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Photoglobin, a distinct family of non-heme binding globins, defines a
potential photosensor in prokaryotic signal transduction systems
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Globins constitute an ancient superfamily of proteins, exhibiting enormous structural and functional
diversity, as demonstrated by many heme-binding families and two non-heme binding families that were
discovered in bacterial stressosome component RsbR and in light-harvesting phycobiliproteins (phyco-
cyanin) in cyanobacteria and red algae. By comprehensively exploring the globin repertoire using sensi-
tive computational analyses of sequences, structures, and genomes, we present the identification of the
third family of non-heme binding globins—the photoglobin. By conducting profile-based comparisons,
clustering analyses, and structural modeling, we demonstrate that photoglobin is related to, but distinct
from, the phycocyanin family. Photoglobin preserves a potential ligand-binding pocket, whose residue
configuration closely resembles that of phycocyanin, indicating that photoglobin potentially binds to a
comparable linear tetrapyrrole. By exploring the contextual information provided by the photoglobin’s
domain architectures and gene-neighborhoods, we found that photoglobin is frequently associated with
the B12-binding light sensor domain and many domains typical of prokaryotic signal transduction sys-
tems. Structural modeling using AlphaFold2 demonstrated that photoglobin and B12-binding domains
form a structurally conserved hub among different domain architecture contexts. Based on these strong
associations, we predict that the coupled photoglobin and B12-binding domains act as a light-sensing
regulatory bundle, with each domain sensing different wavelengths of light resulting in switch-like reg-
ulation of downstream signaling effectors. Thus, based on the above lines of evidence, we present a dis-
tinct non-heme binding globin family and propose that it may define a new type of light sensor, by means
of a linear tetrapyrrole, in complex prokaryotic signal transduction systems.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Globins constitute an ancient superfamily of proteins, found in
all domains of life and exhibiting enormous structural and func-
tional diversity [1–3]. Because of their abundance, size, and ease
of purification, globin proteins have been a prime model family
for the study of protein structure, function, and evolution over
the last century. Researcher Linus Pauling, in collaboration with
others, such as Charles Coryell, was among the first whose research
was centered on hemoglobin, the first ever identified globin pro-
tein, which utilizes a heme group to transport oxygen in the red
blood cells of mammals [4,5]. Pauling and Coryell identified the
structural change undergone by the hemoglobin subunits that is
associated with the binding or loss of oxygen [6,7]. Later, Pauling,
with his two co-workers—Robert Corey and Herman Branson, for-
mulated a model of the hemoglobin structure in which amino acids
are arranged so that they fold in a helical pattern [8]. This idea was
further extended to explain the secondary structural elements of
all proteins as being a-helices and b-sheets [9]. Not only did Paul-
ing establish the fundamental chemistry behind protein structure,
but his research also revealed that sickle-cell anemia is caused by a
single amino acid mutation in hemoglobin [10]. This was the first
ever proof of a disease as understood at a molecular level. Inspired
by Pauling’s groundbreaking research, Kendrew, Perutz, and their
colleagues, ten years later, resolved the structure of myoglobin,
which was the first protein structure resolved by means of X-ray
crystallography [11]. Myoglobin is another heme-binding globin,
well-known for its ability to bind and store oxygen in mammalian
muscle cells [5]. Since then, studies of the globin protein have been
crucial to the establishment of the homology concept and to the
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early development of several bioinformatics and phylogenetic
techniques [12–14].

In addition to serving as a prime model protein for biological
scientists, the globin superfamily presents its own complex story
of evolution and function. The traditional function of the globin
is typified by mammalian hemoglobin and myoglobin, which adopt
a characteristic structure composed of six core a-helices in a 3-
over-3 configuration (referred to as the globin fold) [11,15]. The
3-over-3 a-helical structure is described as sandwiching a heme
group which contains a central ferrous atom, enabling the oxygen
binding ability of hemoglobin and myoglobin that is crucial to
mammalian physiology [16]. However, numerous other heme-
binding globin families have been identified and are found to dis-
play distinct functions [2,5,17,18]. For example, several plant glo-
bins, including symbiotic leghemoglobin, present in nitrogen-
fixing root nodules of leguminous plants [19], and non-symbiotic
phytoglobins [20–22], have functions ranging from oxygen buffer-
ing [23] and NO scavenging [24] to facilitating oxygen supply to
developing tissues [25,26]. Aerotactic globin-coupled sensors, such
as HemAT on the other hand, represent bacterial and archaeal glo-
bins that sense the level of diatomic oxygen in the cellular environ-
ment [27]. They mediate an aerophilic or aerophobic response by
transmission of a signal through a linked signaling domain which
interacts with the chemotaxis system [16,28,29]. Structural diver-
sity within the globin superfamily is well represented by truncated
globins (TrHbs), present in bacteria, unicellular eukaryotes, and
higher plants [30,31]. TrHbs adopt a shortened a-helical structure
with a 2-over-2 configuration, yet still maintain a recognizable glo-
bin fold [32]. Further, several new, distinct families have been dis-
covered in animals, including neuroglobin [33], cytoglobin [34–
36], globin X [37] , globin Y [38], globin E [39], and androglobin
(Adgb) [40]. Except for Adgb, which is a chimeric permutated pro-
tein whose globin domain was split into two parts, the globin fold
and its characteristic features are generally conserved among ani-
mal globins [40].

The globin repertoire further expanded with the identification
of two non-heme binding globin families, including those identi-
fied in phycobiliproteins [41,42] and those in the RsbR family
[43,44]. Both families adapt a globin fold, but they do not preserve
the traditional distal and proximal histidine residues, which are
responsible for holding the heme and gas molecules. Instead, they
utilize other residues to configure an equivalent pocket for ligand
binding. The phycocyanin family, used here to represent the glo-
bins found in different phycobiliproteins, such as phycoerythrin,
phycocyanin, and allophycocyanin, is known to bind a linear tetra-
pyrrole chromophore, and functions as a light-harvesting molecule
in cyanobacteria and red algae [41]. The RsbR globin family, on the
other hand, potentially binds to a fatty acid [44] and functions as a
sensor in a protein complex called a stressosome to receive envi-
ronmental stress signals in B. subtilis [43] and in the process of
sporulation inhibition in B. anthracis [44]. Although a clear evolu-
tionary history remains elusive, the identification of non-heme
binding families of globins has greatly expanded our understand-
ing of the globin superfamily and has shed light on the unprece-
dented functional diversity within.

To gain insight into globin function and evolutionary history,
we leveraged the most up-to-date genomic resources. Our explo-
ration led us to identify a previously unrecognized globin family
which we refer to as photoglobin. Through profile-based compar-
isons, clustering analysis, and structure prediction using Alpha-
Fold2 [45], we show that photoglobin is related to phycocyanin
and characterized by a comparable ligand-binding pocket, indicat-
ing that it might also bind a linear tetrapyrrole chromophore.
Based on the contextual information gleaned from both domain
architecture and gene-neighborhood analyses, we observe a strong
association between the photoglobin, the B12-binding light sensor,
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and many other typical domains in prokaryotic signal transduction
systems. Thus, we propose that the novel photoglobin family
defines a new sensory mechanism in prokaryotic signal transduc-
tion, which, by means of a linear tetrapyrrole, transduces light sig-
nals to regulate photoglobin-associated enzymatic domains and
transcription factors.
2. Materials and methods

2.1. Protein Domain-Centric computational concept

Our study features a protein domain-centric concept [46–48] in
order to enhance the performance of the computational analysis.
Proteins are typically comprised of one or multiple domains, which
are the basic structural and functional modules of proteins and also
evolutionary elements as their diversification and recombination
delineate the diversity of the proteins [46]. Therefore, in order to
avoid the unpredictable influences of multiple domains, we only
applied discrete regions of protein domains, not full-length pro-
teins, as the basic components in all computational analyses con-
ducted in this study, such as sequence searches, comparisons,
predictions and modeling. Further, by dissecting proteins into
many conserved modules, we were able to accurately infer the
functions of domains and collectively synthesize the functionality
of proteins based on their domain architecture.

2.2. Homologous sequence searches and remote relationship detection

We utilized two computational strategies for homologous
sequence searches and remote relationship detection. The first
was an iterated profile-based method which includes the utiliza-
tion of PSI-BLAST [49] and JACKHMMER [50] programs. PSI-
BLAST is based on position-specific score matrix (PSSM) in which
a new PSSM is generated and used as both a score system and a
source of queries to search sequence databases. JACKHMMER is
an equivalent program which generates a Hidden Markov Model
(HMM) to enable sensitive sequence searches. With these two pro-
grams, we comprehensively collected homologs from the NCBI
non-redundant (NR) sequence database for several known repre-
sentative globin domain families, including heme-binding versions
such as hemoglobin/cytoglobin [35,51], neuroglobin [33], andro-
globin [40], bacterial flavohemoglobin [52,53], protoglobin [54],
and truncated globins [31,32,55], and the non-heme-binding ver-
sions, RsbR [43,44] and phycocyanin [41]. For most searches, a
cut-off e-value of 0.01 was used to assess significance. In each iter-
ation, the newly detected sequences that had e-values lower than
the above cutoff were examined for being false positives and the
search was continued with the same e-value threshold only if
the profile was uncorrupted.

The second strategy was the profile-profile comparison method
which is implemented in the HHpred program [56]. HHpred
detects remote relationships between domains by comparing a
profile HMM constructed from a PSI-BLAST search and a pre-
computed library of profile HMMs compiled from domains recov-
ered in the PDB database [56]. The significance was evaluated by
both E-values (cut-off: 0.01) and probabilities (>95%). We also
evaluated the significance by comparing the conserved motifs
and the core of the fold to prevent false positive detections.

2.3. Sequence similarity-based clustering

For the sequences collected from the previous series of
searches, similarity based clustering was performed to eliminate
highly similar sequences by using CD-HIT, based on various
sequence identity thresholds (0.4–0.7), and the BLASTCLUST pro-
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gram which adjusts the length of aligned regions and bit-score
density threshold empirically (ftp://ftp.ncbi.nih.gov/blast/docu
ments/blastclust.html). The revised collection of the representative
sequences from all major globin families was subjected to all-
against-all BLASTP comparisons, and clustered based on the
sequence similarity using the force-directed graph drawing
(Fruchterman and Reingold) algorithm [57] implemented in the
CLANS program [58].

2.4. Multiple sequence alignment and conservation analysis

Multiple sequence alignments (MSAs) were built for pho-
toglobin and for other known globin families using PROMALS3D
[59] and KALIGN [60]. For each globin family’s alignment, careful
manual adjustments were also performed to avoid introducing
gaps into the sequences where consensus secondary structures
were occupied and to maintain preservation of the typical globin
structural arrangement and conservation of the proximal and dis-
tal residues involved in ligand binding. We further aligned repre-
sentative globin domains with each other, to create a ‘super
alignment’, based on structural superimpositions, profile-profile
comparisons performed by HHpred [56], and secondary structure
information predicted by the Jnet (Joint Network) program [61].

The conservation pattern of the MSA was computed by generat-
ing consensus residues based on different categories of residue
properties [62]. The alignment was colored using an in-house
alignment visualization program written in Perl and further mod-
ified using Adobe Illustrator.

2.5. Protein structure prediction, comparison and analysis

The protein structure prediction was conducted by using the
recently developed deep learning system, AlphaFold2 [45]. Accord-
ing to the benchmark, AlphaFold2 generates a structure with
Photoglobin

Phycocyanin
(Phycoerythrin, Allophycocyanin)

Protoglobin1

HemAT(Globin s

Protoglobin2

Fig. 1. Identification of a novel globin family by a clustering analysis of the globin sequen
the BLAST program. Each node corresponds to a globin domain sequence. Straight line
BLASTP searches with scoring matrix BLOSUM62 and an e-value cutoff of 0.005. The graph
algorithm.
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atomic accuracy even where no similar structure is known [45].
Structure comparisons were conducted by using the DALI program,
which generates an optimal pairwise structural alignment based
on the similarity of local patterns extracted from contact maps
[63]. Other structural analysis operations were conducted using
the molecular visualization program PyMOL [64].

2.6. Guilt-by-association analysis of genomic contextual information

We utilized two computational guilt-by-association analysis
strategies to infer the functional association of proteins and protein
domains. The first one was a protein domain architecture analysis
to identify the conserved domain fusion. Such domain fusion is
typically a result of a gene fusion event during which interacting
proteins or domains fuse together, thus facilitating effective func-
tionality. Therefore, domain fusion is a strong indicator of a func-
tional association (either direct or indirect interaction) between
domains [46]. We detected protein domains using the HMMER
package which searches against the Pfam database and a local col-
lection of profile HMMs. For a given protein sequence or sequence
region which did not match any existing domains, we conducted a
series of sequence analysis steps including homologous sequence
search, multiple sequence alignment, and profile-profile search to
explore any potential new domains. This allowed for an initial
functional annotation of proteins of interests based on domain
architectures. The conserved domain fusion was then determined
by frequency of the architecture and preservation in multiple bac-
terial lineages.

The second guilt-by-association strategy is the gene neighbor-
hood analysis. It is based on the rationale that functionally linked
genes in bacterial and archaeal genomes are often organized into
operons or stay in proximity [47,65,66]. Such organization facili-
tates transcriptional regulation in prokaryotes since the genes in
the same operon can be regulated by a single promotor. Thus,
Hemoglobin
Myoglobin
Cytoglobin

Neuroglobin
Androglobin
Globin X/Y

Hell’s Gate globin
Flavohemoglobin

ensor)

Truncated hemoglobin
Cyanoglobin

RsbR-Globin

ce space. Sequence similarity between the globin domain sequences was detected by
s indicate significant high-scoring segment pairs (HSPs) detected by all-against-all
was generated by CLANS, which uses the Fruchterman and Reingold graph drawing
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membership in the same operon can be utilized as evidence for
functional association. We have developed a dedicated pipeline
to systematically identify such gene neighborhoods. Specifically,
a custom Perl script is used to extract gene neighbors (usually 7–
10 genes) on either side of the query (all photoglobin gene homo-
logs) from the PTT file (downloadable from the NCBI ftp site) or the
Genbank file in the case of whole genome sequences available. The
protein sequences of all gene neighbors were then clustered using
the BLASTCLUST program. Each cluster of homologous proteins
was annotated based on the domain architecture analysis using
the HMMER package. We determined the conserved co-occurring
genes based on 1) the frequency of common domains identified
in the neighborhood, 2) the presence of such co-occurring genes
in at least two phylogenetically distinct lineages (‘‘phylum” in NCBI
Taxonomy database), and 3) complete conservation in a particular
lineage (‘‘phylum”).
3. Results and discussion

3.1. Sensitive sequence searches and clustering analysis uncover a
novel family of globins

We first recovered the photoglobin domain family while col-
lecting homologous sequences of the phycocyanin family using
PSI-BLAST searches against the NCBI-non-redundant (NR)
sequence database. In this search, we used a phycocyanin beta sub-
unit from the cyanobacteria Fischerella as the query (accession
number: WP_026736665.1); in the 4th iteration, we retrieved
about 24 thousand sequences which contained the phycocyanin
domains. The majority of the sequences (>97%) were either from
cyanobacteria or red algae, which are known to use phycocyanin-
based protein complexes, phycobilisomes, for light harvesting
[67,68]. Interestingly, we noticed some sequences named ‘cobal-
amin B12-binding domain-containing proteins’ which started to
appear as significant hits (e-values around 0.003), but with low
sequence identify (below 20%) to the query phycocyanin. Accord-
ing to the Pfam domain annotations, the corresponding regions
of most of these proteins were unclassified. To understand the
identity of the potential protein module found in these B12-
binding domain proteins, we performed a PSI-BLAST search with
successive iterations using one of the unclassified sequences from
Streptomyces (accession number: WP_081221060.1, residues 224–
350) as the query. The searches identified many homologues from
a broad range of species of both bacteria and archaea, a phyletic
distribution distinct from the one observed in the case of phyco-
cyanin. In addition to many sequences annotated as cobalamin
B12-binding domain-containing proteins (e.g., WP_081221060.1),
other sequences containing this potential module include MerR
family transcriptional regulators (e.g., RPI92725.1), methanogenic
Fig. 2. (A) Multiple sequence alignment (MSA) between photoglobin, phycocyanin, RsbR
each globin family is shown above the MSA and the consensus information is shown bel
small residues, b for big residues and p for polar residues. The conserved residues involved
each family, which are shown in dark blue/purple and red in photoglobin and phycocya
Structural comparison of a typical heme-binding globin (hemoglobin), RsbR-globin, phyc
cartoon view are presented. The six-core a-helices of these globin structures are colored d
yellow and sixth in orange. The conserved residues involved in binding specific ligands
phycocyanin and photoglobin domains. Species abbreviations used in the figures are:
Angustibacter sp.; Athe: Anaerolinea thermophila; Bant: Bacillus anthracis; Bbac: Burkh
(in: Rhodophyta); Espp: Ectothiorhodospira sp.; Esps: Epulopiscium sp.; Haur: Herpet
Luteitalea pratensis; Lsat: Lamellibrachia satsuma; Mass: Candidatus Marispirochaet
Methanoregula sp.; Mful: Myxococcus fulvus; Mlam: Mastigocladus laminosus; Nost:
Physeter catodon; Pchi: Paenibacillus chitinolyticus; Ppar: Pedosphaera parvula; Ps
griseoaurantiacus; Srub: Streptomyces rubidus; Sspo: Saccharibacillus sp.; Ssps: S
Saccharomonospora viridis; Xory: Xanthomonas oryzae. (For interpretation of the refe
this article.)

265
corrinoid proteins MtbC1 (e.g., RDI21513.1), biliverdin-producing
heme oxygenase (e.g., WP_045221611.1), twin-arginine transloca-
tion pathway signal proteins (e.g., ORV98546.1) and many hypo-
thetical proteins. None of the sequences have been previously
reported to contain any known globin domain. Also, HMMER scans
against Pfam domain profiles failed to detect any known domains
for the majority of the sequences, indicating they might represent a
new globin family.

We next initiated several subsequent PSI-BLAST searches with
distinct bacterial and archaeal sequences as the respective query
sequences to achieve maximal coverage in terms of detection of
this potential globin domain. As a result, we identified about
5975 homologues from the NCBI-NR database released on June 7,
2021. We also comprehensively collected homologues from the
NCBI-NR database for several known globin domain families,
including heme-binding versions, hemoglobin/cytoglobin [35,51],
neuroglobin [33], androglobin [40], bacterial flavohemoglobin
[52,53], protoglobin [54], truncated globins [31,32,55] , and non-
heme-binding versions, RsbR [43,44] and phycocyanin [41]. For
each globin family, we removed the highly similar sequences by
CD-HIT [69].

Next, all representatives of known globin domain families were
combined with the above-collected novel globin domain
sequences, subjected to all-against-all BLASTP comparisons, and
clustered based on the sequence similarity using the force-
directed graph drawing (Fruchterman and Reingold) algorithm
[57] implemented in the CLANS program [58]. As shown in Fig. 1,
the sequences, presented as nodes in this two-dimensional graph,
are linked and clustered by edges, denoting the detected sequence
similarity when they are from the same or closely related globin
domain families. For example, sequences of several vertebrate glo-
bin families such as hemoglobin/cytoglobin, neuroglobin, andro-
globin, and many bacterial sequences of flavohemoglobin and
Hell’s Gate globin [70] appear to be clustered as one group.
Sequences of the protoglobin and globin-coupled sensor/HemAT
family are clustered into three related groups, whereas sequences
belonging to the truncated globins, including cyanoglobin [55],
are clustered together. Furthermore, the phycocyanin sequences
are clustered into a dense group, while the RsbR-related sequences
[43] and the fatty-acid binding globin sensor [44] compose a large
dispersed cluster. By contrast, the novel globin sequences (labeled
as photoglobin) present themselves as a large, self-connected clus-
ter in this globin sequence space, exclusive of all other known glo-
bins, and only display limited linkages to some sequences of other
families, such as phycocyanin. Thus, these results suggest that the
collected sequences might represent a novel globin domain family
that has not been recognized before. Although our decision to refer
to the unclassified globin domain as the photoglobin came after
additional, extensive sequence, structural and genomic analyses,
to maintain clarity throughout this paper, we will refer to this glo-
-globin, and other typical heme-binding globin families. The secondary structure of
ow the MSA, where h stands for hydrophobic residues, l for aliphatic residues, s for
in ligand-binding are highlighted in white font with a different background color in
nin, orange in RsbR-globin and hot pink in other typical heme-binding globins. (B)
ocyanin, and the AlphaFold2 predicted model of photoglobin. Both surface view and
ifferently: first a-helix in purple, second in blue, third in cyan, forth in green, fifth in
are colored in red. The bottom-right figure shows a structural alignment between
Aant: Amycolatopsis antarctica; Achi: Actinomycetospora chiangmaiensis; Aspr:
olderiales bacterium; Bspp: Bacillus sp.; Bsub: Bacillus subtilis; Chon: Chondria sp.
osiphon aurantiacus; Hkus: Halanaerobium kushneri; Hsap: Homo sapiens; Lpra:
a associata; Mbol: Melittangium boletus; Mboo: Methanoregula boonei; Meth:
Nostocaceae; Nsp7: Nocardioides sp.; Pbac: Planctomycetaceae bacterium; Pcat:
ph: Proteocatella sphenisci; Salb: Streptomyces alboflavus; Sgri: Streptomyces
treptomyces sp.; Sspw: Synechococcus sp.; Svar: Sulfurifustis variabilis; Svir:
rences to color in this figure legend, the reader is referred to the web version of
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bin domain and globin family as photoglobin from this point
forward.

3.2. Sequence and structural analysis of the photoglobin family

During the PSI-BLAST searches of photoglobin homologs, we
observed that several phycocyanin globin sequences were included
as matched hits (either significant or insignificant) starting in the
iterations from 3 to 8 (end of our search). Further, a sensitive
HMM profile-profile comparison against PDB structures imple-
mented in the HHpred server returned a significant match of the
photoglobin domain to several phycocyanin globin structures
(e.g. Phycocyanin Alpha Chain, PDB: 2VML_G, probability 99.84%
of profile-profile match; Allophycocyanin beta-18 subunit apopro-
tein, PDB: 6HRK_C, probability 99.84% of profile-profile match).
Additionally, our CLANS clustering analysis showed a good number
of linkages between the photoglobin and phycocyanin domain
sequences. Thus, these sequence/profile comparisons indicate that
the photoglobin domain might be related to the phycocynanin
globins.

To further understand this potential homologous relationship,
we conducted sequence and structural analysis on this photoglobin
domain with a comparison to several known globin families
including the non-heme binding globins, phycocyanin and RsbR,
and typical heme-binding globins from animals (Fig. 2). We found
that, among these known diverse globin families, the core of the
globin fold is composed of six a-helices in a 3-over-3 configuration
(which we will denote as helices 1–6). This is true despite the fact
that some modifications exist, as is the case for the hemoglobin
with PDB structure 3W4U_A, shown in Fig. 2, in which two addi-
tional short alpha helices are present in the position of the loops
between helices 2–3 and 5–6; modifications also exist in the case
of truncated globins (PDB: 1DLY_A), in which helix 1 is absent
and the fourth helix takes a loop-like form with a single-turn helix,
causing the globin to adopt a 2-over-2 configuration [71]. Despite
these modifications, the ligand-binding pocket located between
the third and fourth helices appears to be conserved across the
families. Through structure-guided sequence alignment, we found
that, while the ligands (cofactors) are different between heme-
binding and non-heme binding globin families, their ligand-
binding residues are evolutionarily related. For example, the typi-
cal heme-binding globin families characteristically utilize two con-
served residues (a distal histidine and a proximal histidine) to hold
a heme group and/or a gas molecule, such as oxygen in place
(Fig. 2A). Within the phycocyanin family, the ligand, a linear tetra-
pyrrole chromophore (bilin), is held through a covalent linkage via
a cysteine (C80, which is structurally analogous to the distal his-
tidine) and noncovalent linkages via an aspartic acid (D83) and a
hydrophobic residue (usually tyrosine, Y115; structurally analo-
gous to the proximal histidine) (Fig. 2B); in the case of the RsbR
family, the ligand, a fatty acid, is bound by a conserved arginine
(R), which is again structurally analogous to the proximal histidine
(Fig. 2B). Thus, these family-specific residues seem to have defined
the ligand-binding specificity of the globins.

When examining the sequence features of the photoglobin fam-
ily (Fig. 2A), we found that photoglobin displays a secondary struc-
tural configuration like that of the traditional globin with six core
a-helices, although its sequence identity to other globins was low.
Two highly conserved positions, an aspartic acid (D49) on the third
helix and a hydrophobic residue (typically Leucine L80) on the
fourth helix, can be identified in the majority of photoglobins,
which appear to be well aligned with the phycocyanin-specific
residues D83 and Y115. Although the residue likely to be involved
in distally binding the ligand is not conserved among photoglobin
sequences, we did observe that some of the photogolobins pre-
serve a Cys in the same position as the conserved ligand-binding
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C80 in phycocyanin (Fig. 2A). Importantly, many of the pho-
toglobins that do not preserve a cysteine in the distal ligand-
binding position have a serine or threonine residue instead. Given
that both Ser and Thr have a hydroxyl group (–OH), which is chem-
ically similar to the sulfhydryl group (-SH) of Cys, in that both are
nucleophollic, it is conceivable that Ser and Thr might function
similarly in providing a covalent linkage with the ligand.

To further support our sequence analysis, we utilized the newly
developed AlphaFold2 [45] to predict the potential structure of a
photoglobin representative (WP_077839650.1, residues 1–130).
The structure of the photoglobin indeed adapts a typical globin fold
with a potential ligand-binding pocket formed between a-helices 3
and 4. Further, all three potential ligand-binding residues (C46,
D49, L80) are located on the inner surface of the pocket and exhibit
a similar configuration as the ligand-binding residues in phyco-
cyanin (Fig. 2B). Given the observed similarity between the
ligand-binding pockets of photoglobin and phycocyanin, we pro-
pose that the new photoglobin domain might bind a ligand or a
series of ligands, which are structurally similar to the linear tetra-
pyrroles bound by phycocyanin. We also predict that the pho-
toglobin domains respectively utilize not only cysteine, but also
serine or threonine residues located in the distal-binding position
to covalently link their ligands, and that the residue variation in
the distal-binding position might be attributed to photoglobin’s
ability to bind different types of linear tetrapyrroles.

3.3. Photoglobin is distinct from phycocyanin in both structure and
phyletic distribution

Despite the many similarities between photoglobin and phyco-
cyanin in both structure and ligand-binding configurations, there
are still two major differences between them. First, the pho-
toglobin domain is missing the two unique a-helices that the phy-
cocyanin has at its N-terminus ahead of the first shared helix of the
globin fold (Fig. 2B). This N-terminal a-helix pair is critical for
interaction of phycocyanin monomers which will further aggregate
to form ring-shaped trimers and hexamers [72], the basic unit of
the pigment protein complex called the phycobilisome [67]. There-
fore, photoglobin is unlikely to form a higher-order structure com-
plex like phycocyanin does. The second major difference between
photoglobin and phycocyanin is that phycocyanin is predomi-
nantly present in cyanobacteria and eukaryotic red algae (rhodo-
phyta), which use phycocyanin-based phycobilisomes as
accessory pigments to chlorophyll [67]. Photoglobin, on the other
hand, has a broader distribution, as it is present in many different
bacterial lineages, including actinobacteria, firmicutes, proteobac-
teria, and chloroflexi, as well as in archaea (Fig. 3), which are not
known to utilize light for energy. These differences suggest that
photoglobin might have a function that is unlike that of phyco-
cyanin’s function as a light-harvesting pigment.

3.4. Contextual information reveals that photoglobin is involved in
prokaryotic signal transduction systems

To explore the potential function of photoglobin, we utilized a
computational ‘‘guilt-by-association” strategy of mining contex-
tual information, such as the domain architectures of the pho-
toglobin proteins and their gene neighborhoods, on bacterial and
archaeal genomes. The principle of this strategy is that protein
domains that interact or are functionally linked usually display a
conserved association in either domain architectures or gene
neighborhoods across different species. By extracting such infor-
mation about these associations (contextual information), we can
infer the functional context of the photoglobin. The results of our
analysis of the photoglobin domain architecture (Fig. 4) reveal that,
in most cases, the photoglobin domain is found fused to the so-
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called B12-binding domain_2 (Pfam ID: PF02607) and B12-binding
(Pfam ID: PF02310) domains, located consecutively either before or
after the photoglobin domain. The B12-binding domain is known
to utilize either the vitamin B12 derivative adenosylcobalamin
(AdoB12) to sense light and regulate transcription factor activation
or to utilize methylcobalamin (MeB12) to facilitate transfer of a
methyl group in methionine synthase; the B12-binding_2 domain
is a four-helical bundle which caps the upper face of AdoB12 or
MeB12 in their respective reactions [73,74]. Additionally, the pho-
toglobin domain is frequently found as a stand-alone domain or
multiply linked. In several other situations (Fig. 4), photoglobin is
further coupled with, in addition to the B12-binding_2 and B12-
binding domains, several domains known to be involved in
prokaryotic signal transduction systems, including PAS, GAF,
GGDEF, Stage II sporulation protein E (SpoIIE), histidine kinase,
267
and transcription factors such as MerR-HTH, ANTAR, and HTH_17
(Fig. 4). This suggests that the photoglobin domain might be func-
tionally linked to signaling systems.

To gain a more complete understanding of the potential func-
tional relevance of photoglobin, we conducted an operonic analysis
on the 5975 photoglobin genes identified from our PSI-BLAST
searches. Fig. 5 shows the representative gene neighborhood asso-
ciations of the photoglobin-containing loci in both bacteria and
archaea. None of the genomic loci have been experimentally stud-
ied. Even though their gene composition is highly divergent, we
were able to identify two striking themes. First, standalone pho-
toglobin domains are almost always located adjacent to the B12-
binding_2 and B12-binding domains on their respective operons.
Second, in almost all instances, the photoglobin genes were further
associated with genes of prokaryotic signal transduction systems,



Fig. 5. Representative operonic structures of the photoglobin-containing loci. Each gene is presented as a block arrow, in which the major domains of the encoded protein are
separately shown as rectangular segments. The direction of the arrow shows the direction of the transcription. The loci are labelled by the photoglobin-containing protein
accession numbers and species names in bracket. The included domains can be classified into three major categories based on their function in the signal transduction
systems: sensor domains, transmitters/receiver, and output/effector domains (transcription factors and enzymes). The three major groups of protein components are labeled
on selected operons as sensor kinases, response regulators, and sensor effectors (details in main text). The chemical structures of the typical ligands of several sensors are also
shown.
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mostly typified by two-component and one-component systems.
Two-component and one-component systems represent the pri-
mary modes of signal transduction in bacteria and archaea to
detect and respond to environmental stresses, including pH, light,
gas molecules, and ion concentrations [75,76]. They typically uti-
lize many distinct domains of three functional categories — sen-
sors, transmitters/receiver, and output/effector domains — to
construct a variety of sensor kinases and response regulators (in
two-component systems) or sensor effectors (in one-component
systems) [76]. In a prototypical model, a sensor domain, often
periplasmic, converts an environmental signal to activate a his-
tidine kinase, via autophosphorylation of a conserved histidine
[77]. The activated histidine kinase acts as a transmitter, transfer-
ring the phosphoryl group to a conserved aspartate found on the
receiver domain of a response regulator, whose output domain is
typically a transcriptional regulator [78]; this in turn modulates
the transcription factor’s DNA binding activity, thereby regulating
gene expression [75].

Here, from the photoglobin-containing operons, we have recov-
ered and annotated many typical domains of these systems, which
fall into the three main functional categories— sensors, transmit-
ters/receiver, and output/effector domains. First, this includes dis-
tinct versions of several sensor domains, namely PAS, GAF, and
Cache, which are the predominant sensor modules in prokaryotic
signal transduction systems [76,79–81]. Second, in addition to
the primary histidine kinase (labelled HATPase), several other
transmitters were recovered, including the histidine phospho-
transfer domain (Hpt) [82], HAMP [83,84], SHELIX [85] and the
STAS domain [86,87], which displays a ubiquitous presence in acti-
nobacteria. The receiver domain (REC) is found fused to both trans-
mitter and output domains throughout the photoglobin operons.
Third, several types of output/effector domains were recovered,
including both transcription factors and enzymatic domains. The
transcription factors include a diverse group of DNA-binding tran-
scription factors adapting the helix-turn-helix (HTH) fold [88],
along with the four-helix bundle transcription factor WhiB, present
in actinobacteria [89]. Enzymatic output/effector domains include
the GGDEF diguanylate cyclase and EAL/HD-GYP diguanylate phos-
phodiesterases, which catalyze the formation and breaking down
of cyclic nucleotide second messenger cGMP, respectively [90–
92]. Additionally, the enzymatic output serine phosphatase
domain, SpoIIE, displays a marked presence in actinobacteria.
Though not commonly studied in the context of one- or two-
component signaling, SpoIIE is known to de-phosphorylate the sul-
fate transporter and anti-sigma factor antagonist (STAS) domain
containing protein, SpoIIAA, in the process of regulation of a
sporulation-specific transcription factor, rF [93–95]. In addition
to these three main groups, we also identified several oxygenases,
including bacterial luciferase, ABM monooxygenase, hemeoxyge-
nase and p450 which might be responsible for sensing and degrad-
ing respective chemicals such as flavin, antibiotics, and heme [96–
98].

Based the domain annotations on the photoglobin-containing
operons, we were able to predict the potential role of the protein
components and their organizations/interactions in the respective
systems (Fig. 5). First, we recovered many distinct versions of sen-
sor kinases, which are featured by containing one or multiple sen-
sor domains along with the histidine kinase domain. Second, we
recovered many response regulators, which contain the receiver
domain and one or multiple output/effector domains. Third, we
recovered many sensor effectors (of one-component systems)
which are proteins in which the sensor and effector/output domain
are directly fused. Importantly, we found that many operons con-
tain multiple sets of sensor kinases and response regulators, such
as those containing EXI88980.1 in proteobacteria and
WP_195625639.1 in firmicutes (Fig. 5), indicating that they might
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define novel signal transduction systems which involve multi-
kinase signaling cascades integrating diverse stimuli [99]. Addi-
tionally, there are several atypical configurations. For instance, in
the majority of operons in actinobacteria, the histidine kinase pro-
teins and transcription factors occur as standalone proteins, while
the PAS and GAF sensor domains are directly fused with the SpoIIE
phosphatase domain. How the components of those systems are
coordinating is unknown.

What is the functional role of the photoglobin proteins in these
prokaryotic signal transduction systems? The photolgobin and
B12-binding domains are almost always fused or coupled together
at the level of protein organization (Fig. 4) or genomic association
(Fig. 5), indicating that they function cooperatively. In some
instances, they are found to be additionally fused to different effec-
tor/output domains, as shown by the domain architectures of
WP_054492114 and TVR36549.1 (Fig. 4). This organization mimics
that of other sensor effectors in one-component systems, suggest-
ing that photoglobin and the B12-binding domains might function
as sensors. Further, when analyzing the known sensor domains, we
realized that a chemical foundation of these domains is the use of
various tetrapyrroles or nucleotide derivatives to receive a light
signal, chelate gas molecules, or to sense redox potential. For
example, the PAS domain, the most ubiquitous sensor domain,
has been shown to bind various ligands such as tetrapyrrole heme,
flavin mononucleotide (FMN), flavin adenine dinucleotide (FAD),
di-/tricarboxylate, and 4-hydroxycinnamic acid [100–102]. The
GAF domain, another prevalent sensor, is known to sense light by
utilizing heme [103] and several linear tetrapyrrole chromophores
[104], a similar set of ligands that phycocyanin-globin binds to.
Therefore, both the novel photoglobin and the B12-binding
domains are functionally aligned with these sensors, as 1) pho-
toglobin is predicted to bind a linear tetrapyrrole and 2) the B12-
binding domain, although it is not commonly implicated in either
one-component or two-component signaling, has been shown to
rely on the tetrapyrrole adenosyl-B12 (AdoB12) to mediate a light-
induced regulation of transcription factors [74]. Thus, given the
observed strong association between the photoglobin and many
signal transduction domains, coupled with our earlier prediction
of binding of a linear tetrapyrrole by photoglobin, we propose that
photoglobin might act as a novel light sensor, which utilizes a lin-
ear tetrapyrrole (bilin) to convert a light signal to regulate associ-
ated enzymes and transcription factors in prokaryotic signal
transduction systems.

3.5. Structural prediction reveals that photoglobin and B12-binding
domains constitute a coupled photosensing system

As observed in the photoglobin-containing proteins and oper-
ons, prokaryotic signal transduction systems are typically charac-
terized by a great diversity of organization in both protein
domain architecture and genomic loci. In order to understand the
potential interactions between these domains in these signaling
systems, we next sought to apply the newly developed AlphaFold2
system [45] to predict the structures of several representative
photoglobin-containing proteins (Fig. 6). The structures predicted
by AlphaFold2 confirmed our annotations on the domain architec-
tures of these proteins. Interestingly, even though many proteins
have different domain composition and organization, in which sig-
naling domains are combined and arranged differently in
sequence, we found that the structural arrangement between three
domains— photoglobin, B12-binding, and B12-binding_2—appears
to be stable (Fig. 6). This indicates that the mode of interaction
between the photoglobin and B12-binding domains is conserved
during evolution. Such conservation might also indicate that these
two light sensor domains might function together as a regulatory
bundle. To be noted, B12-binding domain, via the AdoB12 ligand,



Fig. 6. AlphaFold2 predicted structures of representative photoglobin-containing proteins. Their domain architectures are shown below the structures. The color themes of
the structures correspond to the that of their respective domain architectures.
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can sense light over a spectral range from near-UV to visible light
of wavelengths < 530 nm (corresponding to blue and green) with
peak absorbance at 365 nm [74]. Photoglobin, on the other hand,
is predicted to sense longer wavelengths (corresponding to orange
and red) given its similarity to the phycobiliproteins (phycocyanin,
phycoerythrin, allophycocyanin) which are covalently bound to
linear tetrapyrrole chromophores including phycoerythrobilin
(PEB), phycocyanobilin (CYC), and phycourobilin (PUB) [105,106].
Therefore, it is possible that the coupling of the photoglobin and
B12-binding domains might facilitate a switch-like regulation of
downstream signaling components in response to different wave-
lengths of visible light. This is likely the first case where we see
two sensor domains coupled together in the prokaryotic signal
transduction systems.

In addition to the conserved interactions between photoglobin
and B12-binding domains, structural models also reveal several
other contacts between the photoglobin/B12-binding domain hub
and other signaling components, such as transcription factor
domains (as seen in WP_054492114.1 and TVR36549.1, Fig. 6).
There are several instances in which the histidine kinase domain
or enzymatic effectors are distant to the photoglobin/B12-
binding domain hub (as seen in WP_153558819.1 and
MBN8437166.1 in Fig. 6), which could indicate that the sensor,
upon activation by light, might allosterically modulate the down-
stream effectors or transcription factors, effectively switching the
signal transduction pathway on and off.
4. Final remarks

In summary, by using a multi-faceted analysis of sequence,
structure, and genomic organization, we have identified and made
functional inferences for a new family of globins which we have
named photoglobin for its potential role in light sensing. We show
that photoglobin adopts a typical 3-over-3 globin fold and pre-
serves a ligand-binding pocket like that of phycocyanin. Via the
highly conserved distal cysteine, aspartate and proximal leucine
residues, photoglobin likely binds a linear tetrapyrrole thought to
enable light sensing ability. By extracting contextual information
from protein domain architectures and gene neighborhoods, we
found that photoglobin is almost always fused to or located adja-
cent to the B12-binding domains, which, together, are strongly
associated with many typical domains of two-component signal
transduction systems. By examining a series of structures of
photoglobin-containing proteins modeled by AlphaFold2, we pro-
pose that photoglobin may act in conjunction with the B12-
binding domains as a light-sensing regulatory bundle in prokary-
otic signal transduction systems. Together, photoglobin and the
B12-binding domains may regulate operonically-associated
enzymes or transcription factors in response to different light con-
ditions. We expect that our discovery of this novel globin family in
complex signaling systems will encourage other experimental biol-
ogists to systematically study the functions of these proteins in
microbial signal transduction, hopefully leading to applications of
this novel type of photo-switch in future biotechnology.
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