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Abstract

The globin superfamily of proteins is ancient and diverse. Regular assessments
based on the increasing number of available genome sequences have elaborated
on a complex evolutionary history. In this review, we present a summary of a
decade of advances in characterising the globins of cyanobacteria and green
algae. The focus is on haem-containing globins with an emphasis on recent
experimental developments, which reinforce links to nitrogen metabolism and
nitrosative stress response in addition to dioxygen management. Mention is made
of globins that do not bind haem to provide an encompassing view of the
superfamily and perspective on the field. It is reiterated that an effort toward
phenotypical and in-vivo characterisation is needed to elucidate the many roles
that these versatile proteins fulfil in oxygenic photosynthetic microbes. It is also
proposed that globins from oxygenic organisms are promising proteins for
applications in the biotechnology arena.
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Abbreviations

5¢ five-coordinate

6¢ six-coordinate

BBAG bilin biosynthesis-associated globin

BLAST basic local alignment search tool

CtrHb haem domain of Chlamydomonas eugametos L1637 haemoglobin
Fgb single domain haemoglobin related to flavohaemoglobin

GCS globin-coupled sensor

Hb haemoglobin

LI light induced

M myoglobin-like

Mb myoglobin

PDB protein data bank

Pgb protoglobin

PPR pentapeptide repeat

PTM post-translational modification

S sensor

SSDgb sensor single domain globin related to the GCS globin domain
STAS sulphate transporter and anti-sigma factor antagonist

T truncated

1. Introduction

The history of haemoglobin research is rooted in its importance to
human health, and pragmatically, in the ease of extracting and purifying large
quantities of coloured material from mammalian sources. By the middle of
the twentieth century, globin studies had transformed biological sciences —
proteins were finally viewed with a chemist’s attention to the relationship
between three-dimensional structure and functional properties. Decades of
work in multiple laboratories yielded novel physical and biochemical
knowledge about mammalian haemoglobins and myoglobins. The sub-
sequent development of genome sequencing, recombinant technology, and
protein purification techniques made possible the investigation of low-
abundance proteins. As a result, the inventory of vertebrate globins saw an
unexpected expansion with the addition of neuroglobin (Burmester, Weich,
Reinhardt, & Hankeln, 2000), cytoglobin (Kawada et al., 2001), androglobin
(Hoogewijs et al.,, 2011) and others (Koch & Burmester, 2016), while
thousands of globins across all domains of life, including photosynthetic
organisms, were also discovered. A century of mammalian physiologic
investigations of haemoglobins has been linked to a growing, diverse
genomic database of members of the globin superfamily. Now with our
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modern bioinformatic perspective this group of proteins offers unique
insights on the evolution of life on earth spanning the early anoxic era, with
oceans of plentiful reduced iron, through to the extensive diversity seen in
the (generally) aerobic biome present today (Schuster, Salvatore, Moens, &
Marti, 2024).

This article captures information available since our previous two
summaries on the topic of cyanobacterial and chlorophytic globins
(Johnson & Lecomte, 2013, 2015). To broaden the scope of the review, we
briefly include non-haem binding globins as they contribute to the history
of the superfamily. Throughout, we rely on several insightful reports that
provide assessments of phylogeny (Schneider, Tan, Li, Fisher, & Zhang,
2022; Schuster et al., 2024), plant haemoglobins (Becana, Yruela, Sarath,
Catalan, & Hargrove, 2020), and phycobiliproteins (Rockwell, Martin, &
Lagarias, 2023). The reader is referred to these sources and the references
they contain for in-depth descriptions.

1.1 Structural considerations

Before discussing the particulars of globins in cyanobacteria and chlorophytes,
it 1s useful to take a structural perspective to organise the vast group of haem-
binding globins. The globin domain is made of six to eight o helices of
variable length and connected by turns and loops. In accordance with myo-
globin labelling, the helices are sequentially referred to with letters from A at
the N terminus to H at the C terminus (Perutz, 1979), with helix D missing
from entire sets of proteins. Full-length globins adopt a sandwich topology by
which three a helices fold over another three a helices (Fig. 1A). This
“canonical” or 3/3 myoglobin fold (~150 residues) is occasionally decorated
with extensions, e.g., for membrane anchoring (Blank et al., 2011; Ertas,
Kiger, Blank, Marden, & Burmester, 2011; Hafideddine et al., 2023; Rhéault
et al., 2015). The Protein Data Bank IDs of structural examples are provided
in Table 1. Some globin domains are smaller (~120 residues) and referred to as
“truncated” (Wittenberg, Bolognesi, Wittenberg, & Guertin, 2002). Their
topology is a sandwich of two helices over two helices, 2/2 for short (Pesce
et al., 2000) (Fig. 1B). Even smaller sequences are found in BLAST searches
(Altschul, Gish, Miller, Myers, & Lipman, 1990), suggesting that 90-100
residues may be sufficient to wrap the helices in a globular shape and construct
a spacious hydrophobic cavity. True haemoglobins have conserved a histidine,
called proximal or F8, that anchors the haem group in the cavity. Haem-
binding globins occur in a variety of quaternary structures (Flores et al., 2005;
Royer, Knapp, Strand, & Heaslet, 2001), many cooperative and some large
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Fig. 1 The two globin folds and the haem group. (A) Ribbon diagram of the 3/3
sandwich illustrated with Thermosynechococcus elongatus globin (PDB ID 8H17).
Helices A, E, and F fold over helices B, G, and H. The haem group and proximal
histidine are shown with sticks. This S globin has an additional helix, “pre-A" or Z. (B)
Ribbon diagram of the 2/2 sandwich illustrated with Chlamydomonas reinhardtii THB4
(PDB ID 6BME). Helices B and E fold over helices G and H. The haem group, proximal
histidine, and distal lysine are shown with sticks. In (A) and (B), the ribbons are
coloured from N-terminus (blue) to C-terminus (red). Helices are labelled with the
standard myoglobin nomenclature (Perutz, 1979). (C) The structure of the haem
group. The haem is enveloped by the protein, its 6- and 7-carboxylate groups fre-
quently the only functionalities exposed to solvent. Table 1 lists the PDB IDs of the
proteins mentioned in the figures and text.

enough to warrant study by cryogenic electron microscopy (Afanasyev et al.,
2017). They also appear as a module within polypeptide chains containing
other globin and non-globin domains.

Opver the years, repeated genome analyses have produced a robust tree
composed of three monophyletic lineages (Schuster et al., 2024; Vinogradov
et al., 2005). These lineages correspond to the myoglobin (M) family, the sensor
globin (S) family, and the truncated globin (T) family, each appearing as single-
domain or as multiple-domain proteins. The globin domain of M and S pro-
teins adopts the 3/3 topology. The M family comprises mostly single domain
proteins and two classes of chimeric proteins, androglobins and flavohae-
moglobins. In contrast to the M family, the S family is mostly composed of
multidomain proteins in which a globin, often N-terminal, serves as the sensing
unit for one or more non-globin domains. Sensing units enable activities such as
adenylate and diguanylate cyclase, histidine kinase, aerotaxis and oxygen sensing
(Freitas, Saito, Hou, & Alam, 2005; Vavra, Sergunin, Jefabek, Shimizu, &
Martinkova, 2022). The single domain proteins of the S family cluster into
sensor globins (SSDgb) and protoglobins (Pgb). Their origin is likely the loss of
non-globin domains from globin-coupled sensors over the course of evolution
(Schuster et al., 2024). The T family is composed of 2/2 proteins grouped into
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four clades, labelled TrHbN, TrHbO, TrHbP, and TrHbQ (Bustamante et al.,
2016; Vuletich & Lecomte, 2006; Wittenberg et al., 2002) or, preferably,
TrHb1 through TrHb4 (Vinogradov, Tinajero-Trejo, Poole, & Hoogewijs,
2013). Some T family proteins occur with a multiunit architecture and others as
multidomain assemblies (Hade, Kaur, Chakraborti, & Dikshit, 2017; Nardini,
Pesce, & Bolognesi, 2022).

Structural studies and sequence alignments have identified two addi-
tional groups of proteins that adopt the 3/3 globin fold but do not bind
haem, represented by phycocyanins (Schirmer, Bode, Huber, Sidler, &
Zuber, 1985) and environmental stress-signalling proteins (RsbR) (Murray,
Delumeau, & Lewis, 2005) (Table 1). Phylogenetic studies support their
relationship to the haem-binding globins and expand the superfamily to a
five-branch tree (Schneider et al., 2022).

1.2 Chemical considerations

The haem-binding branches of the globin superfamily of proteins present a
particular challenge for physiological assessment. The difficulty stems in
large part from the chemical versatility of the haem group. The central iron
is held in the nearly planar porphyrin core by bonds to each of the four
pyrrole nitrogens (Fig. 1C). It can readily assume three oxidation states
with different reactivities (Reeder, 2017): Fe(Il), which is used to bind
dioxygen reversibly, and two higher oxidation states, Fe(Ill) and Fe(IV),
the latter encountered as a reaction intermediate. Fe(II) and Fe(IIl) haems
can associate with and activate small molecules and ions; generate radicals
and quench them; and act as a redox pair in electron transfer processes. The
reactions that a particular globin may favour among many possibilities are
ultimately selected and regulated by the protein matrix.

A common way by which haemoglobins adjust the chemistry of the
haem group is through the coordination of the iron. Foremost is the stable
ligation of the proximal histidine through its Ne atom. Histidine F8 occupies
one of the two axial coordination sites, forming a five-coordinate (5c) square
pyramid. Most haem-binding globins have the opposite or distal axial site
open for an exogenous ligand, i.e., a non-proteinic molecule or ion. Given
the propensity of Fe(Il) and Fe(Ill) to complete their coordination sphere
and achieve a six-coordinate (6¢) octahedral geometry, it is not surprising
that some proteins, either naturally (Couture et al., 2000; Johnson et al.,
2014) or as a (mis)folding intermediate (Samuel, Smith, Phillips, & Olson,
2015; Samuel et al., 2020), provide a distal residue for one more ligation
bond. Haemoglobins that have residues occupying both axial positions have
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been referred to as “hexacoordinate” in the literature (Kakar, Hoffman,
Storz, Fabian, & Hargrove, 2010). Endogenous hexacoordination can alter
the kinetics of exogenous ligand binding (Hafideddine et al., 2023; Smagghe,
Sarath, Ross, Hilbert, & Hargrove, 2000) and tune the redox properties of
the haem iron (Reedy, Elvekrog, & Gibney, 2008).

Regardless of whether a globin is involved in dioxygen pickup and
delivery or chemical transformations, the makeup of the entire haem cavity
is critical to establishing suitable rates of reaction so that substrate and
electron fluxes mesh with the activities of other components of the cell.
Four residues lining the distal side of the haem recur in groups of globins
and influence ligand binding properties. According to Perutz notation, they
occupy positions B10, E7, E11, and G8. In T globin, the residue at position
E10 is also critical because it can serve as an axial ligand to the iron
(Fig. 2A). Configurations with residues capable of hydrogen bonding, such
as a tyrosine at B10 and a glutamine at E7 (Fig. 2B), tend to stabilise the
dioxygen-bound state of the protein by decreasing the dissociation rate
constant, k.g, whereas hydrophobic residues at the same positions tend to
accelerate ligand loss. Typical composition at essential positions of M, S,
and T proteins are listed in Table 2.

Reactivity also depends subtly on the dynamic features of the protein
(Estarellas et al., 2016). As observed for haemoglobin, reversible binding of

Fig. 2 Key residues controlling haem chemistry. (A) The distal lysine-bound (hex-
acoordinate) state of ferric C. reinhardtii THB1 (PDB ID 4XDI). (B) The exogenous
ligand-bound state of the same illustrated with the cyanide adduct (PDB ID 6ClI).
Residues B10, E7, E10, E11, F8 and G8 are shown with sticks along with the haem
group. In (B), B10, E7, and E11 form a network of hydrogen bonds stabilising the
cyanide ligand.
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ligands requires structural fluctuations (Perutz & Mathews, 1960) and so
does cooperativity of ligand binding (Shibayama, 2020) and often enzy-
matic activity. Many microbial globins, in particular T globins (Milani
et al., 2005) and protoglobins (Pesce, Bolognesi, & Nardini, 2013), possess
networks of (gated) tunnels that allow access to the distal site and modulate
the association rate constant, k,,, of exogenous ligands. The combination
of tunnels and distal pocket composition results in variable affinity for O,
and other molecules. Thus, inspection of structural models can discriminate
between functions such as nitric oxide detoxification (high O, affinity and
access for two substrates) and transport (moderate O, affinity) (Bustamante
et al., 2016). Table 2 compiles anticipated O, affinity on the basis of
structural features.

In the microbial world, where modern M, S, and T globins perform
under the most diverse conditions and within host cells with the most diverse
metabolism, it is expected that reversible dioxygen binding is only one of
several possible roles that have evolved over billions of years. Even myo-
globin, the textbook oxygen storage protein of vertebrates, assumes more
complex roles than facilitated dioxygen diffusion. Its repertory now includes
nitrite reduction and nitric oxide dioxygenation (Aboouf, Gorr, Hamdy,
Gassmann, & Thiersch, 2023; Keppner et al., 2020). Presumably, these
ancillary functions are tightly regulated in the crowded cellular environment.
In general, active site composition, fluctuations and conformational rear-
rangements conspire to allow some processes and simultaneously inhibit
others. Among confirmed microbial main cellular activities are the detox-
ification of nitric oxide by Escherichia coli flavohaemoglobin (Poole, 2020) and
Mycobacterium  tuberculosis haemoglobin N (a single domain T protein)
(Carabet, Guertin, Laglie, & Lamoureux, 2017), but others, listed in Table 3,
have been demonstrated in vitro and proposed in vivo.

2. The haem-binding globins of cyanobacteria and
green algae

Cyanobacteria (Bacteria) and unicellular green algae (Eukarya) har-
bour M, S, and T globins. For the purpose of this review, a search was
performed for several haem-containing proteins expected to be found (or
not) in cyanobacterial and green algal genomes. BLAST searches with
default parameters (Altschul et al., 1990) were performed with the National
Center for Biotechnology Information database of non-redundant protein
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Table 3 Some of the processes performed by haem-binding globins.

Reversible O, binding Hb-Fe(Il) + O, 2 Hb-Fe(II)-O,

Autoxidation Hb—Fe(I)-O, + 2 H" — Hb-Fe(Ill) + H,O,

Nitrite reduction Hb—Fe(Il) + NO,  + H" — Hb-Fe(IIl) +
NO + OH™

NO dioxygenation Hb-Fe(I)-O, + NO — Hb—Fe(Ill) + NO3™

NO reduction 2 Hb—Fe(I)-NO +2 H" — 2 Hb—Fe(III) +
N,O + H,O

Hydroxylamine reduction 2 Hb—Fe(Il) + NH,OH +2 H" — 2 Hb-Fe

(I) + NH," + OH~

Azanone (HNO) production Hb—-Fe(III)-NO + H — Hb—Fe(II)-HNO

Catalase activity Hb—Fe(IIl) + H,O, — Hb—Fe(Ill) + O, + H,O
Peroxidase activity Hb-Fe(Ill) + H,O, — Hb-Fe(IV)=0O + H,O
Hydrogen sulphide Hb—Fe(Ill) + H,S — thiosulphate,

oxidation persulphide, etc.

sequences and limited to Cyanobacteria (taxid:1117), which included data
for 921 organisms, or Chlorophyta (taxid:3041), which included data for
113 organisms.

2.1 Cyanobacterial haem-binding globins

2.1.1 T haemoglobins

2.1.1.1 Nostoc commune UTEX 584 GIbN

The discovery of cyanobacterial haemoglobin was reported in 1992 by
Potts and colleagues (Potts, Angeloni, Ebel, & Bassam, 1992) who iden-
tified a truncated protein (group TrHb1) in the genome of Nostoc commune
(order Nostocales). The gene, glbN, was found between two nif operons
required for the synthesis of nitrogenase, and its expression was detected
upon microaerobic nitrogen starvation. A protective role as a dioxygen
scavenger was then proposed. Later characterisation of the purified protein
and the cyanobacterium noted the moderate dioxygen affinity of GIbN
(Thorsteinsson, Bevan, Ebel, Weber, & Potts, 1996) and its cytoplasmic
localisation at the cell membrane (Hill et al., 1996). The nitrogenase-
protective role of GIbN was then refined as delivering dioxygen to a
terminal cytochrome oxidase.
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The ability of GIbN to scavenge oxygen was recently applied to the
phototrophic production of hydrogen. Clostridium acetobutylicum, among
other anaerobic bacteria, is capable of relatively high hydrogen production
using an [FeFe]-hydrogenase. This enzyme, like N. commune’s nitrogenase,
is sensitive to oxygen (Hong & Pachter, 2012). Avilan and co-workers
(Avilan et al., 2018) engineered Nostoc sp. PCC 7120 to express C. acet-
obutylicum hydrogenase in the cyanobacterial heterocysts, highly specialised
cells that differentiate amidst vegetative cells when fixed nitrogen sources
become limited. To deplete the heterocysts from oxygen generated by
photosystem II in the adjacent vegetative cells, the authors included the
gene for N. commune GIbN. The cyanobacterium engineered with GIbN
indeed produced H, more efficiently than that without. This supports,
albeit indirectly, the view that GIbN’s function is to bind dioxygen
reversibly for disposal.

Since the discovery of N. commune GIbN, several studies have focused
on the relatives of this T protein, notably GIbN from Synechocystis sp. PCC
6803 and Synechococcus sp. PCC 7002, both model cyanobacteria. The two
GIbN proteins, unlike many known only through genome sequencing,
have been identified in the cell and are detected in omic data sets.

2.1.1.2 Synechocystis sp. PCC 6803 GIbN

The first studies of Synechocystis sp. PCC 6803 GIbN (order Synechococcales,
hereafter Synechocystis GIbN) appeared in 2000 (Couture et al., 2000; Scott &
Lecomte, 2000). Synechocystis GIbN differed from N. commune GIbN in
critical ways. Electronic absorption spectra indicated that the haem group
was coordinated by two protein residues, which were identified as His46
(E10, distal) and His69 (F8, proximal), the former confirmed with the
His46Ala replacement (Couture et al., 2000). Importantly, the oxygen dis-
sociation constant was four times lower than that of N. commune GIbN, and
because of this property, and the fact that Synechocystis does not fix nitrogen,
a function different from oxygen scavenging was suspected.

Several studies of the purified protein followed. Besides the coordina-
tion of the iron by two histidine residues (yielding a bis-His, 6¢ complex), it
was found that the protein prepared in the Fe(Ill) oxidation state, once
reduced to the Fe(ll) state, undergoes a spontancous and irreversible post-
translational modification (PTM). The result is a haem—protein crosslink
preventing the loss of the cofactor (Vu, Jones, & Lecomte, 2002). This
linkage is similar to that present in mature cytochrome ¢, except that the
residue adding to a haem vinyl substituent is not a cysteine, but a histidine
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(His117, at the end of the H helix). Structural information was obtained by
nuclear magnetic resonance spectroscopy (Falzone, Vu, Scott, & Lecomte,
2002) (protein without the crosslink) and by X-ray diffraction (protein
with the crosslink) (Hoy, Kundu, Trent, Ramaswamy, & Hargrove, 2004).
GIbN exhibits the 2/2 fold with variations, for example a ~four-turn F
helix and a kink in the H helix related to the haem—protein crosslink.

Purified GIbN has served as a platform for exploring the structural
plasticity of the truncated fold. Displacement of the distal histidine (His46) by
diatomic ligands such as cyanide illustrates a conformational rearrangement
(Trent, Kundu, Hoy, & Hargrove, 2004) allowed by the ~9-residue loop
connecting the E and F helices. Flexibility is also manifested by the His46Leu
variant prepared in the Fe(Ill) state, which, despite the replacement, still
forms a 6¢, bis-His complex, but using His70 (proximal) and His117 (Nye &
Lecomte, 2018). The unusual consequence of a single amino acid replace-
ment emphasises the ability of the 2/2 fold to generate alternative haem
binding sites. It also distinguishes at least some members of the T family from
the 3/3 proteins, which tend to have relatively rigid structures and present
few examples of coordination of the haem iron by a residue other than or in
addition to F8.

The reactivity of Synechocystis GIbN was explored further for hints to
potential function. Tests included NO dioxygenation to nitrate (Smagghe,
Trent, & Hargrove, 2008), nitrite reduction to nitric oxide (Sturms,
DiSpirito, & Hargrove, 2011), and hydroxylamine reduction to ammonia
(Sturms, DiSpirito, Fulton, & Hargrove, 2011). These processes require a
reducing agent or a reductase for multiple turnovers. In some situations, it is
expected that the pool of ferredoxin serves the purpose (Scott et al., 2010).
Recently, the existence of a cognate reductase was proposed (Uppal, Khan,
& Kundu, 2020). The study used the sequence of the reductase that main-
tains soybean leghemoglobin in the Fe(Il) state to query the genome of
Synechocystis sp. PCC 6803. The search retrieved dihydrolipoamide dehy-
drogenase, the E3 component of pyruvate dehydrogenase. This ubiquitous
class-I pyridine nucleotide-disulphide oxidoreductase, once purified, is
capable of reducing Fe(Ill) GIbN and may provide another avenue for
recycling oxidised GIbN to the Fe(II) state in the cell.

None of the above studies provide definitive in-the-cell information on
the function of GIbN in Synechocystis sp. PCC 6803. However, recent
engineering and transcriptomic analyses offer clues. In a study designed to
probe the porphyrin biosynthetic pathway in Synechocystis sp. PCC 6803 and
ultimately enhance the industrial production of haem and phycocyanin,
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Meng, Gao and coworkers created mutant strains of Synechocystis sp. PCC
6803 overexpressing genes associated with haem synthesis or use, either
endogenous genes including glbN, or genes from Synechococcus elongatus PCC
7942 (Cao et al., 2023). Overexpression of glbN resulted in slower growth
and a higher haem content than the wild-type strain by a factor of 2.5 in
contrast to all other strains, which showed haem depletion. Overexpression
of gIbN also resulted in downregulation of hemC (hydroxymethylbilane
synthase, now HmbS (Dailey et al., 2017)) and hemN (coproporphyrinogen
dehydrogenase, now CgdH), whereas downregulation of glbN was observed
with overexpression of hemE (uroporphyrinogen III decarboxylase, now
UroD). The increase in haem content upon overexpression of glbN was
attributed to the ability of the product to serve as a haem sink, although it
was not specified whether the additional haem was cross-linked to the
protein or not. It is perhaps relevant that neither of the two haem oxyge-
nases, enzymes that process haem to produce photosynthetic pigments, were
upregulated under those conditions. Regardless, this study suggests that
GIbN participates in a feedback mechanism for haem synthesis.

In a transcriptomic study seeking to compare adaptation to different
light spectra under anoxic conditions (Battistuzzi et al., 2024), a link was
proposed between nitrogen metabolism and GIbN. When illuminated with
far red light, Synechocystis sp. PCC 6803 upregulates the expression of norB,
a nitric oxide reductase catalysing the conversion of NO to N,O. A
hypothesis to explain the need to remove NO despite the absence of an
NO-producing nitrite reductase in the cyanobacterium (Biisch, Friedrich,
& Cramm, 2002) implicates GIbN as responsible for NO generation. This
is a documented activity of the protein in vitro under anoxic conditions
(Sturms et al., 2011) and may well account for the norB observation.

2.1.1.3 Synechococcus sp. PCC 7002 GIbN

Synechococcus sp. PCC 7002 (order Chroococcales) is an established model
cyanobacterium that contains one glbN gene. The product (hereafter
Synechococcus GIbN) 1s 59% 1dentical in sequence to Synechocystis GIbN and
shares many of its physico-chemical properties, including the ability to form
a haem—protein crosslink as well as the coordination of the haem iron by
both the proximal histidine and a distal histidine (His E10). The plasticity of
the 2/2 fold is again apparent, revealed with the use of a modified haem
cofactor. When dimethyl-esterified haem b is used instead of haem b, Lys E6
competes with His E10 for Fe(ll) coordination (Nye, Preimesberger,
Majumdar, & Lecomte, 2018).
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Deletion of the glbN gene renders the synechococcal cells more sus-
ceptible to nitrate and nitric oxide challenges (Scott et al., 2010), and a role
in the mediation of reactive nitrogen and oxygen species was therefore
proposed. Analysis of cell extracts confirmed the formation of the
haem—protein crosslink. Subsequent in vitro studies noted a difference in
the reactivity of the protein with and without it (Preimesberger, Johnson,
Nye, & Lecomte, 2017). Specifically, covalent attachment of the haem
conveys protection from NO-mediated haem loss from the Fe(Il) state. It
also prevents the formation of azanone (HNO), a reactive compound that
attacks thiols and is known to serve as a signalling agent in some organisms
(Bianco, Toscano, Bartberger, & Fukuto, 2017).

In a network analysis of transcriptomic data (McClure et al., 2016), glbN
is grouped with genes of the “defence and invasion systems.” In the net-
work, ¢lbN has a single connection, to gifB, the product of which is the
glutamine synthetase inactivating factor IF17 GifB (Bolay, Muro-Pastor,
Florencio, & Kliahn, 2018). Because glutamine synthetase is the key
enzyme of nitrogen assimilation, the significance of the link to ¢g/bN may lie
in a relationship to nitrogen metabolism as noted for Synechocystis GIbN.

2.1.1.4 Other TrHbs

The cyanobacterial haemoglobins studied so far belong to the TrHb1
group. The available genomes of cyanobacteria contain fewer than twenty
instances of TrHb2s, an abundant clade in bacteria (Vinogradov, Tinajero-
Trejo, et al., 2013) and represented by Mycobacterium tuberculosis HbO
(Ouellet, Milani, et al., 2007). HbO has a high atfinity for dioxygen
inconsistent with delivery and in line with its documented peroxidatic
activity (Ouellet, Ranguelova, et al., 2007). To our knowledge, none of
the cyanobacterial TrHb2s have been characterised. On the basis of amino
acid composition at the essential positions mentioned in Section 1.2,
cyanobacterial TrHb2s are expected to have similar catalase-peroxidase
activity (Bustamante et al., 2016). Thus far, no instances of TrHb3 or
TrHb4 has been detected in cyanobacteria.

2.1.2 S haemoglobins

Cyanobacteria are known to contain single domain globins from the
S-family (Vinogradov, Tinajero-Trejo, et al., 2013). A search of cyano-
bacterial genomes was performed with the globin-sensor domain-containing
protein of Fischerella thermalis JSC-11 (order Nostocales). The query (Uniprot
accession G6FY51) returned a set of over 280 relatives. As expected, the
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BLAST results show this group to align with the globin domain of the
Geobacter sulfurreducens globin-coupled sensor (GCS). The sequences of the
cyanobacterial proteins containing the GCS-like globin domain are highly
conserved and only ~180-residue in length, i.e., single-domain globins
(referred to as single domain sensor globins, SDSgb (Vinogradov et al.,
2007), or sensor single domain globins, SSDgb (Schuster et al., 2024)). Their
architecture is a ~150-residue globin portion bracketed by a short
N-terminal segment and a C-terminal extension. AlphaFold2, a program
designed to predict the three-dimensional structure of a protein on the basis
of its amino acid sequence and selected Protein Data Bank structures (Jumper
et al.,, 2021), has been remarkably successful at providing good accuracy
three-dimensional models of proteins. The AlphaFold2 model of the query
anticipates with very high confidence that the N-terminal and C-terminal
extensions are helical. Residue conservation in these regions suggests that the
secondary structure will be conserved across other cyanobacterial examples.

The S globin from the hyperthermophile Thermosynechococcus elongatus
(order Acaryochloridales) shown in Fig. 1A belongs to the SSDgb group of
globins. The protein was recently made recombinantly and crystallised in
the imidazole-bound state (Mathur, Yadav, Yadav, Bhatt, & Kundu, 2023).
The structure of the globin domain is consistent with that of G. sulfurre-
ducens GCS (Pesce et al., 2009) (rmsd of 1.6 A over 146/152 Ca, 32%
identity) except that the presence of a phenylalanine at the distal position
(E7) prohibits the endogenous hexacoordination observed in G. sulfurre-
ducens GCS. The N-terminal and C-terminal extensions were not defined
by the electron density, perhaps indicating that the AlphaFold2 model
represents a plausible but sparsely populated conformer. In solution,
T. elongatus globin is monomeric and capable of oxygen binding. The role
of the protein in the organism remains to be elucidated.

A smaller group of about thirty single domain S proteins is identified by
querying the cyanobacterial genomes with the protoglobin of the archaea
Methanosarcina acetivorans (Freitas et al., 2004). Protoglobins are rare in cya-
nobacteria but have multiple representatives in archaebacteria. M. acetivorans
protoglobin is a homodimer with an N-terminal extension preceding the pre-
A (or Z) helix and a long loop between the F and G helices shielding the
haem group from solvent (Nardini et al., 2008). Among the distinguishing
characteristics of M. acetivorans protoglobin are a hydrophobic residue at
position E7 (valine) and a ruffled haem group. M. acetivorans is a methanogenic
archaebacterium that can use carbon monoxide as sole energy source for
growth (Rother, Oelgeschliger, & Metcalf, 2007). The proposed functions of
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its protoglobin include sensing cellular levels of CO and detoxification of
reactive oxygen and nitrogen species, the latter activity supported by the
processing of nitrite by the Fe(Ill) protein to yield bound nitric oxide
(Sgammato et al., 2023). Autoxidation of the oxygen-bound protein is rapid
compared to globins dedicated to oxygen transport. The same traits are
observed for the protoglobin of the extremophile archaea Aeropyrum pernix
(Freitas et al., 2004), which also has unknown function. The M. acetivorans
protoglobin-like proteins of cyanobacteria have highly conserved sequences
and possess the essential valine at E7 (Fig. 3). It will be interesting to discover if
the cyanobacterial protoglobins share chemical properties with archaeal pro-
teins and how the structure adjusts these properties to different metabolic
needs. Candidates for study include the proteins selected for Fig. 3.

-AAAAAAAAAAAAAA---BBBBBEBBBBBBB--CC
JEEY IQKAGEVLEDQVEEILDTWYGFVGSHPH

Methanosarcina acetivorans MSVEKIPGY'
Pleurocap: p. PCC 7327 MTTAATPGYTY! KYLHLAGEVLQDQVEDVLDVWY SFVGSHPH
Synechococcales cyanobacterium -MGAGIAGYTY \VAHSPLSI ] EDEQYLRLAGEVLODQIEAILDLWYSFVGSHPH
Gloeobacter morelensis —MLTAIAHYTYb@DAVARSPL%AEEFULLKKTVIEuAFDFRYIRLAhEVLADQIFAVIDVWYHFVHSHPH
Acaryochloris marina --MTAMVGYTY AAQSPI JLELLKKTVLF JEHY LHLAGEVLHDQTEAVLDVWY GFVGDNAH
Nostoc sp. FACHB-888 -MYTTVTGYTY! 'VAKSPLSM] SLLKQTVLF DEKYLHLAGEVLQDQIDAILDTWYSFVASHPH
Leptolyngbya sp. NIES-3755 TAHSPLTLNDLELLKQTVLFTDEDEKYLRMAGEVLEDQIAAVLDVWYGFVAANSH
cyanobacterium TDX16 LELLKQTVLFTDEDDKYLRLAGEVLEDQTDAVLDIWYGFVAANSH

skagkak  kkg kpgp kkkk Kk shk Kk k| g ok

| 1 | 1 | 1 | 1 I 1 |
20 30 40 50 60 70
_C t————FFFFFFFFFFFFFF-————————————————— G
cina acetivorans LLYYFTS PDH[PNFK i RSYDQAWLDYQYEIGLRHHRTKKNQTDNVESVPNIGY
PCC 7327 LIRYFSTPDGKLIEEYL MI\V](KRF’(&)W]] “QRPYDRDWLNYQQEIGLRHTQEKKGQTDHVQSVPHIGL
Synechococcales cyanobacterium LVHYFSGADNQPIADYLSAVRKRFAQWILDTCNRPYDQDWLNYQEEIGLRHHRLKKNQTDHVQAAPHIGL
LAIYFSSPEGVLDTEYLTRVRARFHQWI LDTCNRPYDTDWLNYQQETIGLRHTRAKKNLTDHVRSVPY IGM
“HOPDADYLSAVRKRFGOWILDTCNRSYDQEWLNYQQEIGLRHTYAKKNQTDGVQSVPHIGM

Gloeobacter morelensis

Acaryochloris marina

Nostoc sp. FACHB-888 LAQYFSTPDNQLIDE 'VRORFYQWILDTCNRSYDQTWLDYQOE IGLRHTYAKKNQTDHVVSVPHIGL
Leptolyngbya sp. NIES-3755 LVYYFSNA-GOPNFDYLSAVRKRFAQWILDTCNRPY DQDWLNYQQE IGLRHT YAKKNQTDHVEAAPHIGM
cyanobacterium TDX16 LAYYFSNA-GQLNSDYLTAVRORFAQWI LDTCNRPYDRDWLNYQQEIGLRHTYAKKNQTDRVEAAPHIGM
Pa—— Rk ek kk sk kk gk ek kk gk kkkkkk  kk, ok kg ok ok
| 1 | 1 | 1 | 1 | ] | 1 |
80 90 100 110 120 130 140
GGGGGGGGGGGGEEGGGGEGG-—-~HHHHHHHHHHHHHHHHHHHHHHHH ———————
Methanosarcina acetivorans RYLVAFTYPITATMKPFLARKGHTP EKMYQAWFKATTLQVALWSYPYVKYGDF
Pleurocapsa sp. PCC 7327 RYMIAFIYPITATIKPFLAKKGN: SKMYQAWFKSIVLOQVTLWSYPYAKQGYF
Synechococcales cyanobacterium RYLIAFIYPITATIKPFLAQKGHSADDVEKMHQAWFKSIVLQVALWSHPYVKEGDF
Gloeobacter morelensis RYMIAFTYPITATVKPFLANKGHSA! "KMHQAWFKSTVLQVTLWCLPYVEPANF
Acaryochloris marina RYMIAFIYPITATVKPFLSNKGHNVE (KMFQAWFKSITLQVTLWCYPYSKDEYF

Nostoc sp. FACHB-888 RYMIAFIYPITATIKPFLASNGHDAEE

Leptolyngbya sp. 15-3755 RYLIAFIYPITATIKPFLSNKGHSAE

cyanobacterium TDX16 RYMITFIYPIAATIKPFLSNKG
*k s *s s

FKSVTLQVTLWVYPYAKDNYF
ITLQVTLWCAPYAKDAYF
ITLQVTLWCAPYAKDAYF
i H H H H HH H 3 Jhkghd il *

1 I | I 1 | 1 | ] |
150 160 170 180 190

Fig. 3 Cyanobacterial protoglobin sequence alignment. The sequences were aligned
with the sequence of Methanosarcina acetivorans protoglobin (Uniprot accession Q8TLY9)
using Clustal Omega (Sievers & Higgins, 2021). The top row indicates the locations of
helices. Note the insertion between the F and G helices. Essential positions are marked:
B10 (yellow), CD1, E7, E11, G8 (green) and F8 (cyan). Sequences are Methanosarcina
acetivorans (WP_011022833.1), Pleurocapsa sp. PCC 7327 (order Pleurocapsales;
AFY77222.1), Acaryochloris marina (order Acaryochloridales; WP_261891958.1), Synecho-
coccales cyanobacterium C42_A2020_086 (order Synechococcales; MBF2074950.1),
Gloeobacter morelensis (order Gloeobacterales; WP_230841849.1), Nostoc sp. FACHB-888
(order Nostocales; MBD2247389.1), Leptolyngbya sp. NIES-3755 (order Leptolyngbiales;
BAU15401.1), cyanobacterium TDX16 (OWY64285.1).
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2.1.3 M haemoglobins

Some cyanobacteria contain M globins (Vinogradov, Tinajero-Trejo, et al.,
2013). The M lineage includes flavohaemoglobins, bacterial proteins spe-
cialising in the detoxification of nitric oxide (Poole, 2020) and made out of
three modules for efficient catalysis, an N-terminal globin, an NAD-
binding module, and a flavin-binding domain. Flavohaemoglobins as such
are rare if existing in cyanobacteria; however, the globin domain of fla-
vohaemoglobin is recognised within cyanobacterial genomes, either as
single domains or fused to other domains. Hundreds such sequences are
retrieved with BLAST searches.

The nitric oxide dioxygenase from Fischerella thermalis JSC-11 (Uniprot
accession G6FNK?7) is an example of cyanobacterial single domain M
protein related to flavohaemoglobin or Fgb (Vinogradov, Tinajero-Trejo,
et al., 2013). Among the relatives of this Fgb detected in a BLAST search
are single domain cyanobacterial globins and the thermoglobin from the
hyperthermophile Agquifex aeolicus (Miranda, Maillett, Soman, & Olson,
2005). This particular thermoglobin is monomeric and has a high affinity
for oxygen. Speculation concerning its function includes detoxification of
nitric oxide or excess dioxygen. Some of the single domain cyanobacterial
globins with homology to nitric oxide dioxygenase F. thermalis GOFNK7
have been annotated as bacitracin resistance protein BacA. This enzyme is
an undecaprenyl pyrophosphate phosphatase; it has an all-a helical fold and
resides in the cytoplasmic membrane (El Ghachi et al., 2018). Comparison
of genuine BacA to other protein folds using the program Dali (Holm &
Rosenstrom, 2010) shows a low level of three-dimensional similarity to
TrHb1 (e.g., the globin from Shewanella benthica KT99, PDB ID 7TT9,
with a Z score of 3.0 and over only 62 residues). Relatives of G6FNK7
annotated as BacA are predicted to adopt a globin fold, suggesting that the
automatic BacA annotation is misleading.

At the time of this writing, no experimental studies of cyanobacterial
Fgbs seemed available. However, the high degree of sequence conservation
and the relation to A. aeolicus thermoglobin offer insight. The consensus
sequence derived from the 250 cyanobacterial entries aligning with
F. thermalis GOFNK?7 has highly conserved occupancies at the key positions
controlling dioxygen affinity (Fig. 4). These are also found in thermo-
globin. Thus, similar chemical properties may be expected, including a
strong affinity for dioxygen.

An additional number of M-family globins retrieved with F. thermalis
G6FNK7 as query are part of long polypeptide chains (>400 residues) ending
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Fig. 4 Consensus sequence of cyanobacterial single domain M globins. A total of 250
sequences were retrieved with a BLAST (Altschul et al., 1990) search using the nitric
oxide dioxygenase of Fischerella thermalis JSC-11 (Uniprot accession G6FNK7) as query
and aligned with Clustal Omega (Sievers & Higgins, 2021). The high level of con-
servation is illustrated with the logo plot (Crooks, Hon, Chandonia, & Brenner, 2004).
The sequence of Aquifex aeolicus thermoglobin is shown above. Helical segments are
underlined and key positions marked in bold face. The ribbon structure of A. aeolicus
thermoglobin (PDB ID 7DIH) is included with key residues shown in sticks.

with a C-terminal pentapeptide repeat (PPR). PPRs are most commonly
found in cyanobacteria (Bateman, Murzin, & Teichmann, 1998). They are
ubiquitous and arise in different number of repeats and therefore lengths.
They form right-handed B-helical structures with largely unknown function
(Zhang & Kennedy, 2021). In certain contexts, the PPR domain may serve
as a2 DNA mimic; in others, it may simply serve as a structural scaffold
supporting intermolecular assemblies (Zhang & Kennedy, 2021). The globin
domain is also found in association with an N-terminal cupin domain. Cupin
domains have a P fold, typically bind a metal ion, most frequently iron but
also others, and have diverse functions dependent on the presence and nature
of the metal (Dunwell, Purvis, & Khuri, 2004). The cupin domain fused to
cyanobacterial globins features two histidines found in the cupin metal
binding motifs, and no other obvious potential metal ligand. Proteins con-
taining the cupin domain are also annotated as flavohaemoglobins. Without
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further information, however, it is difficult to formulate hypotheses as to the
purpose of these different multidomain M proteins.

M globin domains also appear in nitric oxide synthase oxygenase,
proteins that oxidise arginine to synthesise nitric oxide, and in adenylate/
guanylate cyclases, proteins that transform adenosine or guanosine 5'-tri-
phosphate into the corresponding 3’,5'-cyclic monophosphate. In those
contexts, it is possible that the globin module either performs chemistry or
transfers electrons.

2.2 Chlorophytic haem-binding globins

Among green algae, Chlamydomonas reinhardtii has a long history of use as a
model organism for photosynthesis and other biological processes (Dupuis &
Merchant, 2023). Interest in eukaryotic algae has also been driven by their
ability to synthesise diverse natural products, some extremely toxic. Whereas
bacterial genome sequencing has progressed rapidly and yielded numerous
putative globins, microalgal sequencing has proven to be technically chal-
lenging. Few chlorophytic whole genomes are available (O’Neill, 2020).
The Plant Comparative Genomics portal of the Department of Energy’s
Joint Genome Institute, the major database for Chlorophyte genomes
through Phytozome 13, lists only ten entries, from the classes Chlor-
ophyceae, Trebouxiophyceae and Mamiellophyceae. With its 114 genomes
the NCBI broadens species representation. The majority of chlorophytic
globins are T globins (TrHb1s and TrHb2s) and single domain M globins.
Thus far, no example of S globin has been found in green algae.

2.2.1 T haemoglobins

2.2.1.1 Chlamydomonas TrHb1s

The presence of haem-biding globins in the chloroplast of a green alga was
noted thirty years ago when Couture and colleagues detected two light-
inducible globin genes (L1410 and L1637) in Chlamydomonas eugametos
(Couture, Chamberland, St-Pierre, Lafontaine, & Guertin, 1994). The
atomic resolution structure of L1637, published in 2000 (Pesce et al., 2000),
was not only the first of a chlorophytic globin but also that of a GIbN
relative; it provided a glimpse into the T lineage of the superfamily. Years
later, studies of the model organism Chlamydomonas reinhardtii revealed
several genes for globin domains (Merchant et al., 2007; Vinogradov,
Fernandez, Hoogewijs, & Arredondo-Peter, 2011). Proteomic datasets
(Lechtreck et al., 2009; Miihlhaus, Weiss, Hemme, Sommer, & Schroda,
2011; Terashima, Specht, Naumann, & Hippler, 2010; Wang et al., 2014)
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detected the presence of the gene products in the cell. In all, C. reinhardtii
expresses twelve globins, named THB1-12 for convenience (Hemschemeier
et al., 2013), with architecture shown in Fig. 5. From this green alga, three
additional structures of TrHbls have been determined. These are from
THB1 (Martinez Grundman et al., 2021; Rice et al., 2015), THB4 (Johnson,
Russo, Nye, Schlessman, & Lecomte, 2018), and THB11 (Huwald et al.,
2020). The C. reinhardtii THBs for which no experimental structure is
available can, for the time being, be approximated by AlphaFold2, albeit as
apoproteins biased to the holoprotein forms deposited in the Protein Data
Bank and unable to inform on haem coordination.

THB1 binds the haem with the proximal histidine and a distal lysine
(Johnson et al., 2014), an interesting feature because it requires the lysine to
be in the neutral state under physiological conditions and raises questions of
pH response and protein dynamics. In-depth experimental and computa-
tional studies have implicated a complex network of interactions among
ionisable side chains and haem carboxylates in the control of the Lys-on/
Lys-off equilibrium and the redox potential of the iron (Julié Plana,
Grundman, Estrin, Lecomte, & Capece, 2021; Martinez Grundman et al.,
2021). It is with THB1 that the versatility of haem-binding globins is
apparent. In the presence of oxygen, THB1 acts as a dioxygenase by
converting NO into NO;  (Johnson & Lecomte, 2015; Johnson et al.,
2014; Sanz-Luque, Ocana-Calahorro, de Montaigu, et al., 2015). Under
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Fig. 5 The truncated haemoglobins of C. reinhardtii. The transcripts are from
Phytozome 13, along with total chain length and location of the globin domains. Only
THB1-4 are named as such in the database; the names THB5-12 are used for con-
venience (Hemschemeier et al., 2013). The red domains have the proximal histidine.
The green domain does not. The sequence of THB5 contains a short region (380—466)
also annotated as a globin and possibly completed by region 489-534. This additional
domain is in grey.



24 Juliette T.J. Lecomte and Eric A. Johnson

anaerobic conditions, THB1 is able to reduce nitrite to NO in vitro with
high efficiency (Ciaccio et al., 2015).

NO dioxygenation and nitrite reduction begin with Fe(II) THB1 and
leave the globin in the Fe(III) state. The coordination of the haem iron with
His F8 and Lys E10 facilitates reduction by setting the redox potential to a
moderately negative value and minimising protein and solvation rearrange-
ment during electron exchange (Johnson et al., 2014, 2018). NAD(P)H fails
to reduce THB1, but proteins such as cytochrome b5 reductase, dihy-
drolipoamide dehydrogenase and monodehydroascorbate reductase may
serve the purpose (Shandilya et al., 2021). Of particular significance is that
nitrate reductase, an NADH-dependent multidomain enzyme, can shunt
electrons to THB1 (Johnson et al., 2018; Sanz-Luque, Chamizo-Ampudia,
Llamas, Galvan, & Fernandez, 2015; Sanz-Luque, Ocana-Calahorro, de
Montaigu, et al., 2015) before they reach the nitrate reduction active site,
essentially modulating the production of nitrite. Added to these in-vitro
observations, THB1 expression is upregulated by both NO (Sanz-Luque,
Ocafa-Calahorro, Galvan, & Fernandez, 2015) and nitrite (Plouviez et al.,
2017). Control of nitrate, nitrite, and the messenger NO (Leon & Costa-
Broseta, 2020) is essential for economical nitrogen utilisation (Bellido-
Pedraza et al., 2020). A picture emerges by which THB1 participates in
regulating the balance of nitrogen species in the cell (Calatrava, Tejada-
Jimenez, Sanz-Luque, Fernandez, & Galvan, 2023) by engaging in a nitrate-
to-nitrate cycle with nitrite and NO as intermediates. In this scheme, the
NO-forming nitrite reductase (NOFNiR) generates NO.

THB2 has properties similar to those of THB1. It is soluble, coordinates
the iron with His F8 and Lys E10, and displays NO dioxygenase activity
(Johnson et al., 2018). THB2 also has nitrite reductase activity although it is
half as efficient as THB1 under the same conditions (Ciaccio et al., 2015).
In contrast to THB1, THB2 expression is downregulated by NO (Sanz-
Luque, Ocana-Calahorro, Galvan, et al., 2015) and nitrite (Plouviez et al.,
2017). Under phosphorus deficiency, THB1 and THB2 control intracel-
lular NO levels (Filina, Grinko, & Ermilova, 2019; Grinko, Alqoubaili,
Lapina, & Ermilova, 2021), presumably through an NO-dependent sig-
nalling pathway. In another quantitative RT-PCR study, THB1, THB2,
and THB12 were found to be induced under conditions not only of
phosphorus deprivation but also of sulphur deprivation (Minaeva,
Zalutskaya, Filina, & Ermilova, 2017) indicating that THB1 plays a role in
the induction of the S-limitation response. Coordination of sulphate lim-
itation and nitrate assimilation emerges as an additional function of THB1,
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whereas the function of THB2 appears strongly linked to phosphorus
limitation (Grinko et al., 2021).

THB3 has so far resisted functional speculation. The revised sequence
of the protein (Uniprot accession R9S068) is 297 residues in length, with
the globin domain spanning positions 148 to 268. Although it aligns well
with other TrHb1s, the presence of a glutamine at F8, where the proximal
histidine normally resides, raises questions about expression, prosthetic
group binding and ultimately function. A genome-wide expression analysis
of the singlet oxygen acclimation response of C. reinhardtii detected tran-
scripts of THB3 (Fischer et al., 2012). Compared to wild-type, an
attenuation of THB3 expression was measured when the singlet oxygen
acclimation protein SAK1 was knocked-out. Even though no explanation
is offered for the observation, the study confirms that the cell produces
THB3 transcripts and that further investigation of the protein is warranted.

The apoglobin domain of THB3 (apoTHB3) was expressed recombi-
nantly in E. coli (Johnson et al., 2018). It is highly helical, thermally stable,
and associates readily with haem, but with only micromolar affinity.
Replacement of His191 at position E10 with alanine weakens this affinity
and argues for the haem occupying the canonical binding site (Johnson
et al., 2018). However, the identity of the cofactor present in cellular
THB3 has not been determined. The micromolar haem affinity could
signify a function as haem transporter or temporary store. It is also possible
that the protein binds linear tetrapyrroles or lipids. Interestingly, the non-
globin N-terminal portion has homology only to a few Chlamydomonales
sequences. The role of this extension, predicted to be partially helical, is
unknown.

THB3 has algal relatives also lacking the proximal histidine, and large
scale genomic analysis of the entire haemoglobin superfamily reveals that
8% of S proteins and a small percentage of M proteins also have the same
feature (Schuster et al.,, 2024). Thus, if sequencing accuracy is not in
question and the genes are expressed, there exists a type of proteins that
deviates from the standard haem-binding globins principally by the
replacement of the proximal histidine, and it is safe to assume that these
proteins are functionally relevant. THB3 offers an opportunity to inspect
possible roles for this large group of proteins.

The globin domain of THB4 was investigated in vitro as a plastid-
located (Terashima et al., 2010) orthologue of C. eugametos L1637 asso-
ciated with the diurnal cycle of C. reinhardtii (Zones, Blaby, Merchant, &
Umen, 2015). Along with THB1 and THB2, THB4 shows His—Lys
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coordination of the haem iron (Johnson et al., 2018), but the Fe(III) state is
remarkably insensitive to pH despite the ligation of the distal lysine. THB4
may be under the control of the NIT2 transcription factor (Sanz-Luque,
Ocana-Calahorro, de Montaigu, et al., 2015); it has NO dioxygenation
activity, although it is more readily damaged in the process than THB1 and
THB2 (Johnson et al., 2018). THB4 is also an efficient nitrite reductase
(Ciaccio et al.,, 2015). Differences in gene regulation, reduction rate,
reduction potential, stability of Fe(III) and Fe(II) states, and catalytic
activity suggest that the three proteins are not redundant in the cell.

The gene encoding THBS is strongly up-regulated under anoxic
conditions in the light. Knocking down THBS inhibits cell growth under
the same conditions, but the effect is not remedied by NO scavengers,
which points to an NO-dependent signal transduction role rather than
dioxygenation like THB1 and THB2 (Hemschemeier et al., 2013). Besides
the globin domain, THBS has a long (>300 residues) C-terminal exten-
sion. Although local helix formation may occur, it appears that this part of
the protein is disordered (Johnson & Lecomte, 2015). The role of this
extension and its influence on the globin domain are not known.

THB11 also has terminal extensions. In this 395-residue protein, the
globin domain spans positions 52—-170 (Fig. 5). Both N- and C-terminal
regions play a role in oligomerization according to size-exclusion chro-
matography and native polyacrylamide gel electrophoresis data (Huwald
et al., 2020). The same study compared the nitrite reduction rate of the
globin within the full-length protein and truncated versions and deter-
mined that the C-terminal extension enhances reactivity (Huwald et al.,
2020). Nitrite reduction, an activity of the non-symbiotic Arabidopsis
thaliana haemoglobin 2 (Tiso, Tejero, Kenney, Frizzell, & Gladwin, 2012),
is a suspected function for THB11.

Spectral characterisation of THB11 shows that the protein adopts a 5¢
haem ligation (Huwald et al., 2020) even though it does have a lysine at
position E10. This observation emphasises that iron coordination needs to be
determined experimentally for each protein under study (Martinez Grundman,
Johnson, & Lecomte, 2023) with allowance for ligand switching behaviour as
illustrated by C. eugametos LI637 (Das et al., 1999) and GIbN (Nye et al.,
2018). The crystal structure of the globin domain of THB11 with bound
cyanide (PDB ID 6TD7) (Huwald et al., 2020) differs from the structure of
THBI1 in the same ligation state (PDB ID 6CII). The haem group, which has
pseudo-C,, symmetry, is rotated by 180° about the o—y axis (Fig. 1), directing
its 2-vinyl group toward position G8. Perhaps related to this is the presence of
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a glycine at G8, where a preponderance of valine, isoleucine, and phenyla-
lanine makes contact with the haem in other TrHb1s. Whereas the E helix in
TrHb1s is generally regular, the E helix of the crystalline THB11 globin is
interrupted in the middle and forms a ~60° bend. The origin of this unusual
feature is unclear, but it is interesting that the distortion is located where the
GH corner of a symmetry-related molecule makes contact in the crystal lattice.

The distinct features of the haem environment within THB11 are likely
to affect the chemical properties of the protein. To perform functions
dependent on substrate or ligand binding to the haem, access paths must be
available. The porous structure of T globins facilitating the entry and exit of
small molecules (Milani et al.,, 2004) was mentioned in Section 1.2.
Although tunnel networks vary from protein to protein, three main branches
are typically observed in structures determined with a bound exogenous
ligand such as cyanide. The branches are referred to as the long tunnel (LT),
the short tunnel G8 (STGS) and the E7 gate (E7G) (Bustamante et al., 2016)
(Fig. 6). The residues at H5, B2, H9, E15, E11 and G8 control passage
through the long tunnel, which is parallel to the H helix; the residues at H9,
G8 and G9 control the short tunnel, perpendicular to the long tunnel and
exiting between helices G and H; the E7 gate derives its properties from the
positions at B10, CD1, E7 and E11, and runs opposed to the short tunnel. In
THB11, the lining of the tunnels is mostly hydrophobic as in other TrHb1s.
However, the glycine at G8 is expected to lower the barrier to exit through
the long tunnel (Bustamante et al., 2016). The short tunnel is blocked by a

Fig. 6 Access tunnels in M. tuberculosis HbN (PDB ID 1RTE, chain A) and C. reinhardtii
THB11 (PDB ID 6TD7). (A) The three tunnels of HbN, LT (blue), STG8 (pink), and E7
(green). (B) The two tunnels of THB11, LT (blue) and E7 (cyan). A cluster of three
methionines (sticks) blocks the STG8 branch.
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cluster of three methionines (at G9, H6, and H9), which suggests limited
access to the haem group with potential kinetic consequences.

Comparatively little is known about the remaining C. reinhardtii THBs.
The THB)5 gene codes for a string of three or four TrHb1 domains with
intervening regions for a total length of 958 residues (Fig. 5). The four
domains have pairwise sequence identity between 45% and 20%. Alpha-
Fold2, which returns plausible structures for other TrHbls, predicts the 2/2
topology in the first two domains with reasonable confidence, whereas the
quality of the result is low for the last two. These predictions nevertheless
support a multiunit TrHb architecture. THB6 has a single globin domain
located toward the middle of a 385-residue protein. The structure of the
domain itself is predicted with high confidence, whereas the extensions may
sample some helical structure. AlphaFold2 also generates a believable
representation of THB7 despite a ~70-residue insertion between the E and F
helices. Experimental data support haem binding (Huwald, Schrapers,
Kositzki, Haumann, & Hemschemeier, 2015), but with uncharacteristic Fe
(III) electronic absorption spectrum reminiscent and guanylate cyclase
(Stone, Sands, Dunham, & Marletta, 1996). Likewise, THB9, THB10 and
THB12 all are predicted to have a folded globin domain and disordered
extensions. Expression of THB7 and THB10 increases under dark anoxic
conditions and does not depend on nitrate. The globin domain of THBO has
been prepared and has electronic absorption spectra consistent with 5c¢
ligation in the Fe(IIl) and Fe(II) states (Shandilya et al., 2021). The same was
observed for THB10 (Huwald et al., 2015). Deciphering further the roles of
each THB will require the use of multiple strains and conditions to uncover
relationship to specific branches of metabolism.

Studies of heterologously expressed and purified proteins are needed.
However, they typically rest on several assumptions. First, the nature of the
cofactor is taken to be haem b, but this requires verification given the
propensity for apoglobins to bind different molecules including biliverdin
(Wagner, Muller, Schmitzberger, Falk, & Kratky, 1995) and chlorophyll
derivatives (Markovi¢, Proll, Bubenzer, & Scheer, 2007) or to modity their
own haem b (e.g., haem—protein crosslink in GIbN and formation of haem
d in Shewanella benthica TrHb1). For THBI1, it was possible to extract
material from C. reinhardtii cells and detect the haem group (Johnson &
Lecomte, 2014). Such information is not available for other THBs and is
especially important for THB3, the atypical TrHb1. Other assumptions are
also made. For example, THB1 is N-acetylated (Lechtreck et al., 2009) and
others may be as well. The modification can have consequences for the
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behaviour of the protein (Drazic, Myklebust, Ree, & Arnesen, 2016). The
fact that several THBs contain disordered extensions is suspicious. These
regions have a number of experimentally detected phosphorylation sites
(Wang et al., 2014) and more may yet be found (Thapa et al., 2021). The
(de)phosphorylation of these intrinsically disordered regions could play a
regulatory role (Newcombe, Delaforge, Hartmann-Petersen, Skriver, &
Kragelund, 2022). Lastly, reactivity in vitro is only a guide for potential
functions in vivo. Setting aside these caveats, the demonstrated in-vitro
NO dioxygenase and nitrite reductase activities of at least some THBs are
in agreement with participation in C. reinhardtii nitrogen metabolism and
response to nitrosative stress. The model organism C. reinhardtii trans-
formed biology (Sasso, Stibor, Mittag, & Grossman, 2018). It is fitting that
with twelve haemoglobins, it adds novel information to our understanding
of the truncated lineage of the superfamily.

2.2.1.2 Other TrHbs

Single or multiple TrHb1s are detected in each of the ten Phytozome 13
fully annotated genomes mentioned in Section 2.2, except that of the
Mamiellophycea Ostreococcus lucimarinus as previously noted (Johnson &
Lecomte, 2015; Vinogradov et al., 2011). Additional instances are found in
another ~30 chlorophytes when the NCBI database is queried with
C. reinhardtii TrHb1 sequences. In contrast to TrHb1s, TrHb2s are rare in
green algae (Becana et al.,, 2020), with only a few examples detected in
Chlorella sp. The reverse applies to plants, TrHb2s being common and
TrHb1s rare (Vinogradov et al., 2011). Arabidopsis thaliana Glb-3 (Watts
et al.,, 2001) is a well-studied plant TrHb2. GIb-3 has unusual, concentra-
tion-independent CO rebinding kinetics following photolysis (Watts et al.,
2001). Compared to other TrHb2s, Glb-3 has an N-terminal extension that
secures the dimeric quaternary structure (Reeder & Hough, 2014). The
origin of the two types of T globins in chlorophytes derives from different
bacterial ancestors (Vinogradov et al., 2011), and generalisation from GIb-3
may not be warranted. M. tuberculosis HbO mentioned in Section 2.1.1 may
be a better model and suggests catalase-peroxidase activity.

2.2.2 M haemoglobins

Within Phytozome 13, M globins of the Fgb group are present in the two
Micromonas representatives. A broader search through the NCBI Chlorophyta
phylum detected three additional species (Bathycoccus prasinos, Edaphochlamys
debaryana, and Gonium pectorale) carrying Fgb genes. Thus, chlorophytic
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M globins are still found only in members of the Mamiellophyceae,
Prasinophyceae, and Trebouxiophyceae classes (Vinogradov, Bailly, et al.,
2013). Knowledge of chlorophytic M globins is limited to genetic sequence,
and confirmation at the protein level will be required to understand their
physiologic significance.

E 3. The linear tetrapyrrole-binding globins of
cyanobacteria and algae

Cyanobacteria were the first known organisms to perform oxygenic
photosynthesis. To harvest the energy of the light and transfer it to the
photosystems, these bacteria resort to phycobilisomes, enormous supra-
molecular assemblies of ordered phycobiliproteins (Bryant & Gisriel, 2024).
The light-harvesting pigment within phycobiliproteins is formed from
phycocyanobilin, a linear tetrapyrrole derived from haem and covalently
attached to the proteins through one or two cysteines. Phycobiliproteins
include phycocyanins, allophycocyanins, and phycoerythrins, each con-
taining one, two, or three bilins anchored to the protein via cysteine(s).
The proposal that phycoyanins are related to globins originated with the
structural work of Schirmer and colleagues. C-phycocyanins from the
cyanobacteria Mastigocladus laminosus (Schirmer et al., 1985) and Agme-
nellum quadruplicatum (now Synechococcus sp. PCC 7002) (Schirmer et al.,
1986) were found to adopt a globular shape composed of six a helices
preceded by an additional pair of helices responsible for dimerisation of an
o subunit with a p subunit (Fig. 7A). The structural similarity of globins
and phycobiliproteins immediately raised the question of evolutionary
relationship versus common solution to forming a globular three-dimen-
sional structure capable of accommodating a large hydrophobic prosthetic
group.

A detailed analysis of the structure of M. laminosus phycocyanin by
Pastore & Lesk explored the issue of common ancestry (Pastore & Lesk,
1990). These authors noted that the short 31, C-helix, a distinctive element
of globin structure with no apparent functional role, was present in phy-
cocyanin. The conservation of such an idiosyncratic feature could only be
explained by an evolutionary relationship. Interestingly, Isogai transformed
the o chain of M. laminosus phycocyanin into a haem binding protein with
a design based on the myoglobin from the sea hare Aplysia limacina.
Replacement of eight residues in the haem cavity (including the distal and
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Fig. 7 The structure of phycocyanin and RsbR. (A) C-Phycocyanin af dimer from
Spirulina platensis (PDB ID 1HA7, chains A & B) with phycocyanobilin molecules in
sticks. (B) RsbR (PDB ID 2BNL, chain A). The globin domains are in rainbow colours. The
A and H helices are indicated. The additional pairs of helices securing the phycocyanin
assembly are in pink.

proximal histidines) was sufficient to confer the ability to bind haem (Isogai
& Ishida, 2009). Of note is that the transformation did not produce a
reliable oxygen transport protein. Phycobiliproteins, like haemoglobins,
excel at controlling the properties of their attached prosthetic group
(Gisriel et al., 2023). In the case of phycobiliproteins, evolution allowed for
the selection of specific linear tetrapyrroles and the tuning of absorption
wavelength.

There is yet another subdivision of the phycocyanin family, called
photoglobins (Schneider et al., 2022). This group was recognised as such
with large scale genomic analyses. No three-dimensional structure is
available yet, although homology predictions are sufficiently robust to
describe photoglobins as adopting the 3/3 globin fold. The architecture of
multidomain photoglobins vary. Most are associated with a B12-binding
domain, module typically involved in light sensing or methyl group
transfer. Photoglobins have the properties required for binding bilins and
may represent an early form of light sensor. Unlike phycobiliproteins, they
are rarely found in cyanobacteria.

Recently, Lagarias and co-workers produced a comprehensive analysis
of phycobiliproteins (Rockwell et al.; 2023) and clarified the relationship of
photoglobins and phycocyanins. The last step in phycocyanobilin bio-
synthesis is performed by the ferredoxin-dependent bilin reductase, PcyA.
PcyAs descended from Pre-PcyAs, which are associated with proteins
having homology to phycobiliproteins and globins. The globin part of the
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tree identifies bilin biosynthesis-associated globins (BBAGs), with the
conclusion that cyanobacterial BBAGs are phylogenetically distinct from
light-harvesting phycobiliproteins. BBAGs cluster in three clades. They all
bind bilin but do not seem to be efficient at light harvesting. The BBAG-2
lineage includes photoglobins.

Interestingly, the phytozome entry of C. reinhardtii CC-4532 lists all
twelve THBs, and also a globin domain in glutathione S-transferase
(Cre01.g044700_4532.2). On inspection, this C-terminal domain has an
AphaFold2 predicted fold closely matching that of a rhodophytan phy-
coerythrin (Ritter, Hiller, Wrench, Welte, & Diederichs, 1999).

E 4. The RsbR-like proteins

The founding member of the RsbR group is the N-terminal domain
of an environmental stress-response regulator, N-RsbR, from Bacillus subtilis
(Murray et al., 2005). This particular stressosome domain has the overall
topology of a globin except for the relative displacement of structural ele-
ments such that the haem binding cavity does not form. A few years after the
observation, the same fold was noted in two sensor proteins from Bacillus
anthracis, sporulation inhibitors pXO1-118 and pXO2-61 (Stranzl et al.,
2011). Sporulation inhibitor pXO1-118 crystallised with a fatty acid
molecule bound in a long hydrophobic tunnel. A coevolutionary question
arises again, that is, whether the RsbR proteins are a manifestation of the
topological ease with which helices can fold into a globular shape or they
have an evolutionary relationship with the globin superfamily. A recent
hypothesis arising from current genomic data organises RsbR-like proteins
in several distinct clusters distantly related to haem-binding globins
(Schneider et al., 2022). As an aside, Vibrio RsbR proteins have an
N-terminal domain that binds a haem group (Jia, Wang, Rivera, Duong, &
Weinert, 2016). These domains sense dioxygen and are related to the
aerotactic protein HemAT (a GCS) rather than non-haem binding proteins.
Hereafter, RsbR refers to the B. subtilis type.

A BLAST search using the globin domain of B. subtfilis RsbR (PDB ID
2BNL) as the query found approximately thirty instances of related proteins
in cyanobacteria where the N-terminal globin domain is followed by a
sulphate transporter and anti-sigma factor antagonist (STAS) domain.
Multiple sequence alignment, comparison with the structures of B. subfilis
and B. anthracis RsbRs, and use of Alphafold2 models support the presence
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of an arginine where the proximal histidine resides. Position B10 is
occupied by a tryptophan. Also conspicuous is a conserved cysteine in the
E helix. These cyanobacterial relatives are unlikely to bind haem, and their
role in the cell remains a mystery.

E 5. Phylogeny of the five-branch globin superfamily

The constant expansion of genomic data has led to several revisions
of the superfamily history. The latest phylogenetic assessment of haem-
binding globins (Schuster et al., 2024) posits that the superfamily originated
with the 3/3 fold and places M, S, and T proteins in the pre-last universal
common ancestor (Schuster et al., 2024). The S and M lineages split first
from the ancestral globin, and the T family split later from the M family.
The nature of the most ancestral haemoprotein is not known, but the
presence of thermoglobin in hyperthermophiles and thermoglobin-like
proteins in modern cyanobacteria may favour an M-type origin (Miranda
et al.,, 2005). The S branch has been less well understood (Pesce et al.,
2013; Schuster et al., 2024; Vinogradov et al., 2007) in part because of an
insufficient number of sequences displaying a relationship to globin-cou-
pled sensors. Several groups of S proteins are recognised according to their
multidomain architecture and composition (Schuster et al., 2024; Vavra
et al.,, 2022) whereas the single domain protoglobins and sensor single
domain globins cluster in two different clades. Ramification was also
adjusted for the T family, with the early split of the Q subfamily, followed
by the split of the P subfamily, then O and N, N being paraphyletic. Early
branching from the ancestral M/S proteins likely generated bilin-binding
proteins, phycocyanins and photoglobins. It was initially proposed that
RsbR was a recycled globin sensor domain and surmised that this was the
first instance of what would constitute yet another branch of the globin
superfamily (Murray et al., 2005; Vinogradov, Tinajero-Trejo, et al.,
2013). Rather than a recycled globin domain, RsbR-like proteins may be
ancestral (Schneider et al., 2022). In this scenario, these proteins occurred
first to bind to other proteins, evolved to bind fatty acids, then linear
tetrapyrroles, and further to bind haem (Fig. 8).

Cyanobacteria have globins belonging to all five branches of the
superfamily. Parsing further, TrHb3s, and TrHb4s are absent as are pho-
toglobins except for one instance (Schneider et al., 2022). Phycobilipro-
teins are of course present and essential for cyanobacterial photosynthesis.
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HisF8

l Phycobiliproteins ~ Photoglobins

M T S

Fig. 8 Simplified globin superfamily tree. The appearance of HisF8 marks the ability to
bind haem. Some S proteins do not have this residue. Cyan and green dots indicate
presence in cyanobacteria and chlorophytes, respectively. RsbR is the outgroup,
possibly ancestral to the superfamily. Adapted from (Schuster et al., 2024) and (Rockwell
et al., 2023).

Chlorophytes harbour mostly TrHb1s and a small number of Fgb-like
proteins, and perhaps the phycocyanin-like domain mentioned in Section 3.
These are likely derived from endosymbiosis with a cyanobacterium
(Vinogradov, Tinajero-Trejo, et al., 2013).

As mentioned in Section 3, cyanobacteria formed the first, core group
of organisms capable of oxygenic photosynthesis. They were instrumental
instigators of the Great Oxidation Event that altered the earth’s biosphere
from the early anoxic environment favouring abundant soluble reduced
iron, to the modern aerobic and oxidised earth (Kofeny, Obornik,
Horakova, Waller, & Lukes, 2022; Schirrmeister, Gugger, & Donoghue,
2015). The diversity of the globins from cyanobacteria and their endo-
symbiotic relationship to chlorophytes illustrates deep evolutionary ties
within the superfamily and may help trace how fundamental chemistries
adapt to changing environments.

6. Applications

The early origin of the globin superfamily and the functional
diversity of its members make for a challenging phylogenetic organisation,
and with a distinct lack of physiological information on functional diver-
sity, annotation is frequently inaccurate. With the rise of deep learning
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approaches (Al Fahoum, Zyout, Alquran, & Abu-Qasmieh, 2023; Bileschi
et al., 2022), it is hoped that the pattern recognition required for classifi-
cation and annotation can be enhanced and facilitate curation of the
growing number of sequences in the databases. In fact, the ancient lineage
and diverse chemistries of the haem-binding globins and the entire globin
superfamily can be considered as a stringent test case for artificial intelli-
gence applications to bioinformatics.

In the cyanobacterial Section 2.1.1.1, mention was made of using N.
commune GIbN to boost protection from dioxygen in photosynthetic
organisms and Synechocystis sp. PCC 6803 GIbN as a route to the pro-
duction of haem. TrHbs can also serve as templates for exploring how to
improve the properties of dioxygen binders. For example, the haem-—
protein crosslink of Synechocystis GIbN was engineered in the globin
domain of C. eugametos L1637 in a demonstration of a simple approach to
stabilising the protein and preventing the loss of toxic haem (Rice,
Preimesberger, Johnson, & Lecomte, 2014). Other applications, for
example use of GIbN-like proteins as coloured tags facilitating expression
and purification (Khan, Uppal, & Kundu, 2021), are conceivable. In a
recent study, directed evolution of the A. pemix protoglobin was used to
develop catalysts for the formation of drug precursors (Schaus et al., 2023).
Other applications are based on microbial globins, for example the pro-
duction of leghaemoglobin as a “food colouring” agent, the production of
the triterpenoid botulinic acid in Saccharomyces cerevisiae with the aid of
Vitreoscilla haemoglobin (Zhao, Zhou, Du, & Chen, 2021), and the
synthesis of limonene in E. coli with the help of the p-proteobacterium
Sphaerotilus natans truncated haemoglobins (Li et al., 2024).

Several species of Chlorophytes, including the model organism C. rein-
hardtii, are being explored as platforms for synthetic biology and commercial
application (Goold, Moseley, & Lauersen, 2024), owing to their potential for
autotrophic growth, use of readily available nutrient streams, and a diversity
of possible metabolic chemistries. Among the applications under con-
sideration is biological production of hydrogen as a fuel source
(Hemschemeier, Posewitz, & Happe, 2023) driven by the [FeFe|-hydro-
genase enzymes found in C. reinhardtii. Several of the TrHbs of C. reinhardtii
have been found to be linked to hypoxic growth and NO signalling, with
both pathways link to hydrogen production (Hemschemeier et al., 2013).
Given the exquisite versatility of haem chemistry and the plasticity of the
globin fold, globins of oxygenic photosynthetic organisms have potential for
further biotechnological innovations.
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7. Concluding remarks

The ancient origins, broad functional diversity, and a century of
mammalian physiologic research make the globin superfamily an excellent
system to investigate, and globins of cyanobacteria and chlorophytes con-
tribute valuable information about the range of its possible chemistries. The
rise of powerful genomic sequencing is outpacing our investigations into the
physiologic chemical balance cells use for survival, and the study of these
globins can bridge the divide between computational predictions to phy-
siological evidence. It is then sobering that, since Vinogradov and co-
workers published their revised perspective on bacterial globin (Vinogradov,
Tinajero-Trejo, et al., 2013), the lack of experimental evidence pointed out
a decade ago is still problematic today.

The DNA-encoded information still provides vital studies into globin
function. Advances in molecular biology have made heterologous protein
expression routine, simplifying in vitro studies of chemical and physical
properties. Computational approaches have also progressed to the point
that useful approximations of three-dimensional structures of these hypo-
thetical proteins can be retrieved from libraries or calculated from sequence
in minutes of CPU time. Other computational tools are being developed
to predict physical properties such as oxygen binding kinetics with
knowledge of the primary structure and existing structural models
(Bustamante et al., 2016). These avenues are promising and, once broadly
validated, will improve our understanding of the relationship between
structure and function within the superfamily.

Meanwhile, the “gold standard” remains the exploration of globin
in-vivo function by mutagenesis and phenotypic characterisation
(Vinogradov, Tinajero-Trejo, et al., 2013). There is a broadening gap
between the growing number of available DNA-derived amino acid
sequences and the number of investigations into the physiologically
relevant properties of the hypothetical proteins encoded within these
genes. Only foundational physiologic studies, performed on judiciously
chosen model organisms spanning different metabolic needs and living
conditions, will be able to define confidently the necessity of globin
chemistry in photosynthetic organisms.
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