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Neuroglobin and cytoglobin are two recently discovered
members of the vertebrate globin family. Both are intracellular
proteins endowed with hexacoordinated heme-Fe atoms, in
their ferrous and ferric forms, and display O, affinities comparable
with that of myoglobin. Neuroglobin, which is predominantly
expressed in nerve cells, is thought to protect neurons from
hypoxic—ischemic injury. It is of ancient evolutionary origin,
and is homologous to nerve globins of invertebrates.
Cytoglobin is expressed in many different tissues, although at
varying levels. It shares common ancestry with myoglobin, and
can be traced to early vertebrate evolution. The physiological
roles of neuroglobin and cytoglobin are not completely under-
stood. Although supplying cells with O, is the likely function, it
is also possible that both globins act as O,-consuming enzymes
or as O, sensors. Here, we review what is currently known
about neuroglobin and cytoglobin in terms of their function,
tissue distribution and relatedness to the well-known hemo-
globin and myoglobin. Strikingly, the data reveal that O,
metabolism in cells is more complicated than was thought
before, requiring unexpected O,-binding proteins with
potentially novel functional features.

Introduction

Hemoglobins (and related heme proteins, generally referred to
as ‘globins’) are small respiratory proteins that reversibly bind O,
by means of a Fe-containing porphyrin ring. Globins have been
identified in many taxa, including bacteria, plants, fungi, and
animals (Hardison, 1996, 1998). Most globins augment the O,
supply to the aerobic metabolism of the respiratory chain

(Wittenberg, 1970, 1992; Antonini and Brunori, 1971; Perutz,
1979, 1990; Dickerson and Geis, 1983; Bunn and Forget, 1986;
Brunori, 1999; Weber and Vinogradov, 2001; Merx et al., 2002),
although they can also carry out enzymatic functions (Minning
et al., 1999; Ascenzi et al., 2001).

Four types of globin, differing in structure, tissue distribution
and likely in function, have been discovered in man and other
vertebrates: hemoglobin, myoglobin, neuroglobin and cyto-
globin. The cooperative heterotetrameric hemoglobin (Hb),
located in the red blood cells, serves to transport O, in the
circulatory system. The monomeric myoglobin (Mb), present
mainly in the cardiac and striated muscle, acts as an O, buffer,
facilitates O, diffusion and is involved in the removal of toxic
NO (Brunori, 2001; Flogel et al., 2001). Hb and Mb have been
extremely well characterized in terms of structure, function and
evolution (Antonini and Brunori, 1971; Perutz, 1979, 1990;
Dickerson and Geis, 1983; Bunn and Forget, 1986; Wittenberg
and Wittenberg, 1989; Wittenberg, 1992; Hardison, 1996,
1998; Brunori, 1999, 2001; Ascenzi et al., 2001; Merx et al.,
2002). Neuroglobin (Ngb), which is expressed predominantly
in the nervous system, and cytoglobin (Cygb, also named
histoglobin; Trent and Hargrove, 2002), which is present in
almost all tissue types, were identified and added to the globin
superfamily recently (Burmester et al., 2000, 2002; Trent and
Hargrove, 2002). This review focuses on the structural, expres-
sional and evolutionary aspects that have emerged from the
analysis of the vertebrate Ngb and Cygb, and from their comparison
to the well-known Hb and Mb, thereby providing new perspectives
on globin family diversity in vertebrates.

*Corresponding author. Tel/Fax: +39 010 5737 306; E-mail: bolognes @fisica.unige.it

1146 EMBO reports vol. 3 | no. 12| pp 1146-1151 | 2002

© 2002 European Molecular Biology Organization



review

Structural bases of globin action

It has long been known that Hb and Mb tertiary structure is
based on a seven/eight-helix arrangement, known as the ‘globin
fold’ (Kendrew, 1960; Perutz, 1979). The main helices within the
globin fold are organized into a two-layer structure, recognized as
a ‘three-over-three’ a-helical sandwich (Holm and Sander,
1993; Figure TA).

To support O, binding, the heme group (Fe-protoporphyrin 1X)
is hosted in a deep protein crevice (or pocket), defined sideways
by the E- and F-helices (distal and proximal to the heme, respect-
ively), and by the G- and H-helices at the dead end of the pocket
(Figure 1). The heme is held in place by several non-covalent
interactions with surrounding protein residues, and by a coord-
ination bond connecting the heme-Fe atom to the ‘proximal
His’, a truly invariant residue among globin family members, at
the F8 site (Figure 1B). Thus, the heme-Fe atom is ‘pentacoordi-
nated’ by four pyrrole N atoms (within the heme plane) and the
proximal His NE2 atom (at the axial fifth coordination position).

Binding of O,, in Mb and Hb, occurs on the distal side of a
pentacoordinated heme, where O, establishes a sixth coordination
bond to the heme Fe; the binding of O, is generally stabilized by
interaction(s) with distal residues. Often, in vertebrate globins,
the main O, stabilizing interaction is provided by a hydrogen
bond donated by residue HisE7, the ‘distal His’ (Figure 1B). The
nature and location of specific residues at the distal and prox-
imal sites affect the heme:ligand association and dissociation
kinetics to different degrees, thus defining the affinity of globin
for a given biatomic species (O,, but also CO and NO). Heme
hexacoordination, where the distal HisE7 residue is directly
coordinated to the heme-Fe atom, is uncommon in vertebrates.
In humans, hexacoordinated Hb is observed only under patho-
logical conditions (Bunn and Forget, 1986), although it is present
in some plants and bacteria under normal conditions (Hargrove
et al., 2000).

Neuroglobin throughout our brain

Ngb was initially identified in the databases of uncharacterized
cDNAs (expressed sequence tags, ESTs) from mouse and human
brain (Burmester et al., 2000). Since then, Ngb sequences have
also been recognized in rat, pufferfish and zebrafish (Awenius et
al., 2001; Zhang et al., 2002), suggesting that this gene is present
in a broad range of vertebrate species. Prominent Ngb mRNA
and protein expression was detected in the human, mouse and
rat brain. Using mRNA in situ hybridization, Ngb expression was
observed in most neuronal cells of the central and peripheral
nervous systems. In addition to being cell-type specific, Ngb
expression also appears to vary by region in the human brain,
with mRNA levels being highest in the subthalamic nucleus and
lowest in the hippocampus and cerebellum. Ngb is also found in
non-neural cells of the endocrine system such as the pituitary
gland, the adrenal gland and the testis (Burmester et al., 2000;
Reuss et al., 2002; Zhang et al., 2002).

Comparison of Ngb with vertebrate Mb and Hb sequences
shows only minor similarity at the amino acid level (<25%
identity; Figure 2). The structures of the mammalian and fish
Ngb genes differ from those of Mbs and Hbs in that Ngbs have
four exons and three introns in their coding regions, whereas the
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Fig. 1. The classical globin fold. (A) A ribbon view of the typical mammalian
globin fold: the ‘three-over-three’ a-helical sandwich is highlighted in two
colours and the helices are labelled according to the conventional globin
nomenclature (A, B, C.....H, starting from the N-terminus). Within each helix
(as defined in sperm whale Mb, the prototype monomeric globin structure
shown in the figure) residues are assigned sequential numbering. Thus,
residue E7 occupies the seventh position within the E helix of the reference
globin fold. To avoid discrepancies related to different protein lengths, globin
amino acid sequences and structures are compared using such defined
topological sites as reference (Perutz, 1979; Kapp et al., 1995). (B) A view of
the heme proximal and distal sites, defined by E- and F-helices, together with
the key residues PheCD1, HisE7 and HisF8 and the heme O, ligand. The Fe
coordination bonds with the proximal HisF8 residue and the O, ligand are
indicated by red dashed lines, while the hydrogen bond between O, and the
distal HisE7 residue is indicated in blue. Both figures are drawn with
MOLSCRIPT (Kraulis, 1991).

Hb and Mb genes carry only three exons and two introns
(Figure 3). Shared introns are located at the conserved positions
termed B12.2 (i.e. between codon positions 2 and 3 of the 12th
amino acid of the globin B-helix) and G7.0. The extra intron
found in the mammalian and fish Ngb genes is positioned at
E11.0, and may have been acquired in the early evolution of this
gene (Burmester et al., 2000).

Ngb is also similar to the nerve-specific globin of the annelid
Aphrodite aculeata (27% residue identities; Dewilde et al.,
1996), and phylogenetic analyses show that vertebrate Ngb is
homologous to invertebrate nerve globins (Burmester et al.,
2000), suggesting a common ancient evolutionary origin of
these proteins. It is thus conceivable that Ngb-like globins are
widely distributed in the nervous systems of many animal phyla.
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Fig. 2. Multiple amino acid sequence alignment of human Mb, Hb (o and B chains), Ngb and Cygb. The stretch of sequence encoding o-helices and the globin
topological numbering (referred to human Mb) are shown above the sequence. Key distal sites and heme binding residues are highlighted in yellow, and structurally
relevant residues are marked in blue. The asterisks identify residues in contact with the heme in human Mb. Residue numbering refers to human Cygb. The intron

positions are marked by arrows, and labeled below the aligned sequences.

Sequence conservation among the Ngbs of different species is
much higher than that between the orthologous Hbs and Mbs
(Burmester et al., 2000). For example, human and mouse Ngb
sequences, both comprising 151 amino acids, are 94% iden-
tical. The Ngb amino acid sequence (Figure 2) fits well into a
globin alignment based on the conserved o-helices and on the
structural motifs of the classical globin fold (Burmester et al.,
2000; Awenius et al., 2001). Among the most evident conserved
features, the distal and proximal His residues, as well as the Phe
residue immediately following the C helix (PheCDT1), are invar-
iantin Hb, Mb and Ngb. Additionally, an overall conservation of
several apolar residues that are expected to build the heme
crevice suggests that vertebrate Ngb displays the classical three-
over-three o-helical sandwich fold characteristic of vertebrate
globins. Crystals of human NGB have recently been reported
(Pesce et al., 2002) and the three-dimensional structure is
expected to be solved soon.

Neuroglobin hexacoordinated
heme and oxygen affinity

Spectroscopic studies have shown Ngb to be the first example of
a hexacoordinated globin in vertebrates, where residue HisE7 is
the sixth heme-Fe ligand both in the ferrous deoxygenated (Fe?*)
and ferric (Fe**) forms. O, and CO displace the endogenous
protein ligand, leading to the reversibly oxygenated and carbon-
ylated derivatives, respectively. Kinetics and thermodynamics of
O, and CO binding to Ngb may be depicted by a minimum
three-state mechanism (equation 1), encompassing the dissociation
of the endogenous HisE7 ligand as the rate-limiting step, i.e. [K,g:
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koff<H) kon(L)
Fe-HisE7 + L <> Fe + HisE7 + L <> Fe-L + HisE7 (1)
Kongery Kotray

where L is either O, or CO (Burmester et al., 2000; Couture et al.,
2001; Dewilde et al., 2001; Trent et al., 2001).

Kinetic studies have shown high values of the second order
association rate constant [k, and low values of the dissociation
rate constant [kyz] for both O, and CO, indicating a high
intrinsic affinity (i.e. high K, values) for these ligands (Table I
and Supplementary data, available at EMBO reports Online).
Resonance Raman spectroscopic studies suggest that the high
stability of the Ngb-O, and —CO complexes reflect polar inter-
actions between the heme-bound ligand and the protein matrix,
stronger than those observed in Hb and Mb (Couture et al.,
2001). Despite conflicting results on the value of the rate
constant for HisE7 dissociation from the heme-Fe atom ([Kyy]
values range between 4.5 and 8.2 x 10% s71), the values of the
apparent equilibrium constant, K, for oxygenation and carbo-
nylation of Ngb appear to be lower than those of the intrinsic
affinity constant, K, (see Supplementary data). However,
because of competition with the endogenous HisE7 ligand for
the sixth coordination position of the heme-Fe atom, the
apparent O, and CO affinities for Ngb (expressed by K”;,) are
similar to those observed for Mb and isolated o~ and B-chains of
Hb (see Supplementary data; Burmester et al., 2000; Dewilde et
al., 2001; Trent et al., 2001).

Infrared spectroscopy reveals pronounced heterogeneity in
the distal heme pocket, with multiple bound conformations and
multiple CO docking sites among which the ligand can migrate.
Geminate ligand binding (i.e. rapid rebinding of a heme-photo-
dissociated CO molecule from the distal site, or a protein matrix
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Fig. 3. An evolutionary model of human globins. The different locations of globin genes in human chromosomes are reported at the top of the figure, distinguishing
between the functional genes (in color) and the pseudogenes (in grey). Figure modified from Burmester et al. (2002).

Table 1. Values of kinetic and thermodynamic parameters for the binding of
0O, and of the endogenous ligand HisE7 to ferrous human NGB and CYGB

Globin Ligand k,? kg K'q P Py Psp™d
(sh (M (torr) (torr)
NGB® O, 2.5x%x 108 0.80 7.0%x10° 0.79 1
M- g1
NGBf 0O, 1.3 x 108 0.30 20x 108 2.8x1073 —
M- g1
CYGB: O, 3.0 107 0.35 1.0 x 10° 0.55 -
M- g1
NGB¢ HisE7 20x103s! 45 - - -
NGBf HisE7 9.8x10°s! 82x10° - - -
CYGB¢ HisE7 43x10*s! 5 - - -

“Values of K’ differ in their units depending on whether the heme-Fe
ligand is endogenous (i.e. HisE7, s7!) or exogenous (i.e. O, or CO, M1 s71).
"Values of K, were calculated according to the following equation (Trent
etal.,2001):

K’ 1) = [konukotia) /1 + Konge/ Ko -

“Values of P, were calculated according to the following equation:

Py =760 torr x (A x K'(L))*‘, where A (= 1.38 x 107 M) is the O, solubility
in water at 760 torr, pH 7.0 and 20.0°C (Antonini and Brunori, 1971).

dThe value of Ps,* was determined from equilibrium experiments.

¢Data from Burmester et al. (2000); Dewilde et al. (2001).

fTrent et al. (2001).

€Trent and Hargrove (2002).

location, to the heme-Fe atom) is extremely fast, suggesting a
very small enthalpy barrier at the heme Fe. The distal pocket
heterogeneity may arise from local conformational disorder in
the CD region and the PheB10 residue (Kriegl et al., 2002), as
seen in the tertiary structure of the hexacoordinated rice Hb
(Hargrove et al., 2000).

The ‘universal’ cytoglobin

Like Ngb, Cygb was found in the EST databases of man, mouse
and zebrafish (Burmester et al., 2002; Trent and Hargrove,
2002). The rat homologue had been previously identified in a
proteomics approach that showed upregulation of a heme-
containing protein in the stellate cells of fibrotic liver; the
spotted protein was termed ‘stellate cell activated protein’, or
STAP (Kawada et al, 2001). Cytoglobin was subsequently
renamed in view of its expression in many human tissues
(Burmester et al., 2002).

Phylogenetic analyses suggest that Cygb and Mb form a
common clade within the tree of the vertebrate globins
(Burmester et al., 2002), these two genes having separated from
one another more than 450 million years ago. This notion is
supported by the observation that the chromosomal regions
encompassing the human CYGB (17g25) and MB genes (22q12)
(Figure 3) represent long paralogous stretches of genomic DNA,
which are thought to have originated by an ancient duplication
event (McLysaght et al., 2002). In this evolutionary scenario, Mb
would be a muscle-specific version of an intracellular globin
that features broad tissue distribution and general function.

All Cygb genes described so far contain the globin-typical
introns at positions B12.2 and G7.0. In addition, the mammalian
Cygb has an intron downstream of the H helix (HC11.2), close to
the 3’ end of the coding region. The lengths of the mammalian
(190 amino acids) and fish (174 amino acids) Cygbs exceed
those of vertebrate Mbs and Hbs, which typically comprise 140
to 150 residues (Figure 2; Burmester et al., 2002; Trent and
Hargrove, 2002). The differences relative to classical globins are
mainly located in the unusually long N- and C-terminal regions,
which occasionally have been observed in some invertebrate
and primitive vertebrate respiratory globins (Bolognesi et al.,
1997; Neuwald et al., 1997; Hardison, 1998). In the mammalian
Cygb, the presence of the long N-terminus may be partly
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explained by a short duplication of the 5" gene coding region;
the C-terminal extension results mainly from the recruitment of
an additional short 3” exon (Burmester et al., 2002). This exon is
not present in fish and seems to have been acquired later in
tetrapod evolution.

Sequence conservation among the mammalian Cygbs is
extremely high for vertebrate globins: mouse and human Cygb
differ by only 4% of their amino acids. No extended sequence
insertions appear to perturb the core region of Cygb, where
structural features of the classical globin fold can be recognized.
The key residues, PheCD1, HisE7 and HisF8, which are
important for structure and function in respiratory globins, are
conserved in Cygbs. As in the Ngb case, amino acid sequence
analysis suggests that the classical three-over-three o-helical
sandwich fold is likely adopted by Cygb (Figure 2; Burmester
et al., 2002; Trent and Hargrove, 2002).

Cygb also belongs to the newly discovered class of vertebrate
hexacoordinated Hbs (Burmester et al., 2002; Trent and
Hargrove, 2002). Kinetics and thermodynamics for O, and CO
binding to Cygb follow the minimum three-state mechanism
proposed for Ngb oxygenation and carbonylation (see equation
1). However, values of [kl for O, and CO binding to Cygb are
lower than those reported for ligand binding to Ngb, whereas the
values of [kl for ligand dissociation from Ngb and Cygb are
similar. Overall, this again results in ligand affinities (P5," of 0.55
and 3.4 x 1072 torr, for O, and CO, respectively) that are compar-
able to those displayed by Mb (P, of 0.65 and 1.7 x 1072 torr,
for O, and CO, respectively; Table | and Supplementary data;
Trent and Hargrove et al., 2002).

Possible function(s) of neuroglobin
and cytoglobin

The physiological roles of pentacoordinated vertebrate globins
are well defined. The transport of O, by Hb, as well as the
Mb-facilitated diffusion and storage of O,, are among the best
characterized protein mechanisms (Wittenberg, 1970, 1992;
Antonini and Brunori, 1971; Perutz, 1979, 1990; Dickerson and
Geis, 1983; Bunn and Forget, 1986; Wittenberg and Wittenberg,
1989; Hardison, 1996, 1998; Brunori, 1999; Merx et al., 2002).
However, the situation is less clear in the case of the less
abundant hexacoordinated globins, Ngb and Cygb, and several
functions are conceivable.

Ngb and Cygb may have a Mb-like function in O, metabolism,
facilitating O, diffusion to the mitochondria (Burmester et al.,
2000; Moens and Dewilde, 2000). In the case of Ngb, this
hypothesis is supported by its ability to rescue neuronal cells
from hypoxic—ischemic insults, and by its enhanced expression
under hypoxic conditions in vitro as well as in focal cerebral
ischemia in vivo (Sun et al., 2001). Moreover, the survival of
neuronal cells in culture after hypoxia is reduced upon inhib-
ition of Ngb expression with an antisense oligodeoxynucleotide,
and enhanced by Ngb overexpression. The mechanism of
hypoxic induction is still unclear, but several lines of evidence
suggest that the stress response may be mediated by the hypoxia-
inducible transcription factor HIF-1 (Sun et al., 2001). Also, the
hypoxic induction of Ngb is blocked by an inhibitor of MEK
(mitogen-activated protein kinase/extracellular signal-regulated
kinase), and Ngb expression can be induced by heme, although
heme availability and hypoxia-induced pathways are controlled
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through different mechanisms (Zhu et al., 2002). Values of the
kinetic parameters for O, binding (Table 1) and the local concen-
tration of Ngb within neuronal and endocrine cells (Reuss et al.,
2002) are in keeping with a Ngb role as O, supplier.

A second role of Ngb and Cygb may be as NADH oxidases,
which facilitate the glycolytic production of ATP under semi-
anaerobic conditions. Such a function has been proposed for the
hexacoordinated non-symbiotic Hbs of plants, e.g. maize (Sowa
et al., 1998). Ngb and Cygb may also function as O, sensors,
participating in a signal transduction pathway that modulates the
activities of regulatory proteins in response to changes in O,
concentration. Indeed, it has been suggested that large confor-
mational changes occur in the heme pocket of hexacoordinated
globins upon ligand binding (Hargrove et al., 2000; Kriegl et al.,
2002) and these might very well trigger signals in hypothetical
downstream regulators.

Finally, Ngb and Cygb may carry out yet undocumented enzy-
matic activities. In analogy with Mb (Ascenzi et al, 2001;
Brunori, 2001; Flogel et al., 2001), flavohemoglobins (Liu et al.,
2000), truncated Hbs (Ouellet et al.,, 2002) and Ascaris Hb
(Minning et al.,, 1999), Ngb and Cygb might be involved in
NO/O, chemistry. However, no obvious correlation between
NO production and Ngb expression has been observed at the
cellular level (Reuss et al., 2002). Cygb also displays a catalase
activity (Kawada et al., 2001), whose physiological relevance is,
however, unclear since many different globins marginally
support such an activity.

Conclusions

The functions of Hb and Mb in O, supply are thought to be well
understood, although recent investigations have shed light on
surprising additional functions (Ascenzi et al., 2001; Brunori,
2001; Flogel et al., 2001). The recent discovery of two novel
types of globins, Ngb and Cygb, displaying heme hexacoordination
has a substantial impact on our understanding of O, metabolism
in man and other vertebrates. The vastly different expression
patterns of the four globin types (Hb, Mb, Ngb and Cygb)
strongly suggest diverse roles. Furthermore, it is conceivable that
Ngb and Cygb will cast new light on the ancestral function of
vertebrate globins in general (Cygb), and within the nervous
system in particular (Ngb). They may also show the well-known
Hb and Mb to be highly specialized heme-proteins that evolved
in (in)vertebrates in response to the demands of the circulatory
system and of muscle, respectively, thereby enabling these
organisms to develop larger and more efficient body plans.

Supplementary data
Supplementary data are available at EMBO reports Online.
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