreased CE inter-helical re-
gion and most of the F helix occurring as a loop, with
only helices BC, E, G and H left to surround the heme
group. Globins longer than normal (>160 aa) were ob-
served in a green alga [9] and in plants [10] with similar
structural features. Since these molecules result from
many short deletions and insertions spread in different
regions all along the molecule, the term “2/2 Hb” has
been coined to refer to this group. Amino-acid sequence
similarity between a mammalian globin and a bacteria
globin may be less than 10% but the three-dimensional
pattern defining the globin fold is well conserved.

A question frequently debated is whether the 3/3 and
2/2 globins evolved independently from a cytochrome
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Fig. 1. Comparison between the three-dimensional structure of a 3/3 and a 2/2 globin. (A) Sperm whale myoglobin is the typical example of a 3/3
globin, the heme group is surrounded by 3 helices on its proximal site (F, G, and H) and 3 helices on its distal site (A, B and E). (B) chlamydomonas
eugametos hemoglobin is an example of a 2/2 Hb. Here the heme group is sandwiched between helices B and E on the distal site and helices G and
H on the proximal site, helix F is reduced to a single turn in which a His group — still designated as F8 in the 3D nomenclature — is coordinated to

the heme iron.

Fig. 2. Flavohemoglobin from Alcaligene eutropus. This molecule has
been crystallized as a dimer. The helical part of the molecule, which
corresponds mostly to the globin domain surrounding the heme group,
is shown in red.

b-like or other precursor(s) and which one of them rep-
resents the ancestral globin structure.

Another important lineage within the globin super-
family is made from chimeric proteins such as the flavo-
hemoglobins which present a C-terminal FAD-binding
domain and a N-terminal 3/3 Hb domain (Fig. 2).
Globin coupled sensors with various C-terminal do-
mains and having a 3/3 or a 2/2 Hb domain forms a
second group [11].

Through the large accumulation of genomic infor-
mation obtained in the last decade, additional globin
families were recognized. This list includes the neu-
roglobins [12,13] and cytoglobins [14,15], which seem
to be present in all vertebrates from humans to birds

and fish, GbE, the eye-specific globin in the domestic
chicken Gallus gallus, related to cytoglobin [16], and
GbX, a new and fifth type of globin gene in fish and
amphibians, thought to have been lost in the higher ver-
tebrates. Protoglobins, which are ca. 195 residues long,
found in archaea and in several bacteria [17] are pro-
posed to represent the true “ancestral” globin.

2. The 2/2 hemoglobins

The 2/2 hemoglobins, whose main structural char-
acteristics have been described above, can be classified
in three groups, according to some structural features.
They display classically a primary structure 20 to 40
residues shorter than that of mammalian Hbs. The three
groups of 2/2 Hbs are named I, II and III according
to phylogenic analyses based on amino acid sequences.
Members of these groups are designated by an N, O,
or P suffix, respectively [18]. Group III displays a high
level of overall sequence conservation whereas group
I and group II can be further separated into two and
four subgroups, respectively. The sequence similarity
between the proteins belonging to the different groups
is low, with frequently less than 20% overall identity.
In contrast, it may be higher than 80% within a group.
Phylogenic analyses suggest an evolutionary scenario in
which the group II HbO gene is the ancestral one, and
group I and group III genes result from duplication and
transfer events. 2/2 Hbs from more than one group may
coexist in a same bacteria, which suggest that they may
play a large variety of functions. Among the functions
that these molecules may provide are long-term ligand
or substrate storage, nitric oxide (NO) detoxification,
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0,/NO sensing, redox reactions, and O3 delivery under
hypoxic conditions [19,20].

3. Chimeric proteins
3.1. Flavohemoglobins

Prevalent in many bacterial and fungal pathogens,
flavohemoglobins [21] are also known as a “fungal de-
fense” enzymes (Fig. 2). They have been shown to
be closely tied to virulence. Upon infectious invasion,
macrophages engulf pathogens and produce oxidants
like nitric oxide to protect the organism. De Jesus-
Berrios et al. [22] have shown that inactivation of flavo-
hemoglobin led to a significant loss of virulence both
in vitro and in vivo. Amino acid sequence analyses in-
dicate that bacterial flavohemoglobins have 3/3 Hb fold
and are closer to metazoan globins than most of the bac-
teria hemoglobins, which display a 2/2 Hb fold.

3.2. Globin coupled sensors

Globin coupled sensors (GCSs) form a large group
of chimeric proteins having a N-terminal globin domain
acting as a sensor to stimulate a signal controlled path-
way [23]. They are one of the four known groups of
heme sensors protein, among which one of the most
studied was the kinase FixL, a PAS group protein [24].
In these molecules, the heme group, through a confor-
mation change, induced by ligand binding, switch on or
off an oxygen dependent metabolic pathway activating
some genes. The first GCSs described were regulators
of the aerotactic responses in Bacillus subtilis (HemAT-
Bs) and Halobacterium salinarum (HemAT-Hs) [25].
Today, more than 30 GCSs are known and the evolu-
tion tree of their globin part suggests that they derived
from a common ancestor, the “protoglobin”. Such pro-
toglobins have indeed been discovered in two Archaea
and two Bacteria [17]. Protoglobin from the strictly
anaerobic methanogenic Archaea (Methanosarcina ace-
tivorans) has been recently crystallized and revealed an
almost completely buried heme group being only acces-
sible to ligand through apolar tunnels [26]. GCSs could
be classified in several categories: the first is made by
aerotactics and contains the HemATs. Another group is
formed by “second messengers” coupled, for example,
to a guanylyl cyclase catalytic domain [23]. Two GCSs
were found to be involved in protein-protein interac-
tions through a STAS domain (sulfate transporter and
antisigma factor antagonist). Finally, some GCSs were
found to be tightly bound to the membrane through a
domain which spans the membrane several times.

The evolutionary pathways of GCS and protoglobin
are not yet clear. The initial ancestor could be a multido-
main protein which split into components that further
evolved on their own. Conversely, another hypothesis
is that evolution may have started from individual do-
mains forming a multidomain protein in which the two
partners evolved together.

4. Phylogenic origin of globins

Globin, under the form of protoglobin, is likely to
have been present in the first organisms living on Earth.
It was perhaps included in the basic protein equipment
of the Last Universal Common Ancestor (LUCA), the
source of all life on Earth some 4000 Myr. The question
debated now is whether the 3/3 and 2/2 globins evolved
independently from a cytochrome b-like or other pre-
cursor(s) and which one of them represents the ancestral
globin structure. During evolution, the problem of se-
questering the water-insoluble heme in a hydrophobic
protein cavity was solved in several ways such as the
cytochrome fold or the catalase, and PAS domains, but
the similarity of the globin fold in the 2/2 and 3/3 Hbs is
a strong argument in favor of a unique globin origin. Al-
though atmospheric O levels were very low in the early
history of the Earth [<0.0008 atm], local concentrations
could have been high enough to promote the evolution
of the globin ancestor [27].

Up to now there is no answer as to whether the 3/3
or the 2/2 fold is ancestral; both structures are present in
the three kingdoms of life. In addition, this debate could
not be clarified by the presence or the absence of in-
trons in the genes encoding globins. Introns are present
in all the 3/3 Hb genes and in many 2/2 Hbs, and when
present they are always localized at the same position. It
is therefore not yet possible to decide between the two
scenarios.

The evolutionary tree of globins is also complicated
by evidence for horizontal gene transfer (HGT) in some
3/3 Hbs from bacteria and in some flavohemoglobins
[28].

5. Evolution and adaptation of globin function
5.1. General considerations

The presence in all three kingdoms of life of a large
variety of globin molecules belonging to the different
lineages raises the question of their functions. It is as-
sumed that the globin ancestor was able to react with
diatomic gaseous ligands inducing a change configura-
tion that could be used in many tasks. Hemoglobin is
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therefore able to detect, scavenge, and detoxify O, and
O;-derived species (e.g., NO and CO). The principal
role of existent 2/2 Hbs is considered to be NO detox-
ification [29]. It is also the case for flavohemoglobins
acting aerobically as NO oxygenases and anaerobically
as NO reductases [30]. This NO detoxification is linked
to bacterial resistance: it has been shown in pathogenic
microorganisms that flavohemoglobins protect the bac-
teria from human macrophage NO-mediated killing and
promotes the virulence of bacteria.

In plants three types of Hbs have been identified:
symbiotic, non-symbiotic and 2/2 Hbs. Two classes of
Hbs evolved prior to the divergence of monocots and
dicots. Leghemoglobins, which are pentacoordinate O;
transporters, emerged from the first class, whereas hex-
acoordinate scavenger/sensor Hbs emerged from both
classes [31]. The function of the symbiotic hemoglobins
is to establish a low oxygen concentration for the ef-
fective functioning of the bacterial nitrogenase neces-
sary for nitrogen fixation. Although the role of 2/2 Hbs
in plants is completely unknown, the non-symbiotic
hemoglobins, which biosynthesis is induced in plant
cells upon exposure to low oxygen concentrations, are
thought to play arole in a metabolic pathway which also
involves nitric oxide and which provides an alternative
type of respiration to the mitochondrial electron trans-
port under hypoxic conditions [32,33].

In the animal kingdom, the 3/3 Hbs and 2/2 Hbs are
usually involved in oxygen transport and storage and
NO detoxification, respectively. Nevertheless, in some
species, hemoglobin molecules developed special evo-
lution pattern allowing their carriers to occupy new eco-
logical niches [29].

In some invertebrates, hemoglobins are found within
the circulating cells of the coelomic fluid and/or within
muscular type cells or cells of organ that need to be pro-
tected from anoxia or oxidant stress. These molecules
are usually monomers or made from a small number of
subunits.

In other species, such as insects, worms or mol-
lusks, Hbs are freely dissolved in vascular, coelomic,
or perienteric body fluids. They are circulating as gi-
ant polymers [34,35]. This is observed in the ery-
throcruorins from several oligochaetes (earthworm),
achaetes (leech), vestimentiferans (hydrothermal vent
tube worm) and polychaetes. Lumbricus erythrocruorin,
shown here as an example, assembles from 144 oxygen-
binding hemoglobin subunits and 36 structural “link-
er” subunits. Four distinct hemoglobin subunits are
arranged into 12 dodecamers, which assemble onto a
central core formed from linker subunits (Fig. 3) [36].
This supramolecular assembly involving several disul-

fide bonds raises many questions about the synchro-
nization of the gene expression for the different struc-
tural elements and the subsequent folding and assembly
mechanism. Such large complexes offer a number of
important advantages as oxygen transport vehicles: ery-
throcruorins are retained in the vascular system, each
complex has large oxygen binding capacity and subunits
can be arranged to permit cooperative oxygen binding
and regulatory features. Lumbricus terrestris erythro-
cruorin is probably the best studied giant Hb; it has
been proposed as a potential model for a blood sub-
stitute [37].

5.2. High oxygen affinity: Structure function
relationships

The globins have often served as a model for study-
ing structure-function relations in proteins. However,
they are not necessarily an easy system to describe for
ligand binding, since the crystal structure did not reveal
a ligand binding pathway. Rather than a lock and key
type system involving a large surface area, ligand bind-
ing apparently requires protein fluctuations. The static
structure therefore is not sufficient to provide informa-
tion such as trajectories and affinities [1].

The globins of very high oxygen affinity led to a
new description of the critical structural elements. It
was originally thought that it was essentially an affair
of iron-oxygen binding, in which the heme pocket pro-
vides a minor modulation, especially by the distal (E7)
residue. It has now been shown that both the E7 and
B10 position can participate in H-bonding directly to
the oxygen molecule. This places the center of interest
on the oxygen ligand itself, capable of forming up to
three liaisons. The E7 and B10 positions will provide
the bonds for major changes in affinity, which now ap-
proach a variation of nearly a factor of a million (see
Fig. 4) [38,39].

Globins displaying these extremely high affinities
will necessarily have specific residues in these positions
capable of forming the H-bonds. Note that the specific
residue in the B10 position may be a Tyr or a Phe,
depending on the distance requirements. In the E7 posi-
tion, the classical His residue may form a bond, but the
very high affinities seem to employ a Gln residue.

5.3. Hexacoordination

The discovery of neuroglobin has lead to the for-
mulation of an alternate mechanism of oxygen binding.
The external ligands (such as oxygen, CO, or NO) may
still bind to the iron atom, but in competition with the
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Linker
subunits

Fig. 3. General structure of Lumbricus terrestris erythrocruorin showing the assembly of 12 dodecamers (A to L) in two parallel layers (bottom
left). The three-dimensional structure of a single dodecamer is shown with a resolution of 3.5 A, 12 such units bind through their linker subunits,
which form a central core. In total a complete erythrocruorin molecule carries 144 heme groups, each surrounded by a globin fold.

distal E7 His residue [40,41]. In the absence of exter-
nal ligands, the ferrous iron may not be in a penta-
coordinated state, since the distal His will bind to form
a hexa-coordinated system [40]. Other globins such as
cytoglobin, and new species of globin also display this
mechanism of competitive binding; they are now collec-
tively classed as hexa-coordinated globins to stress the
fact that the penta-coordinated state is never more than
a transient state.

Note that this mechanism has some interesting phys-
iological consequences. The overall (observed) oxygen
affinity is no longer the simple ratio of oxygen binding
rates, but rather will be a ratio of the intrinsic oxygen
and His binding affinities.

KOz,obs = KOZ,penta/(l + KHis) (1)

In the case of neuroglobin, the His affinity (Kpis =
kon,His/ Kot His) 1s over 100; in order to obtain a typi-
cal physiological (Mb-like) oxygen affinity, the intrinsic
oxygen binding parameters must provide this extra fac-

tor of 100; this is accomplished by the extra H-bonds
(via the E7 and B10 positions) as described in the sec-
tion above [38—40]. This results in very slow oxygen
dissociation, requiring, nearly 1 second. The compen-
sating His affinity leads to the “normal” oxygen affinity
of about 1 mm Hg, but results in a rather sluggish globin
in terms of response to external ligand levels, since re-
equilibration will require several seconds.

Another direct consequence of the competition is a
reduced effect of external factors, such as temperature
and pH. While the individual rate coefficients may be
sensitive to temperature, the overall affinity is the ra-
tio of affinities. If both the internal (His) and external
(O») ligands have a similar response to temperature, the
overall observed oxygen affinity may be nearly indepen-
dent of temperature. This has been observed for oxygen
binding to various Hex-globins, and even a reverse tem-
perature effect for CO binding [41].

In species where Hbs play only a local role or a func-
tion in a signal pathway, oxygen transport is usually
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Oxygen Affinity

HbA B F41Y w=aPA+DPG

== Lucina pectinata
R-state HbA

= Juc p. F(B1OYY

Hb Ascaris =
_ trematode Gc

Fig. 4. The range of observed oxygen affinities covers nearly a factor of a million. The oxygen affinity (left panel) is the partial pressure of oxygen
for 50% saturation of the hemes, presented here on a logarithmic scale to cover the large variation. Typical oxygen affinities are in the range of 0.1
to 10 mm Hg. The reference R and T states of tetrameric human Hb differ by about a factor of 100; the observed affinity for HbA can be modulated
by the effector DPG; this effect can be mimicked by the introduction of mutations, such as replacing the phenylalanine at position 41 of the beta
chain by a tyrosine. At the lower limit of oxygen affinity (high Ps() is FixL, which is not a globin but a heme based oxygen sensor from rhizobium.
Very high oxygen affinities have been observed for the globins of certain parasites, such as Ascaris or the trematodes (Gastrothylax crumenifer
shown here). The major contributions to the very high oxygen affinities are the formation of H-bonds directly to the Fe-bound oxygen molecule
(yellow on the molecular image on the right hand panel) via critical protein residues at positions E7 and B10 (blue and green respectively) below
the heme group (red). Modifications at these sites can provoke changes of over an order of magnitude in the oxygen affinity. A change of the B10
position residue of Hb Ascaris leads to a shift to towards the normal range, while introduction of mutations at this site may shift a normal globin

towards the very high affinity, as shown here for the globin from the clam Lucina pectinata.

assumed by other respiratory pigments such as hemo-
cyanin.

5.4. A few examples

Hemoglobin from Ascaris works probably as an oxy-
gen scavenger. Two Hbs, that have been thoroughly
studied, are present in this species. The first one is an
extracellular one that circulates as a 328 kDa octamer.
Each of the 8 subunits is made from a 39.5 kDa polypep-
tide chain formed by two covalently bound globin do-
mains (D1 and D2). In the C-terminal part of D2, the
sequence “His-Lys-Glu-Glu” is repeated 4 times and
is likely to play the role of a zipper for the associ-
ation into octamer [42]. Electron microscopy pictures
show that the octamers are made by two layers formed
each by 4 subunits. This Hb displays one of the highest
known oxygen affinities: its P5g is of about 0.004 mm
Hg, which is 25000 times higher than that of mam-
malian Hbs [39,43,44]. Since association rates are lim-
ited by diffusion, these very high affinities necessarily

display a considerably low value of the dissociation
rate, making difficult the release of the bound oxygen.
This property will hardly make this molecule suitable
for oxygen transport requiring a prompt uptake and re-
lease. At the limit it could be a way to store oxygen in
order to assume a minimal oxygen supply in case of ex-
treme anaerobic conditions. Conversely, it has also been
proposed that this Hb could be an oxygen scavenger al-
lowing its destruction through a pathway involving NO
[45]. In fact, nothing precise is known about the physi-
ological role of this Hb, which remains a challenge. In
the case of this Hb the only strong data are the molecular
mechanism leading to this considerable oxygen affinity
which consists in a network of hydrogen bonds extend-
ing in the heme pocket between a Gln at position E7
and the Tyr B10 stabilizing the Fe(§+)-0,(5—) dipole
binding [39].

In the same species another type of Hb is present in
the wall cells of the animal central cavity. It is a homod-
imer of 40.6 kDa stabilized by SH bridges. Its sequence
is 38% similar to that of domain D1 and its P5g is of
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about 0.1 mm Hg, which could allow a role for oxy-
gen storage at the proximity of muscular cells. In the
animal kingdoms, Hbs of nematodes, like neuroglobins
and cytoglobins, are the only globins encoded by a gene
containing 3 intervening sequences.

In some marine invertebrates, Hb is involved in
sulfur transport. For example, the giant extracellular
hexagonal bilayer hemoglobin (HBL-Hb) of the deep-
sea hydrothermal vent tube worm Riftia pachyptila
transports simultaneously O, and H;S in the blood
from the gills to a specific organ, the trophosome, that
harbors sulfide-oxidizing endosymbionts. Within this
organ, symbiotic bacteria use the sulfur as final elec-
tron acceptor in a metabolic pathway transforming the
dissolved CO; into sugars [46]. Three Hbs are present
in these animals: the vascular blood contains Hbs V1
and V2, and the coelomic fluid comprises Hb C1. These
Hbs are able to bind oxygen and sulfide simultaneously
and reversibly at two different sites. The amount of H,S
that they transport is high, varying from 1-10 mmol/L,
depending upon its concentration in the surrounding
medium. Hb of Riftia pachyptila is a giant polymer
made from a basic unit formed by 4 chains with 1
free thiol group, connected by linker polypeptides. The
MW of HbV1 is of about 3500 kDa, contains about 150
globin chains and some 40 linkers [47]. Hb V2 and Cl1
are smaller, with a mw of about 400 kDa, and contains
24 globin chains, many free SH groups are present.

Another example of Hb with high affinity for thiol
group is observed in Lucina pectinata. This tropical
clam contains two kinds of Hbs: the first one (HbI) is a
monomer, 143 residues long, which serves to transport
H>S to autotrophic bacteria whereas two other globins
(HbII and Hb III), respectively dimeric and tetrameric
in the uM range of [heme], are used for oxygen trans-
port [48,49]. Site directed mutagenesis introducing a
Gln residue at position E7 and a Phe at B10 and E11
in sperm whale myoglobin led to a Hb molecule with a
high affinity for H,S but nevertheless with one order of
magnitude less than in Lucina pectinata. Even though
further modifications of the heme pocket are thus re-
quired for the fine tuning mechanism of ligand binding
this underlines the presence of key residues located at
the distal side of the heme pocket for switching from
O, to HjS transport. Same conclusion holds inside the
different Lucina pectinata globins. Indeed for Hb II and
Hb II while the E7 and E11 residues do not change
compared to Hb I the B10 Phe is replaced by a Tyr lead-
ing almost to three orders of magnitude decrease of the
O, dissociation rate. Thus the addition of a single hy-
droxyl group is able to stabilize the dipolar Fe—O, bond
through a favorable hydrogen bond, perhaps in associ-

ation with a network of electrostatic interactions such
as those in the Ascaris globin explains the difference of
O, off-rates between these globins. Note that the B10
residue is also involved in the large decrease of the O;
off-rates for Hb II and Hb III compared to Hb I and more
generally in the ligand accessibility from the solvent to
the heme.

5.5. Neuroglobin: an allosteric protein?

As can be expected from the competitive ligand bind-
ing, a modification of the His affinity will directly in-
fluence the observed oxygen affinity. The effect is ex-
ploited by neuroglobin via an internal disulfide bond:
when the S-S bond is broken, the His affinity increases
by an order of magnitude, thereby decreasing the oxy-
gen affinity [40]. One could therefore imagine a partner
molecule which reduces the cysteines of neuroglobin
and thereby provokes the release of oxygen. This would
lead to a model of Ngb as an allosteric protein providing
oxygen delivery on demand of a specific partner.

Neuroglobin and cytoglobin have shed light on an
alternate globin mechanism for modulating the ligand
binding. These globins belong to the class of hexacoor-
dinated globins: in the absence of external ligands, the
distal E7 His forms a stable bond with the heme iron.
This bond is reversible so that the external ligand bind-
ing requires the replacement of the constitutive residue.
The globins are then able to use a mechanism compet-
itive ligand binding to the heme iron. The fine tuning
mechanism appears more in the stress induced at a dis-
tance by an intra-disulfide bond; note that the location
of this disulfide bond is different for Ngb (CD loop) vs
Cygb (spanning the E helix with AB turn). Breaking the
disulfide bond allows a shift in the orientation of the E-
helix, resulting in an enhanced affinity of the distal E7
His for the heme and thereby a release of O,. The redox
state of the cell could act on the state of the cysteines of
the neuroglobin and further influence other biochemical
reactions involving an electron transfer to the molecular
oxygen or another electron acceptor molecule and the
NO catabolism.

5.6. An optical filter function

Hb from the nematode Mermis nigrescens (Mn-
GLB-E), a parasite of grasshoppers and other Or-
thopteran insects, has an optical, light shadowing func-
tion [50]. The protein accumulates to high concentration
as intracellular crystals in the ocellus of mature photo-
tactic adult females while also being expressed at low
concentration in other tissues. From eggs ingested by
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the host, larvae grow to the adult length inside the body
cavity. The last larvae stage break out of the host and
burrow into the soil where the final molt takes place and
the adult nematode matures. The gravid adult females
emerge 1-2 years later from the soil and exhibit a posi-
tive phototaxis during the search for suitable egg-laying
sites in grass. This positive phototaxis results from a
pigmentation of the ocellus by formation of a thick Hb
crystal. A sensory nerve ending lies anterior to this area
and will point the head away from a light source as long
as the ocellus would not be shadowed.

5.7. The smallest hemoglobin

The neural and body wall tissue of a nemertean
worm, Cerebratulus lacteus, express a major Hb com-
ponents for which the amino acid sequences have been
deduced from cDNA and genomic DNA [51]. This Hb
is 109 residues long and forms the smallest stable Hb
known. The globin genes have three exons and two in-
trons with splice sites in the highly conserved positions
of globin genes. Alignment of the sequences with those
of other globins indicates that helix A is almost missing,
helix H is very short and GH corner elongated. Never-
theless the general 3D structure is that of a globin fold.
It has been hypothesized that this Hb could be an ances-
tor of neuroHbs.

6. Conclusions

A large variety of Hbs with different structures and
oxygen binding properties have been reported among
invertebrates. The sequence alone is not sufficient to
classify the protein as a globin; the large heterogeneity
in the expanding database includes globins with differ-
ences above 90%. The protein structure and function
need to be included in the overall consideration to fur-
ther develop this superfamily. It is out of the scope of
this mini-review to discuss all of them and we refer the
reader to a few well documented reviews on this topic
[52,53].
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