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Abstract: Oxygenic photosynthesis requires metal-rich cofactors and electron-transfer components
that can produce reactive oxygen species (ROS) that are highly toxic to cyanobacterial cells. Biliverdin
reductase (BvdR) reduces biliverdin IX« to bilirubin, which is a potent scavenger of radicals and
ROS. The enzyme is widespread in mammals but is also found in many cyanobacteria. We show that
a previously described bvdR mutant of Synechocystis sp. PCC 6803 contained a secondary deletion
mutation in the cpcB gene. The budR gene from Synechococcus sp. PCC 7002 was expressed in
Escherichia coli, and recombinant BvdR was purified and shown to reduce biliverdin to bilirubin. The
budR gene was successfully inactivated in Synechococcus sp. PCC 7002, a strain that is naturally much
more tolerant of high light and ROS than Synechocystis sp. PCC 6803. The bvdR mutant strain, BR2,
had lower total phycobiliprotein and chlorophyll levels than wild-type cells. As determined using
whole-cell fluorescence at 77 K, the photosystem I levels were also lower than those in wild-type
cells. The BR2 mutant had significantly higher ROS levels compared to wild-type cells after exposure
to high light for 30 min. Together, these results suggest that bilirubin plays an important role as a
scavenger for ROS in Synechococcus sp. PCC 7002. The oxidation of bilirubin by ROS could convert
bilirubin to biliverdin IX«, and thus BvdR might be important for regenerating bilirubin. These
results further suggest that BvdR is a key component of a scavenging cycle by which cyanobacteria
protect themselves from the toxic ROS byproducts generated during oxygenic photosynthesis.

Keywords: antioxidant; biliverdin; biliverdin reductase; bilirubin; cyanobacteria; phycobiliproteins;
photosynthesis; reactive oxygen species; redox cycle

1. Introduction

Biliverdin reductase (BvdR; E.C. 1.3.1.24), which has been widely studied in mammals,
catalyzes the conversion of the heme catabolic product, biliverdin IX« (Bvd), to bilirubin.
Although Bvd is a water-soluble compound, bilirubin is poorly soluble in water because
of intramolecular H-bonding. In mammals, bilirubin binds to albumin in blood and
must be glucuronidated before being excreted in bile [1]. It is somewhat puzzling that
mammals reduce Bvd because it is more complicated to eliminate bilirubin, and when not
eliminated properly, bilirubin can cause jaundice in mammals [2]. However, a landmark
study revealed that bilirubin is an important lipid-soluble antioxidant at physiologically
relevant O, concentrations and is apparently more important than a-tocopherol [3]. It
was additionally shown that the albumin-bound form of bilirubin protects linoleic acid
from oxidation by peroxyl radicals [4]. Even though bilirubin levels (20-50 nM) are low in
tissues, one study showed that the addition of as little as 10 nM bilirubin protected brain
cells from concentrations of peroxide more than four orders of magnitude higher [5]. Other
scientists then hypothesized that, when bilirubin is oxidized to Bvd, BvdR ensures that it
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is converted back to bilirubin, creating a powerful redox cycle and explaining how low
levels of bilirubin can afford protection against much higher concentrations of peroxide [6].
These studies also showed that bilirubin is important in protecting cells from reactive
oxygen species (ROS), that this redox cycle can occur in vitro, and that Bvd is produced
when bilirubin reacts with ROS [6]. RNAIi studies showed that the depletion of BvdR
led to increased sensitivity to oxidative stress and apoptosis, whereas the depletion of
glutathione, previously thought to be the major protector of tissues against ROS, led to
a much smaller increase in oxidative stress sensitivity. Both bilirubin and glutathione
are probably important in cells. Glutathione is presumably more important in protecting
cytoplasmic constituents, whereas the lipophilic bilirubin may play a more important role
in preventing lipid peroxidation [6,7].

In mammals, bilirubin is mainly bound to albumin in the blood and has been shown to
have antioxidant activity in this form [4]. There have been some challenges concerning the
role of BvdR in an antioxidant cycle [8-10], but the consensus remains that bilirubin and
Bvd play important roles in scavenging ROS in animals [11,12]. Mammalian BvdR is an
autokinase and phosphorylation is required for the reduction of biliverdin to bilirubin [13].
BvdR is also involved in insulin and MAPK signaling as well as in acting as a transcription
factor [14-16]. Therefore, in mammals, BvdR is an important component of a potent redox
cycle that links heme metabolism, gene expression, and cell signaling.

Schluchter and Glazer [17] reported that the cyanobacterium Synechocystis sp. PCC
6803 (hereafter Synechocystis 6803) has a functional BvdR. BvdR from Synechocystis 6803
is a polypeptide of 328 residues that can form dimers [18] or monomers [19] and has an
acidic pH optimum for activity with NADPH [17]. The structure of monomeric BvdR has
been solved using X-ray crystallography to a resolution of 2.1 A and was surprisingly
found to bind two Bvd molecules in the cyclohelical conformation in a nearly parallel,
stacked manner in close proximity to one another (~4 A). The proximal Bvd molecule
binds in close proximity (~2.6 A) to the nicotinamide moiety of NADP* (Takao et al., 2017).
Because the crystals retained catalytic activity, it is assumed that the structure represents
that of the active enzyme. In cyanobacteria, BvdR lacks an obvious signal peptide for
localization to the thylakoid lumen/periplasmic space of cyanobacteria, indicating that the
enzyme is present in the cytoplasm. Surprisingly, a bvdR mutant of Synechocystis 6803 made
no phycocyanin, a light-harvesting protein carrying the linear tetrapyrrole chromophore,
phycocyanobilin, whose biosynthetic precursor is Bvd [17]. Schluchter and Glazer [17]
hypothesized that a build-up of Bvd downregulated the biosynthesis of phycocyanobilin.
Since that time, the genomes of many more cyanobacteria have been sequenced, and bvdR
is present in most but not all cyanobacteria, including Synechococcus sp. PCC 7002 (hereafter
Synechococcus 7002). In this study, we show that a Synechococcus 7002 bvdR mutant has lower
levels of chlorophyll (Chl) 4, mainly due to lower levels of photosystem I (PSI), and total
phycobiliproteins (PBP), and that it accumulates more ROS than WT cells during exposure
to high-light conditions. We suggest that bilirubin produced from Bvd by BvdR is the key
component of a redox cycle that protects cyanobacterial cells from ROS.

2. Materials and Methods

Strains and Growth Conditions. WT and mutant strains of Synechococcus 7002 were
grown in medium A supplemented with 1 mg NaNO; mL~! (denoted medium A*) [20].
To increase growth rates, the mutant strains were adapted to and grown in A* medium
with 10 mM glycerol added as a supplemental carbon source. The growth medium for
mutant strains was additionally supplemented with 50 pig spectinomycin mL~!. Liquid
cultures were slowly sparged with 1% (v/v) CO; in air. Warm white fluorescent tubes
provided continuous illumination at ~250 pmol photons m~2 s~! for standard growth
conditions. The adjustment of the growth light intensity was achieved through the addition
of extra light sources or by shielding the light with a neutral density filter. The growth of
the WT and mutant strains was monitored turbidometrically at 730 nm with a GENESYS
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10 spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). Escherichia coli strain
BL21 DE3 was used for overproduction of recombinant BvdR.

Phylogenetic and protein analysis. Searches for protein homologs in databases were
carried out with the BlastP program (www.ncbi.nlm.nih.gov/BLAST/ (URL accessed on
23 August 2023)) in GenBank, in the Integrated Microbial Genomes of the DOE Joint Genome
Institute (https:/ /img jgi.doe.gov/ (URL accessed on 5 July 2023)) and in Cyanorak, the database
for picocyanobacterial genomes (https:/ /blast.sb-roscoff.fr/picocyanobacteria_all/ (URL
accessed on 5 July 2023) [21]. Analyses of DNA and protein sequences were conducted
using MacVector (MacVector, Inc., Apex, NC, USA). The crystal structure of Synechocystis
6803 BvdR with two molecules of Bvd and NADP was obtained from the protein data
base (pdb: 5B3V) [19] and viewed with PyMol (https://pymol.org/2/ (URL accessed on
9 September 2023). Alphafold-2-generated [22] structure from Synechococcus 7002 BvdR
sequence was then obtained (uniprot: B1XJL6).

From a curated dataset of BvdR protein sequences representing 11 taxonomic orders
across 89 species of cyanobacteria (Table S1), maximum likelihood (ML) trees were inferred
with rapid bootstrapping and subsequent ML search in RAXML v8.2.11 [23] executed
through Geneious Prime v2023.2.1 (www.geneious.com), with trees rooted to Gloeobacter
violaceus PCC 7421. Bootstrap support values were drawn on the best-scoring ML tree from
100 bootstrap replicates using the GAMMA model of rate heterogeneity and BLOSUM62
substitution matrix. The resulting tree was visualized in Geneious Prime v2023.2.1.

Creation of a bvdR mutant. Two segments of the budR gene (SYNPCC7002_A2324)
were amplified by a polymerase chain reaction (PCR) using Synechococcus 7002 chro-
mosomal DNA as template and Tag DNA polymerase. A 557-bp fragment including
a portion upstream of the bvdR gene was amplified using 7002bvdR.up.F (5 CGGTGCCT-
GAAATCAGTTTCCC 3') and 7002BvdR.up.R (5" ACGTGTTTCCCCGCTTCGAG 3'). This
PCR product was digested with HinclI (restriction site present within the Synechococcus
7002 bvdR gene) and was purified by electrophoresis on an agarose gel. A 702-bp frag-
ment containing the 3’ portion of the Synechococcus 7002 bvdR gene was amplified using
7002bvdR.Dn.F (5 TCGAAGCGGGGAAACACGTAG 3') and 7002bvdR.Dn.R
(5" AAAAGCTTAGGTTTGGCC CAGGGCAGCCCG 3') primers; this product was digested
with BamHI (restriction site present within budR gene) and was purified using agarose gel
electrophoresis. Plasmid pSRA81 containing the aadA gene, which confers resistance to
spectinomycin, was digested with HincIl and BamH]I; the 1050-bp DNA fragment encoding
aadA was also purified using agarose gel electrophoresis. The 557-bp bvdR upstream Hincll
fragment, the 1050 bp aadA Hincll-BamHI fragment, and the 702-bp bvdR downstream
BamHI-digested fragment were mixed and ligated together. This ligation mixture was then
transformed into WT Synechococcus 7002 cells as described previously [24,25]. Transfor-
mants were selected on plates containing medium A* supplemented with spectinomycin
(50 ng/mL) and glycerol (10 mM) and solidified with 0.8% (w/v) Bacto-agar (Difco, Ther-
moFisher Scientific, Waltham, MA). Colonies were serially streaked on plates containing
spectinomycin and then grown with and without glycerol in liquid medium. The full
segregation of the WT and mutant alleles of bvdR was verified by PCR amplification using
primers 7002bvdR.up.F and 7002bvdR.Dn.R. Template DNA from the WT strain produced a
1245-bp amplicon, while template DNA from the bvdR mutant produced a 2265-bp product.

Production of Recombinant BudR. The budR gene from Synechococcus 7002 was ampli-
fied from genomic DNA using the primers 7002 bvdR.5.EcoRLF (5 AAGAATTCCATG-
GCAAAATTTCGAGTGGGCATTG 3') and 7002 bvdR.HindIILR (5* AAAAGCTTAGGTTTG-
GCCCAGGGCAGCCCG 3'). The 1008-bp amplicon was digested with restriction enzymes
EcoRI and HindlIIl and ligated with pETDUET-1 digested with the same enzymes. The
cloned gene was verified using DNA sequencing. This bvdR-pETDUET-1 plasmid was
transformed into BL.21 DE3 cells, and colonies resistant to 100 pg ampicillin mL~! were
selected. A 25 mL overnight culture from one of these transformants was grown at 37 °C
in Luria—Bertani (lysis broth) medium with shaking. This culture was used to inoculate a
1 L flask of autoinduction medium without lactose [26] until the culture reached 0.6 ODgy.
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Isopropyl 3-D-1-thiogalactopyranoside (IPTG) was added, and cells were allowed to grow
at 18 °C with shaking for 18-20 h before they were harvested through centrifugation as
described [27]. A lower growth temperature was used for induction of bvdR because we
noticed that higher temperatures (30 °C) resulted in most of the protein being present
in inclusion bodies within the E. coli cells. We also found that co-expression with heme
oxygenase (hol) from Synechocystis 6803 in pACYC-DUET (chloramphenicol was added to
34 pug mL~!, as described in reference [28]) resulted in higher soluble protein levels. Cell
pellets were thawed, resuspended in ~10-250 mM NaPO,, 300 mM NaCl, 10 mM imidazole,
pH 8.0, and supplemented with mini protease inhibitor cocktail (ThermoFisher Scientific,
Waltham, MA, USA) and 0.01 mg ml~! lysozyme (ThermoFisher Scientific, Waltham, MA,
USA) prior to three passages through a French pressure cell at 138 MPa. The extract was
centrifuged at 13,000x g for 15 min to remove any unbroken cells or inclusion bodies.
The [His]s-tagged (HT) form of BvdR was purified using immobilized metal affinity chro-
matography over a cobalt affinity column (ThermoFisher Scientific, Waltham, MA, USA)
following the protocol as described (The QIAexpressionist ™, fifth edition). The protein
was eluted from the cobalt affinity column and dialyzed against 0.1 M K-POy, pH 7.4, and
10% (v/v) glycerol and stored at —20 °C. Proteins were analyzed usnig SDS-polyacrylamide
gels (15% w/v) and immunoblot analyses as described in reference [27] using rabbit anti-
bodies (1:5000 dilution) generated against the recombinant BvdR of Synechocystis 6803 [17].

BudR Assays. Stock enzyme solutions were prepared in 0.1 M K-PO4 buffer, at pH 7.4
and containing 10% (v/v) glycerol. The addition of the enzyme raised the pH of the assay
mixture (see below) to 5.8. The optimal reaction conditions were as follows: 10% glycerol,
0.2 mg mL~! bovine serum albumin, 0.1 M citrate buffer, pH 5.2 (made with Na-citrate and
citric acid; the final pH of the reaction mixture after enzyme and Bvd addition was 5.8),
12 ug of BvdR, 100 uM NADPH, and 20 uM Bvd. The total volume was 1 mL, and the
reaction was initiated by the addition of NADPH. Bvd (purchased from Frontier Scientific,
Newark, DE, USA) or bilirubin (purchased from Gold Biotechnology St. Louis, MO, USA)
were dissolved in a small amount of 0.1 N NaOH, and diluted into 0.1 M K-PO4, pH 7 4. The
concentrations of Bvd and bilirubin were then determined as described in reference [17].

HPLC Analyses of bilins. The analysis of products formed upon the reduction in Bvd
catalyzed by recombinant Synechococcus 7002 HT-BvdR was performed by reversed-phase
high-performance liquid chromatography (HPLC) on a C;g column (3.9 pm x 150 mm) on
a Waters E2695 HPLC equipped with a Waters 2996 photodiode array detector (Waters
Corporation, Milford, MA, USA). A 1 mL reaction mixture containing 10 pug of HI-BvdR,
40 uM Bvd, 0.1 M citrate buffer, pH 5.2 (final pH 5.8), 10% (v/v) glycerol, 0.2 mg mL !
bovine serum albumin, and 100 uM NADPH was incubated at room temperature for
30 min at 37 °C. This reaction mixture was then immediately diluted with 5 mL of 0.1%
trifluoroacetic acid prior to loading on a Cyg cartridge (Waters Corporation, Milford, MA,
USA). For controls, 20 pM Bvd or bilirubin in 0.1 M of citrate buffer, pH 5.8, was diluted
5-fold with 0.1% trifluoroacetic acid (TFA) and treated in the same manner as the BvdR
mixture. The Cyg cartridge was washed with 0.1% TFA and eluted with solvent B (ace-
tone/ethanol/water/acetic acid, 50:38:11:1 (v/v)). The eluate (2 mL) was dried in a vacuum
centrifuge until the volume was ~250 pL; 250 pL of 0.1% TFA was then added, and the
mixture was subjected to centrifugation for 5 min at 12,000 x g prior to injection onto an
analytical Cig column. The solvent systems used were water (solvent A) and solvent B.
The mixture was loaded at a concentration of 50% solvent B and 50% water for 5 min at
0.75 mL min~!. A linear gradient was then applied from 50 to 100% solvent B over 45 min
followed by 100% solvent B for 5 min.

Amplification of cpcA and cpcB. Primers cpcB.1 (described in reference [29] and cpcB.2
(5" CCTAGATATGTAAGCTTTAAGCTGGAT 3') were used to amplify cpcB and primers
cpcA.5 (5" GGAGTTACCAGACATATGAAAACCCC 3') and cpcA.3 (described in refer-
ence [29] were used to amplify cpcA from various chromosomal DNA templates puri-
fied from Synechocystis 6803 WT and bvdR mutants [17]. The PCR conditions used were
[94 °C 30s; 50 °C for 1 min; 72 °C for 1 min] x 35 cycles. PCR products were analyzed
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using electrophoresis on 0.8% (w/v) agarose gels prepared with Tris-acetate-EDTA buffer
(0.4 M Tris-acetate (pH approximately 8.3); 10 mM Ethylenediaminetetraacetic acid (EDTA).
After electrophoresis, gels were stained with ethidium bromide, and DNA fragments were
visualized by fluorescence under UV light.

Quantitation of Chl, PBP, and Carotenoids. Spectroscopic measurements were performed
on a GENESYS 10 spectrophotometer (ThermoFisher Scientific, Waltham, MA, USA). Pig-
ments were extracted from Synechococcus 7002 cells with 100% methanol to determine the
Chl content of cells [30,31]. The Chl a contents were compared on the basis of equivalent
cell numbers as determined by equal ODy3 values as previously described [32].

For measuring PBP content, Synechococcus 7002 cells in late-exponential growth phase
(ODy73¢ = 1.5-2.0) were collected and adjusted to 0.5 ODy3q mL~!. The reduction in the PBP
absorbance at 635 nm of liquid culture samples that had been heated at 65 °C for 5 min was
used to calculate the PBP contents of samples as described [33,34].

To determine carotenoid content, the ODy3 of cells was measured, and cells equivalent
to 2.67 ODy3p were pelleted through centrifugation at 12,000 g for 2 min. The following
procedures were performed under very low light or in the dark. A 300 pL aliquot of acetone:
methanol (1:2, v/v) was added to the cell pellets, and the mixtures were sonicated with
10 pulses. After centrifugation at 12,000 g for 2 min, the supernatants were removed
and filtered through a 0.2 um polytetrafluoroethylene syringe filter (6783-0402; Whatman,
Clifton, NJ, USA).

An aliquot (100 uL) was analyzed by reversed-phase HPLC. The sample was injected
onto a Cyg column using a protocol described for the analysis of all carotenoids in Syne-
chococcus 7002 [25,35] with the absorbance of the eluate monitored at 491 nm. For each
injected sample, the total areas under all peaks were added together. The total area for
each sample was divided by the total area for the sample isolated from WT cells and the
percentage of WT level was then calculated.

Measuring ROS: The cell-permeant reagent, 5-(and 6) chloromethyl-2/,
7'-dichlorodihydroflourescein diacetate, acetyl ester (CM-H,DCFDA) (Invitrogen, Waltham,
MA, USA), which is a derivative of reduced fluorescein, was used to detect ROS. This dye
is non-fluorescent until acetate groups are removed by intracellular esterases and oxida-
tion by ROS occurs within cells. Cells were grown to mid-exponential phase at normal
light intensity (250 pE m~2 s 1), and their ODy3p measured. Cells were harvested and
resuspended in fresh A* medium. For comparison, 5 mL of liquid culture of each strain
was prepared and adjusted to OD73p = 0.4. A stock solution (5.0 mL) of each strain was
prepared with ODy3y = 0.4. Dimethylformamide was added to a fresh tube containing
CM-H;DCFDA to produce a stock solution with 0.5 mM concentration. An aliquot (10 pL)
of the reagent was added to 5.0 mL of cells to produce a final concentration of 1 pM. An
aliquot (1.0 mL) of cells was then removed immediately and kept at reduced light intensity
(~25 umol photons m~2 s~ 1) on the lab bench (control). The remaining cells (4.0 mL) were
placed at 2240 uE m~2 s~! light intensity with sparging for 30 min. The cells were removed
and placed in the dark for 15 min. The fluorescence emission at 520 nm (excitation at
495 nm) of 1.0 mL aliquots of each cell type were recorded in triplicate. The fluorescence
emission of the control cells (treated with the CM-H;DCFDA but kept at reduced light
intensity with no sparging) was also recorded. This control emission was subtracted from
the fluorescence emission of the high-light treated cells. Finally, the ODy3 for each of these
strains was recorded after the incubations, and the fluorescence per 1.0 ODy3y was calcu-
lated. The average fluorescence emission per ODy3 was plotted along with the standard
deviation for each cell type.

3. Results

Analysis of the Synechocystis 6803 bvdR mutant background. One of us (W.M.S.) was in-
volved in the initial characterization of BvdR in the cyanobacterium Synechocystis 6803 [17].
It was not possible to investigate the function of BvdR in Synechocystis 6803 further because
the original bvdR mutant was lost in a freezer-thaw incident after Hurricane Katrina in 2005.
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However, when we attempted to remake the bvdR mutant by transforming Synechocystis
6803 again with DNA from the original plasmid construct used for the inactivation of
bvdR, the mutant and WT alleles failed to segregate fully. The original bvdR mutant had
undetectable levels of phycocyanin, so we amplified the cpcB and cpcA genes from the
original bvdR mutant by PCR using the chromosomal DNA isolated from inviable cells of
the original mutant, that has been stored at —80 °C, to determine if a secondary mutation
might have occurred. The PCR product produced from the cpcB gene was smaller than
the amplicon produced using template DNA from WT Synechocystis 6803 (see Figure S1).
DNA sequencing revealed that a deletion of 122 bp had occurred within the cpcB gene
(nucleotides 165-287), which resulted in a 41 amino acid deletion (55-96) within the coding
region, including Cys-82. This explains why the original bvdR mutant strain was devoid of
phycocyanin. This secondary mutation within cpcB may have permitted the segregation
of the mutant and WT alleles of budR in Synechocystis 6803. This finding prompted us to
renew studies to investigate the role of BvdR in cyanobacteria.

Phylogenetic relationships of cyanobacteria BudR. A survey of the sequenced genomes of
cyanobacteria showed that most cyanobacteria, including the early diverging cyanobac-
terium, Gloeobacter violaceus PCC 7421 [36], contain the budR gene. Parasynechococcus
(formerly called marine Synechococcus), Prochlorococcus, and Acaryochloris species all lack
the bvdR gene. It seems that there have been lineage-specific losses of bvdR by these and
other species, given that Gloeobacter and related strains have the gene. Interestingly, al-
though they live in very similar mat communities and occupy similar ecological niches,
Thermosynechococcus strains do not contain budR, but Thermostichus strains (formerly called
Synechococcus sp.) [37] found in Yellowstone National Park hot springs or the Rupite hot
springs [38] (T. vulcaus) contain one or even two copies of bvdR.

A phylogenetic analysis of BvdR from 89 species representing 11 orders resolved
three main clades (Figure 1). For clades I and III, the tree topology followed a similar
pattern as seen in the 16S rRNA tree of Strunecky et al. [39] and the RefSeq tree of Hirose
et al. [40], with comparable placement of the most basal (Gloeobacterales, Thermostichales,
and Pseudanabaenales) and more derived (Chroococcidiopsidales and Nostocales) species
of represented orders to that of the current tree (Figure 1). Clade II was less clear in the
recovery of distinguishable groupings of taxonomic orders, with 7 of the 11 orders repre-
sented in this clade (Figure 1). However, all members of Pleurocapsales and most members
of Oscillatoriales and Chroococcales were generally clustered within their respective orders
(Figure 1). Bootstrap support was moderate to high for clades I and III (>50%), but low for
clade II, which may explain the disparate placement of some taxa (Figure 1).

Comparison of BudR proteins: The Synechocystis 6803 BvdR is 66.8% similar to BvdR
from Synechococcus 7002 (7002 BvdR; Figure S2A). The structure of Synechocystis 6803 BvdR
with two molecules of Bvd and one NADP* [19] is shown in Figure S2B and is very similar
to the predicted structure of a Synechococcus 7002 BvdR model obtained from Alpha-Fold2
(Figure S2C) [22], suggesting these two enzymes bind the same substrates and perform the
same reaction.

Owerexpression, purification, and assays of Synechococcus 7002 bvdR. The Synechococcus
7002 bvdR gene was cloned into a pET-DUET expression vector and recombinant BvdR was
produced in E. coli as a [His]s-tagged (HT) protein, denoted HT-BvdR. The recombinant
HT-BvdR was purified using immobilized metal affinity chromatography. A reaction
mixture containing Bvd, NADPH, bovine serum albumin, glycerol, citrate buffer, pH 5.8,
and HT-BvdR was incubated for 30 min at 37 °C as described in the Materials and Methods
section. The Bvd and bilirubin control mixtures (no HT-BvdR) in 1 mL mock reactions were
treated similarly prior to analysis on a Cyg reversed-phase column. The elution profiles
were monitored at 370, 680, and 450 nm (Figure 2). Bvd has a retention time of 17 min and
was detected at 370 nm (Figure 2A). The elution profile of the BvdR reaction mixture is
shown in Figure 2B. The retention time of the Bvd is identical to that shown in panel A. The
second observed peak in the reaction mixture in Figure 2B with a retention time of 38.1 min
and an absorbance peak of 450 nm matches that of the bilirubin control (Figure 2C). The
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spectra of the Bvd substrate with a retention time of 17 min in Figure 2B, and of the bilirubin
product produced by BvdR at 38.1 min (Figure 2B), are shown in Figure 2D. The bilirubin
product formed in the reaction with BvdR (Figure 2B) has the characteristic absorbance
peak at 450 nm (see Figure 2D).

Gloeobacter

PCC 7421

Mastigocoleus BCOO8 (Nos)
Aphanizomenon 2012/KM1/D3 (Nos)
Dolichospermum AWQC131C (Nos)
Sphaerospermopsis LEGE 00249 (Nos)
Trichormus variabilis (Nos)
I I I Richelia FACHB-800 (Nos)
Cylindrospermum FACHB-282 (Nos)
Fortiea PCC_7126 (Nos)
Calothrix NIES-22 (Nos)
Komarekiella SIRDD-AB1 (Nos)
aff. Roholtiella LEGE 12411 (Nos)
—O Desmonostoc LEGE 12446 (Nos)
Nostoc PCC 73102 (Nos)
Dendronalium CENA369 (Nos)
Amazonocrinis CENA67 (Nos)
Atlanticothrix CENA357 (Nos)
Anabaenopsis NIES-21 (Nos)
Aulosira FACHB-615 (Nos)
Nodularia CCY9414 (Nos)
Tolypothrix NIES-4075 (Nos)
Hassalia VB512170 (Nos)
Aetokthonos CCALA 1050 (Nos)
————O Iningainema BLCCT55 (Nos)
Brasilonema SPC951 (Nos)
Mastigocladopsis PCC 10914 (Nos)
Scytonema PCC 7110 (Nos)
Dulcicalothrix PCC 7102 (Nos)

I

i

Hapalosiphon MRB220 (Nos)
Westiellopsis I1ICB1 (Nos)
Fischerelfa CCMEE 5323 (Nos)
Chlorogloeopsis PCC 6912 (Nos)
Plectonema LEGE 06105 (Osc)
Rivularia PCC 7116 (Chr)
Gloeocapsopsis IPPAS B-1203 (Chr)
Chroococcidiopsis SAG 39.79 (Chrd)
Pleurocapsa PCC 7319 (Ple)

Hyella LEGE 07179 ERS2782937 (Ple)
Xenococcus PCC 7305 (Ple)
Myxosarcina GI1 (Ple)

Stanieria PCC 7437 (Ple)
Gloeothece PCC 7424 (Chr)
Cyanothece BG0O11 (Osc)
Crocosphaera WH 8501 (Chr)
Rippkaea PCC 8801 (Chr)
Cyanobacterium 0216 (Chr)
Geminocystis PCC 6308 (Chr)
Synechococcus PCC 7002 (Syn)
Gloeocapsa PCC 73106 (Chr)
Chroococcus FPU101 (Ch?
Aphanothece CCALA 016 (Chr)
Microcystis aeruginosa (Chr)
Halothece PCC 7418 (Chr)
Euhalothece Z-M001 (Chr)
Dactylococcopsis PCC 8305 (Syn)
Spirulina PCC 9445 (Spi)
Synechocystis PCC 6803 (Syn)
Prochloron SP5CPC1 (Syn
Lusitaniella LEGE 07157 (Pse)
Moorena bouillonii PNG (Osc)
Coleofasciculus PCC 7420 (Osc)
Chamaesiphon PCC 6605 (Syn)
Planktothricoides FACHB-1261 (Osc)
Oscillatoria PCC 6304 (Osc)
Hormoscilla SPSCHS1 (Osc)
Roseofilum Guam bin12 (Des)
Desertifilium FACHB-1129 (Des)
Microcoleus IPMA8 (Osc)
Tychonema FEM GT703 Osc{
Kamptonema PCC 6407 (Osc,
Okeania PAB10Feb10-1 (Osc)
Trichodesmium GBRTRLIN201 (Osc)
Planktothrix NIVA-CYA 15 (Osc)
Limnoraphis CS-951 (Osc)

Lyngbya PCC 8106 (Osc)
Baaleninema PCC 7105 (Osc)
Limnothrix FACHB-881 (Pse)
Trichocoleus FACHB-262 (Syn)
Crinalium PCC 9333 (Osc)
Phormidium FACHB-592 (Osc)
Leptolyngbya FACHB-881 (Pse)
Stenomitos ULC18 (Pse)
Neosynechoccus CAUP A 1101 (Pse)

i [ﬁ%m

Geitlerinema PCC 7407(Osc)
Romeria LEGE 07310 (Pse)

Oculatella FACHB-28 (Pse)

Elainella Prado103 (Pse)

Thermostichus vulcanus (The)

Anthocerotibacter C109 (Glo)

Gloeobacter PCC 7421 (Glo)

4.0

Figure 1. Maximum likelihood phylogenetic inference of cyanobacteria BvdR protein sequences. Evo-
lutionary analysis was conducted in RAXML v 8.2.11 using the GAMMA model of rate heterogeneity
and BLOSUMBS62 substitution matrix. The most likely tree inferred from 100 bootstrap replicates is
shown with bootstrap values >50% identified as grey filled circles at the corresponding nodes. The
basal cyanobacterium Gloeobacter violaceus PCC 7421 was used to root the tree. Taxa are labeled by
genus and strain when available, otherwise by genus and species, followed by abbreviated taxonomic



Microorganisms 2023, 11, 2593

8 of 18

order in parentheses. Taxonomic orders include: Gloeobacterales (Glo), Thermostichales (The),
Pseudanabaenales (Pse), Oscillatoriales (Osc), Synechococcales (Syn), Desertifilales (Des), Spiruli-
nales (Spi), Chroococcales (Chr), Pleurocapsales (Ple), Chroococcidiopsidales (Chrd), and Nosto-
cales (Nos). Three major clades were identified based on the unrooted phylogram (top left inset):
I (grey—Gloeobacter PCC 7421 through Neosynechococcus CAUP A 1101); II (lime—Stenomitos ULC18
through Pleurocapsa PCC 7319); and III (blue—Chroococcidiopsis SAG 39.79 through Mastigocoleus
BCO008). See Table S1 for detailed information and metrics of all accessions used. The Synechocystis
6803 and Synechococcus 7002 sequences labels are in bold for easier viewing.
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Figure 2. Analyses of biliverdin reductase. Bilins were separated using reversed-phase HPLC
on a Cyg column in panels A-C. Biliverdin was monitored at 370 nm and bilirubin was moni-
tored at 450 nm. Elution profiles of biliverdin control (A), products of biliverdin reduction by
NADPH catalyzed by Synechococcus 7002 BvdR after 30 min (B) and a bilirubin control (C) are shown.
(D) The spectrum of biliverdin from the BvdR assay shown in panel B at 17 min (grey dotted line)
and for the bilirubin product at 38.1 min (black solid line) are shown. (E) The purified 7002 HT-BvdR
enzyme expressed with (lane 1) and without (lane 2) heme oxygenase was separated by SDS-PAGE
followed by Coomassie blue staining. These proteins were purified from 1 L cultures grown in the
same way, and the proteins were concentrated to 1 mL final volume after dialysis. The same volume
(6 uL) was loaded for both, illustrating the higher yield of soluble protein when heme oxygenase
(which produces biliverdin) was present in cells. (F) Inmunoblots of the purified Synechococcus 7002

HT-BvdR samples, which were probed with antibodies raised against the Synechocystis 6803 BvdR
enzyme, are shown. The antibodies cross-reacted with a single major polypeptide at ~37 kDa.
(G) Picture of 1 mL assays after 30 min, containing no enzyme (final pH 5.8) or containing 7002 BvdR
at various final pH values. See Materials and Methods section for details.

The BvdR from Synechococcus 7002 was not very soluble when produced at 30 °C
in E. coli, and the protein had to be produced at 18 °C in order to purify enough protein
to perform the assays. When we co-expressed this protein with heme oxygenase from
Synechocystis 6803 (in the hope that the presence of Bvd would result in a more soluble
enzyme), we had a higher yield of the enzyme (Figure 2E); however, the Bvd present
in these cells did not form stable complexes with BvdR because, after elution from the



Microorganisms 2023, 11, 2593

90f18

Co-affinity column, there was no Bvd bound as judged using absorption spectroscopy.
When the proteins separated by SDS-PAGE were probed with antibodies made against
the recombinant BvdR of Synechocystis 6803, one major protein band was recognized,
corresponding to the predicted size of the HT-BvdR at 36.9 kDa (Figure 2F). The optimal pH
of the Synechococcus 7002 BvdR enzyme was 5.8, the same as reported for the Synechocystis
6803 BvdR enzyme [17] as determined by viewing the yellow color of 1 mL assays after
30 min when the final pH of the assays was varied from pH 5.5 to 6.0 (Figure 2G). Together,
these results demonstrate that Synechococcus 7002 BvdR can reduce Bvd to bilirubin using
NADPH as the coenzyme.

Construction of Synechococcus 7002 bvdR mutant. We made a bvdR mutant in Syne-
chococcus 7002 in the hope of discovering a function for BvdR in cyanobacteria, as described
in the Materials and Methods section. The total DNA was isolated from cells from two
independent transformants (denoted BR2 and BR3) and the WT; the budR PCR amplicons
produced from these chromosomal DNAs were separated using agarose gel electrophoresis
(Figure 3). The size of the products amplified from two bvdR isolates, designated BR2 and
BR3, was 2265 bp, whereas the product amplified from the WT was 1245 bp as predicted;
no amplicons with the size expected for the WT budR allele were detected from either of
the bvdR mutant strains.

A

W
bvdR—p

200 bp

Std

|_
=

§ BR3

1 sr2

«<2.0kb
w “15Kp

pa—

Figure 3. Physical map of the biliverdin reductase mutant construct and PCR of bvdR alleles.
(A) Physical map of the bvdR gene from Synechococcus 7002 showing how the aadA gene, conferring
resistance to spectinomycin, was inserted. Restriction enzyme sites indicated are H = HinclI and
B = BamHI. (B) Agarose gel electrophoresis of budR alleles amplified (using 7002bvdR.up.F and
7002bvdR.Dn.R primers) from the chromosomal DNA isolated from the BR2 mutant, BR3 mutant,
and WT cells. Size standards are loaded in the lane marked “Std” with the sizes indicated at the right.
The WT budR gene produced a 1245 bp product, while the mutant allele produced a product of 2265 bp.

Phenotypic analysis of the Synechococcus 7002 bvdR mutant. Because strains BR2 and
BR3 appeared to be identical, all further studies were performed with strain BR2. The cells
of strain BR2 were more yellow-green in color than the WT cells and whole-cell absorption
spectra indicated that PBP levels were lower than in the WT cells (Figure S3A,B). The PBP,
Chl, and carotenoid contents were measured for the WT cells and the BR2 mutant cells
(Table 1; Figure S4). The PBP and Chl contents of the BR2 cells were only about one third of
the WT levels, whereas carotenoid levels were ~50% higher in the mutant cells than in the
WT cells. Although carotenoid levels increased, the relative proportions of the individual
carotenoids were not substantially different in WT and the BR2 mutant strain (Figure S4).
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Table 1. Relative PBP, Chl, and Carotenoid Contents of Cells from Synechococcus 7002 WT (WT) and
bvdR mutant strain BR2 (BR2).

Relative PBP Relative Carotenoid

. ] 1

Strain Content (%) 1 ug Chl (OD730 - mL) Content (%)
WT 100 3.56 £ 0.28 (100%) 100
BR2 32.5 1.30 % 0.40 (36.5%) 150

1 Pigment contents were determined three times with independent biological replicates. Representative results
are presented for PBP and carotenoids.

The differences in the PBP and Chl levels within cells can also be revealed and com-
pared using fluorescence emission spectroscopy at a low temperature (77 K). Fluorescence
emission spectra at 77 K were measured with the preferential excitation of Chl a at 440 nm
for intact cells of the WT and the BR2 mutant grown to the same cell density at normal light
intensity (250 pE m~2 s~ 1) or at medium light intensity (120 pE m2s71) (Figure 4A). For
the WT cells, the 715 nm emission occurs from Chls associated with PSI complexes, the
695 nm emission from Chls associated with CP47 (PsbB) of PS II, and the 685 nm emission
from Chls associated with CP43 (PsbC) of PSII [24]. Consistent with the lower pigment
content of the cells of the BR2 mutant, the overall fluorescence emission from the Chl
proteins (PSI and PSII) was lower in amplitude than for the WT cells. The emission from
PSI in the BR2 mutant was specifically lower in cells grown at normal light intensity.

The excitation at 590 nm preferentially excites PBP in cyanobacterial cells [41]. The
WT cells display three major fluorescence emission peaks (Figure 4B); the emission peak
at 645 nm is mostly due to phycocyanin, the 665 nm emission peak is mostly due to
allophycocyanin, and the 680 nm emission peak is mostly due to fluorescence emission
from the terminal emitters of the PBS (ApcD and ApcE) as well as Chls associated with
PSII [42]. Based upon a comparison of the fluorescence emission amplitudes from equal
numbers of cells, the fluorescence amplitude was greatly reduced, especially from the
665 nm and the 680 nm emission peaks, in cells of the BR2 mutant (Figure 4B). Overall, the
emission amplitude from all PBP was markedly reduced in the BR2 cells grown at normal
or medium light intensity, which agrees with the overall reduction in PBP content in the
BR2 cells (Table 1) as well as the yellowish-green color of the mutant cells (Figure 3A).

PBS were isolated on sucrose gradients from the WT and BR2 cells. Based upon the
behavior on sucrose gradients, the PBS in the mutant strains seemed to be similar in size
and density to those in the WT (Figure S5A). Furthermore, the absorbance (Figure S5B) and
fluorescence emission were virtually identical. These data indicate that the bvdR mutant
has reduced levels of PBPs, but those PBPs that are produced are normal and are assembled
into PBS in a manner similar to the WT. Therefore, it appears that the bvdR mutants are
making fewer total PBPs rather than reducing the amount of a particular PBP. Consistent
with having fewer total PBPs and PSI, the BR2 isolate grew more slowly than the WT at
normal light intensity (250 uE m2s71) (Figure S6).

Measurement of ROS in vivo. The cell-permeant ROS indicator, CM-H;DCFDA, was
used to determine if there was a higher level of ROS in the BR2 mutant compared to the
WT cells. After the exposure of cells to 2240 uE m~2 s~! for 30 min, followed by a 15 min
incubation in the dark, the fluorescence emission at 520 nm was measured. The ROS levels
detected using this method for these cells are presented in Figure 5. The ROS level in the
BR2 mutant strain was significantly higher, 2.8-fold, than in the WT cells.
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Figure 4. Low-temperature fluorescence emission spectra of the Synechococcus 7002 WT and BR2
mutant strain. (A) Low-temperature (77 K) fluorescence emission spectra of intact cells of the BR2
mutant and WT at 120 pE m—2 s~! and 250 uE m~2 s~ 1. The excitation wavelength was 440 nm,
which preferentially excites Chl a. (B) Low-temperature 77 K fluorescence emission spectra with
excitation at 590 nm, which preferentially excites PBP. Cells were adjusted to the same cell density at
0.5 OD739 mL~!. Each spectrum is the average of four independent measurements.
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Figure 5. Measurement of ROS within WT and BR2 mutant cells. Cells were loaded with the
fluorescein dye derivative CM-H,; DCFDA, incubated in high light (2240 puE m~2s71), and the relative
average fluorescence measured as described in the Materials and Methods. Box and whisker plots
with error bars indicate the standard deviation for the three measurements for each cell type (WT cells
(dark grey) and BR2 mutant cells (blue). The mean for each data set is indicated by the horizontal line.
Asterisks indicate statistical significance levels of ROS for the BR2 mutant compared to WT using a
two-tailed f-test, assuming unequal variance performed using MS excel: *** p < 0.001.
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4. Discussion

The goal of this study was to probe the function of BvdR in cyanobacteria. We were
unable to regenerate the Synechocystis 6803 budR knockout strain using the original plasmid
constructs used to generate the previously reported mutant (Schluchter and Glazer, 1997).
When the cpcB gene was amplified from the chromosomal DNA isolated from the bvdR3.2G
mutant described in the original study [17] and sequenced, we found that the amplicon
contained a 122-bp deletion within the coding region of the cpcB gene, explaining why the
original Synechocystis 6803 mutant lacked phycocyanin. The absence of phycocyanin would
reduce the overall photosynthetic rate in the strain several-fold [43,44], which presumably
would result in lower ROS levels. Reducing the oxidative stress levels in cells would lessen
the requirement for a functional BvdR, which thus might have allowed the segregation of
the WT and mutant alleles of the bvdR gene after transformation.

The bvdR mutant strain described here, called BR2, was generated in Synechococcus
7002, a cyanobacterial strain that can tolerate and grow at much higher light intensities
than Synechocystis 6803 [45]. The BR2 cells showed lower levels of PBPs and Chl than
the WT strain but higher levels of carotenoids (Table 1 and Figure 54). The BR2 cells also
appeared to be making fewer total PBS overall (Figure S5). As a result of the lower content
of photosynthetically active pigments, the BR2 mutant cells grew somewhat slower than
the WT cells (Figure S6).

The ROS levels were significantly higher in the BR2 compared to the WT cells after
exposure to high light (Figure 5). This is consistent with the purported redox protection
role of BvdR in mammals, where it plays an important role in redox protection [6]. In
cultured human cells, the depletion of BvdR (BVRA isoform) by RNAi knockdowns leads
to apoptosis and increased sensitivity to oxidative stress [6]. When a free radical initiator
was added, bilirubin was degraded in these cells, generating Bvd [3,6]. These results
suggested that mammalian BvdR is a part of an important catalytic cycle, regenerating
bilirubin after it is oxidized by ROS in vivo. This allows an amplification so that the nM
levels of bilirubin can catalytically overcome oxidants at concentrations that are up to four
orders of magnitude higher [6].

Cyanobacterial cells produce oxygen at high levels during photosynthesis through the
actions of the photosynthetic electron transport complexes. ROS are generated by metals
within the reaction centers, such as [4Fe—4S] clusters in PSI and ferredoxins, and Fe%* in
PSII, Mn?* in the PSII oxygen evolving complex, Mg?* in Chl, present in both PSI and PSII,
and Cu?* in plastocyanin [46-48], as well as metal centers within the NADH dehydroge-
nase and the cytochrome bsf complex during respiratory electron transport [49,50]. ROS,
including singlet oxygen (1O,), the superoxide anion (O, ~), hydrogen peroxide (H,O,),
and the hydroxyl radical (OH®) [51,52], can oxidize the thiols of the cysteine residues in pro-
teins, cause the photoinhibition of the D1 protein in PSII [53], damage the metal cofactors
in many enzymes, damage DNA, and damage lipids by peroxidation [48,54]. To protect
against ROS generation, cyanobacteria have enzymes including superoxide dismutase,
catalases, peroxidases, peroxiredoxins, and rubrerythrin. Superoxide dismutase converts
the superoxide anion to hydrogen peroxide, with peroxidases, catalases, peroxidredoxins,
and rubrerythrins converting hydrogen peroxide to water [46—48]. In addition, carotenoids
and smaller metabolites such as ascorbate, glutathione, and a-tocopherol also play im-
portant roles in the detoxification of ROS [46,55,56]. Given the increased ROS levels and
lower pigment levels found in the BR2 mutant in Synechococcus 7002, and our discovery
that the original bvdR mutant in Synechocystis 6803 contained a loss of cpcB that was likely
required to facilitate the loss of bvdR,, we suggest that, in cyanobacteria, BvdR may play
an important role in a catalytic cycle of regeneration of the lipid-soluble bilirubin after it
reacts with ROS, producing Bvd (Figure 6). Cyanobacteria lacking BvdR must have other
mechanisms to compensate for ROS.
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Figure 6. Model for the role of BvdR in protecting cyanobacteria from ROS. Oxygen generated
from photosynthesis reacts with metals present in the electron transfer complexes and photosystems
present in the thylakoid membranes, producing ROS, including singlet oxygen (10,), superoxide
anions (O, ™), hydrogen peroxide (H,0O,), and hydroxyl radicals (OH®). These can react with bilirubin
to generate biliverdin. BvdR then uses NADPH (produced by Ferredoxin NADP* reductase [57]) and
re-reduces biliverdin to form bilirubin.

It is not surprising that Gloeobacter spp., and other deeply branching groups of
cyanobacteria, have BvdR; this enzyme may have been an important response to the
selective pressure these organisms experienced when oxygenic photosynthesis first arose.
Oxygen is required for heme oxygenase activity to produce Bvd [58]. Indeed, the timing of
the evolution of antioxidant enzymes like superoxide dismutase in cyanobacteria suggests
these enzymes were important contributors to the success of these organisms responding to
the effects of newly created ROS [47]. Members of the Vampirovibrionia, which are thought
to have given rise to the cyanobacteria [59], do not contain bvdR, suggesting this gene was
an important early acquisition to facilitate the oxygenic lifestyle. It may be more surprising
that some cyanobacterial lineages evidently lost budR. For example, Thermosynechococcus
spp- do not have bvdR, while Thermostichus spp, which occupy a similar niche, have one
or even two copies of budR. Prochlorococcus spp. do not contain heme oxygenase or bvdR;
however, Parasynechococcus spp. (formerly the marine Synechococcus) contain PBP and
heme oxygenase but presumably lost buvdR [60]. Nonetheless, it appears that the BvdR
enzyme has a long evolutionary history, similar to superoxide dismutase enzymes [47].
Our phylogenetic analysis of cyanobacterial BvdR shows a similar pattern as was observed
for superoxide dismutase enzymes [47]. The ancestor to chloroplasts was likely a N-fixing,
unicellular cyanobacterium of the order Chroococcales, a group that contains bvdR [61];
however, plant chloroplasts do not contain bvdR (see below) [62-64].

The members of Actinobacteria have a structurally and mechanistically distinct family
of BvdR enzymes that rely on the deazaflavin cofactor F4o0H; [65]. These enzymes have
been characterized from Mycobacterium tuberculosis [65] and Streptomyces atratus [66], and
both produce bilirubin from Bvd using electrons from the F420 cofactor rather than NADPH.
These enzymes are thought to participate in the protection of these bacteria from ROS
generated in M. tuberculosis infections of the lung [65] or from nitric oxides produced by
Streptomyces spp. [66].

Plants contain heme oxygenase, and its product, Bvd, is the substrate for the HY2
enzyme that produces phytochromobilin [67], the chromophore bound to the plant photore-
ceptor phytochrome [68]. However, plants do not contain a gene for BvdR [62-64]. Very
recently, Ishikawa et al. demonstrated that bilirubin is formed non-enzymatically in chloro-
plasts of multiple plant species when Bvd reacts with NADPH [69]. This group detected
bilirubin using the bilirubin-dependent fluorescent eel protein UnaG [70] while imaging
live plant cells [69]. Bilirubin was detected in the angiosperms Nicotiana benthamiana and
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Arabidopsis thaliana as well as in the early diverging plant, the liverwort Marchantia polymorpha,
suggesting this pigment is likely present in all plants [69]. Bilirubin had been detected in
plants previous to this study [71]. Importantly, Ishikawa et al. showed that the ectopic
expression of rat BvdR in plant chloroplasts increased bilirubin levels, while decreasing
ROS levels [69]. The amount of bilirubin produced in plants non-enzymatically is estimated
to be much less than the amount produced by BvdR in mammals. Ishikawa et al. postulate
that this level of bilirubin is sufficient and important for plants to contribute to scavenging
ROS because plants do not have as much free heme that needs to be degraded as mammals
do (due to the degradation of hemoglobin) [69]. Plants also have a much higher level of
NADPH produced in chloroplasts as a result of photosynthetic electron transport, allowing
it to react with Bvd to produce bilirubin.

In plants, tetrapyrroles, including heme and bilins, regulate photosynthetic gene
expression as retrograde signaling molecules from the plastid to the nucleus [72,73].
ROS produced during photosynthetic electron transport also act as retrograde signal-
ing molecules [74,75]. It seems that bilirubin and/or the ROS species may regulate specific
nuclear genes. Similarly, in mammals, bilirubin has been shown to behave like a hor-
mone [76-78].

Oxygenic phototrophs regulate tetrapyrrole biosynthesis in response to light and
oxygen both transcriptionally and post-transcriptionally [79-87]. The mechanism for the
downregulation of the pigment production in the BR2 mutant remains to be determined.
However, it appears that this compensatory downregulation of pigmented proteins would
be an important mechanism for lowering ROS production in cells. This may explain why the
cpcB deletion was likely required to allow the segregation of the budR mutant in Synechocystis
6803, a cyanobacterium with less tolerance to high light stress than Synechococcus 7002.
We present here the first evidence that BvdR is important in reducing the damage due
to ROS in cyanobacteria. BvdR was estimated to be present at 200-450 copies per cell in
Synechocystis 6803, which is a fairly high level for an enzyme [88]. More work will need
to be carried out to determine the importance of the BvdR enzyme in dealing with ROS.
However, its wide distribution in cells that are known to suffer physiologically from ROS
(Figure 1), which is commonly produced because of their oxygenic photosynthetic lifestyle,
is consistent with an important role in detoxifying ROS.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /microorganisms11102593/s1, Table S1: BvdR sequences (excel file
loaded separately); Figure S1: PCR analysis of the cpcA and cpcB genes from two Synechocystis 6803
biliverdin reductase (bvdR) mutant chromosomal DNAs; Figure S2: Biliverdin Reductase sequences
alignment and structures.; Figure S3: Appearance and absorbance spectra of WT and mutant cells;
Figure S4: HPLC analyses of carotenoids extracted from WT and BR2 cells; Figure S5: Analyses
of phycobilisomes (PBS) from WT and the BR2 mutant; Figure S6: Growth curves of WT and BR2
mutant cells.

Author Contributions: Conceptualization, W.M.S.; methodology, WM.S., CH.B,, X.L., A.B,, G.S,,
R.M.A. and D.A.B.; formal analysis, WM.S.; investigation, WM.S., C.H.B., X.L., A.B., G.S. and
R.M.A,; resources, WM.S.; data curation, WM.S.; writing—original draft preparation, WM.S.;
writing—review and editing, WM.S., CH.B., X.L.,, A.B., G.S., RM.A. and D.A.B.; visualization,
W.M.S,; supervision, WM.S. and D.A.B.; project administration, W.M.S. and D.A.B.; funding acquisi-
tion, W.M.S. and D.A.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by National Science Foundation grants to W.M.S. (MCB-
0133441 and MCB 2017171) and to D.A.B. (MCB-0077586 and MCB-1613022). D.A.B. also acknowl-
edges support from the National Institutes of Health (GM-31625). A.B. was supported by an REU
award from the National Science Foundation (DMR-2049188).

Data Availability Statement: The data presented in this study are available in the Supplementary Material.

Acknowledgments: This work is dedicated to the memory of Alexander N. Glazer, who passed on
18 July 2021, and who was a mentor, a competitor, a collaborator, and always a dear friend to some of us.


https://www.mdpi.com/article/10.3390/microorganisms11102593/s1
https://www.mdpi.com/article/10.3390/microorganisms11102593/s1

Microorganisms 2023, 11, 2593 15 of 18

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Billing, B.H. Twenty-five years of progress in bilirubin metabolism (1952-77). Gut 1978, 19, 481-491. [CrossRef]

2. McDonagh, A F. Turning green to gold. Nat. Struct. Biol. 2001, 8, 198-200. [CrossRef]

3. Stocker, R.; Yamamoto, Y.; McDonagh, A.F,; Glazer, A.N.; Ames, B.N. Bilirubin is an antioxidant of possible physiological
importance. Science 1987, 235, 1043-1046. [CrossRef] [PubMed]

4. Stocker, R.; Glazer, A.N.; Ames, B.N. Antioxidant activity of albumin-bound bilirubin. Proc. Natl. Acad. Sci. USA 1987, 84,
5918-5922. [CrossRef] [PubMed]

5. Doré, S.; Takahashi, M.; Ferris, C.D.; Zakhary, R.; Hester, L.D.; Guastella, D.; Snyder, S.H. Bilirubin, formed by activation of heme
oxygenase-2, protects neurons against oxidative stress injury. Proc. Natl. Acad. Sci. USA 1999, 96, 2445-2450. [CrossRef]

6.  Barafiano, D.E.; Rao, M.; Ferris, C.D.; Snyder, S.H. Biliverdin reductase: A major physiologic cytoprotectant. Proc. Natl. Acad. Sci.
USA 2002, 99, 16093-16098. [CrossRef] [PubMed]

7. Sedlak, TW.; Saleh, M.; Higginson, D.S.; Paul, B.D.; Juluri, K.R.; Snyder, S.H. Bilirubin and glutathione have complementary
antioxidant and cytoprotective roles. Proc. Natl. Acad. Sci. USA 2009, 106, 5171-5176. [CrossRef]

8.  Maghzal, GJ.; Leck, M.C,; Collinson, E.; Li, C.; Stocker, R. Limited role for the bilirubin-biliverdin redox amplification cycle in the
cellular antioxidant protection by biliverdin reductase. . Biol. Chem. 2009, 284, 29251-29259. [CrossRef] [PubMed]

9.  Sedlak, T.W.; Snyder, S.H. Cycling the wagons for biliverdin reductase. ]. Biol. Chem. 2009, 284, LE11. [CrossRef]

10. McDonagh, A.F. The biliverdin-bilirubin antioxidant cycle of cellular protection: Missing a wheel? Free Radic. Biol. Med. 2010, 49,
814-820. [CrossRef]

11. Mancuso, C.; Barone, E.; Guido, P; Miceli, F.; Di Domenico, E; Perluigi, M.; Santangelo, R.; Preziosi, P. Inhibition of lipid
peroxidation and protein oxidation by endogenous and exogenous antioxidants in rat brain microsomes in vitro. Neurosci. Lett.
2012, 518, 101-105. [CrossRef]

12.  Jayanti, S.; Vitek, L.; Tiribelli, C.; Gazzin, S. The role of bilirubin and the other “yellow players” in neurodegenerative diseases.
Antioxidants 2020, 9, 900. [CrossRef]

13.  Salim, M.; Brown-Kipphut, B.A.; Maines, M.D. Human biliverdin reductase is autophosphorylated, and phosphorylation is
required for bilirubin formation. J. Biol. Chem. 2001, 276, 10929-10934. [CrossRef]

14.  Ahmad, Z,; Salim, M.; Maines, M.D. Human biliverdin reductase is a leucine zipper-like DNA-binding protein and functions in
transcriptional activation of heme oxygenase-1 by oxidative stress. . Biol. Chem. 2002, 277, 9226-9232. [CrossRef]

15. Kravets, A.; Hu, Z.; Miralem, T.; Torno, M.D.; Maines, M.D. Biliverdin reductase, a novel regulator for induction of activating
transcription factor-2 and heme oxygenase-1. J. Biol. Chem. 2004, 279, 19916-19923. [CrossRef]

16. Maines, M.D. New insights into biliverdin reductase functions: Linking heme metabolism to cell signaling. Physiology 2005, 20,
382-389. [CrossRef]

17.  Schluchter, W.M.; Glazer, A.N. Characterization of cyanobacterial biliverdin reductase: Conversion of biliverdin to bilirubin is
important for normal phycobiliprotein biosynthesis. J. Biol. Chem. 1997, 272, 13562-13569. [CrossRef]

18. Hayes, ].M.; Mantle, T.J. The effect of pH on the initial rate kinetics of the dimeric biliverdin-IX alpha reductase from the
cyanobacterium Synechocystis PCC 6803. FEBS ]. 2009, 276, 4414-4425. [CrossRef]

19. Takao, H.; Hirabayashi, K.; Nishigaya, Y.; Kouriki, H.; Nakaniwa, T.; Hagiwara, Y.; Harada, J.; Sato, H.; Yamazaki, T.; Sakakibara,
Y.; et al. A substrate-bound structure of cyanobacterial biliverdin reductase identifies stacked substrates as critical for activity.
Nat. Commun. 2017, 8, 14397. [CrossRef]

20. Ludwig, M.; Bryant, D. Transcription profiling of the model cyanobacterium Synechococcus sp. strain PCC 7002 by next-gen
(SOLiD™) sequencing of cDNA. Front. Microbiol. 2011, 2, 41. [CrossRef]

21. Garczarek, L.; Guyet, U.; Doré, H.; Farrant, G.K.; Hoebeke, M.; Brillet-Guéguen, L.; Bisch, A.; Ferrieux, M.; Siltanen, J.; Corre, E.;
et al. Cyanorak v2.1: A scalable information system dedicated to the visualization and expert curation of marine and brackish
picocyanobacteria genomes. Nucleic Acids Res. 2021, 49, D667-D676. [CrossRef]

22.  Varadi, M.; Anyango, S.; Deshpande, M.; Nair, S.; Natassia, C.; Yordanova, G.; Yuan, D.; Stroe, O.; Wood, G.; Laydon, A.; et al.
AlphaFold protein structure database: Massively expanding the structural coverage of protein-sequence space with high-accuracy
models. Nucleic Acids Res. 2021, 50, D439-D444. [CrossRef]

23. Stamatakis, A. RAXML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies. Bioinformatics 2014, 30,
1312-1313. [CrossRef]

24. Shen, G.Z; Bryant, D.A. Characterization of a Synechococcus sp. PCC 7002 mutant lacking Photosystem I. Protein assembly and
energy distribution in the absence of the Photosystem I reaction center core complex. Photosynth. Res. 1995, 41, 41-53. [CrossRef]

25. Frigaard, N.U,; Sakuragi, Y.; Bryant, D.A. Gene inactivation in the cyanobacterium Synechococcus sp. PCC 7002 and the green
sulfur bacterium Chlorobium tepidum using in vitro-made DNA constructs and natural transformation. Methods Mol. Biol. 2004,
274, 325-340. [CrossRef]

26. Studier, EW. Protein production by auto-induction in high-density shaking cultures. Prot. Exp. Purif. 2005, 41, 207-234. [CrossRef]


https://doi.org/10.1136/gut.19.6.481
https://doi.org/10.1038/84915
https://doi.org/10.1126/science.3029864
https://www.ncbi.nlm.nih.gov/pubmed/3029864
https://doi.org/10.1073/pnas.84.16.5918
https://www.ncbi.nlm.nih.gov/pubmed/3475708
https://doi.org/10.1073/pnas.96.5.2445
https://doi.org/10.1073/pnas.252626999
https://www.ncbi.nlm.nih.gov/pubmed/12456881
https://doi.org/10.1073/pnas.0813132106
https://doi.org/10.1074/jbc.M109.037119
https://www.ncbi.nlm.nih.gov/pubmed/19690164
https://doi.org/10.1074/jbc.L109.037119
https://doi.org/10.1016/j.freeradbiomed.2010.06.001
https://doi.org/10.1016/j.neulet.2012.04.062
https://doi.org/10.3390/antiox9090900
https://doi.org/10.1074/jbc.M010753200
https://doi.org/10.1074/jbc.M108239200
https://doi.org/10.1074/jbc.M314251200
https://doi.org/10.1152/physiol.00029.2005
https://doi.org/10.1074/jbc.272.21.13562
https://doi.org/10.1111/j.1742-4658.2009.07149.x
https://doi.org/10.1038/ncomms14397
https://doi.org/10.3389/fmicb.2011.00041
https://doi.org/10.1093/nar/gkaa958
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1007/BF00018295
https://doi.org/10.1385/1-59259-799-8:325
https://doi.org/10.1016/j.pep.2005.01.016

Microorganisms 2023, 11, 2593 16 of 18

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.
51.

52.

Carrigee, L.A.; Frick, ].P; Karty, ].A.; Garczarek, L.; Partensky, F.; Schluchter, W.M. MpeV is a lyase isomerase that ligates a
doubly linked phycourobilin on the -subunit of phycoerythrin I and II in marine Synechococcus. |. Biol. Chem. 2021, 296, 100031.
[CrossRef]

Biswas, A.; Vasquez, Y.M.; Dragomani, T.M.; Kronfel, M.L.; Williams, S.R.; Alvey, R M.; Bryant, D.A.; Schluchter, W.M. Biosynthesis
of cyanobacterial phycobiliproteins in Escherichia coli: Chromophorylation efficiency and specificity of all bilin lyases from
Synechococcus sp strain PCC 7002. Appl. Environ. Microbiol. 2010, 76, 2729-2739. [CrossRef]

Miller, C.A.; Leonard, H.S.; Pinsky, 1.G.; Turner, B.M.; Williams, S.R.; Harrison, L., Jr.; Fletcher, A.F.; Shen, G.; Bryant, D.A;
Schluchter, W.M. Biogenesis of phycobiliproteins.IIl. CpcM is the asparagine methyltransferase for phycobiliprotein 3-subunits
in cyanobacteria. J. Biol. Chem. 2008, 283, 19293-19300. [CrossRef]

Lichtenthaler, H.K. Chlorophylls and carotenoids: Pigments of Photosynthetic biomembranes. Methods Enzymol. 1987, 148,
350-382. [CrossRef]

MacKinney, G. Absorption of light by chlorophyll solutions. J. Biol. Chem. 1941, 140, 315-322. [CrossRef]

Shen, G.; Schluchter, WM.; Bryant, D.A. Biogenesis of phycobiliproteins. I. cpcS-I and cpcU mutants of the cyanobacterium
Synechococcus sp. PCC 7002 define a heterodimeric phycocaynobilin lyase specific for beta -phycocyanin and allophycocyanin
subunits. J. Biol. Chem. 2008, 283, 7503-7512. [CrossRef] [PubMed]

Zhao, J.; Brand, ].]. Sequential events in the photoinhibition of Synechocystis under sodium stress. Plant Physiol. 1989, 91, 91-100.
[CrossRef] [PubMed]

Sakamoto, T.; Inoue-Sakamoto, K.; Bryant, D.A. A novel nitrate/nitrite permease in the marine cyanobacterium Synechococcus sp.
strain PCC 7002. J. Bacteriol. 1999, 181, 7363-7372. [CrossRef] [PubMed]

Graham, ].E.; Bryant, D.A. The biosynthetic pathway for synechoxanthin, an aromatic carotenoid synthesized by the euryhaline,
unicellular cyanobacterium Synechococcus sp. strain PCC 7002. J. Bacteriol. 2008, 190, 7966-7974. [CrossRef]

Moore, K.R.; Magnabosco, C.; Momper, L.; Gold, D.A.; Bosak, T.; Fournier, G.P. An expanded ribosomal phylogeny of cyanobacte-
ria supports a deep placement of plastids. Front. Microbiol. 2019, 10, 1612. [CrossRef]

Komarek, J.; Johansen, J.R.; Smarda, J.; Strunecky, O. Phylogeny and taxonomy of Synechococcus-like cyanobacteria. Fottea 2020,
20, 171-191. [CrossRef]

Strunecky, O.; Kopejtka, K.; Goecke, F.; Tomasch, J.; Lukavsky, J.; Neori, A.; Kahl, S.; Pieper, D.H.; Pilarski, P.; Kaftan, D.; et al.
High diversity of thermophilic cyanobacteria in Rupite hot spring identified by microscopy, cultivation, single-cell PCR and
amplicon sequencing. Extremophiles 2019, 23, 35-48. [CrossRef]

Strunecky, O.; Ivanova, A.P; Mare$, ]. An updated classification of cyanobacterial orders and families based on phylogenomic
and polyphasic analysis. . Phycol. 2023, 59, 12-51. [CrossRef]

Hirose, Y.; Ohtsubo, Y.; Misawa, N.; Yonekawa, C.; Nagao, N.; Shimura, Y.; Fujisawa, T.; Kanesaki, Y.; Katoh, H.; Katayama, M.;
et al. Genome sequencing of the NIES cyanobacteria collection with a focus on the heterocyst-forming clade. DNA Res. 2021, 28,
dsab024. [CrossRef]

Ho, M.-Y.; Niedzwiedzki, D.M.; MacGregor-Chatwin, C.; Gerstenecker, G.; Hunter, C.N.; Blankenship, R.E.; Bryant, D.A. Extensive
remodeling of the Photosynthetic apparatus alters energy transfer among Photosynthetic complexes when cyanobacteria acclimate
to far-red light. Biochim. Biophys. Acta Bioenerg. 2020, 1861, 148064. [CrossRef]

Gindt, YM.; Zhou, J.; Bryant, D.A.; Sauer, K. Spectroscopic studies of phycobilisome subcore preparations lacking key core
chromophores: Assignment of excited state energies to the Lem, 618 and oATB chromophores. Biochim. Biophys. Acta 1994, 1186,
153-162. [CrossRef] [PubMed]

Page, L.E.; Liberton, M.; Pakrasi, H.B. Reduction of photoautotrophic productivity in the cyanobacterium Synechocystis sp. strain
PCC 6803 by phycobilisome antenna truncation. Appl. Environ. Microbiol. 2012, 78, 6349-6351. [CrossRef] [PubMed]

Bryant, D.A.; Lorimier, R.; Guglielmi, G.; Stevens, S.E. Structural and compositional analyses of the phycobilisomes of Synechococ-
cus sp. PCC 7002. Analyses of the wild-type strain and a phycocyanin-less mutant constructed by interposon mutagenesis. Arch.
Microbiol. 1990, 153, 550-560. [CrossRef]

Nomura, C.T.; Persson, S.; Shen, G.Z.; Inoue-Sakamoto, K.; Bryant, D.A. Characterization of two cytochrome oxidase operons in
the marine cyanobacterium Synechococcus sp PCC 7002: Inactivation of ctaDI affects the PSI:PS Il ratio. Photosynth. Res. 2006, 87,
215-228. [CrossRef]

Cassier-Chauvat, C.; Chauvat, F. Responses to oxidative and heavy metal stresses in cyanobacteria: Recent advances. Int. J. Mol.
Sci. 2014, 16, 871-886. [CrossRef]

Boden, ].S.; Konhauser, K.O.; Robbins, L.]J.; Sanchez-Baracaldo, P. Timing the evolution of antioxidant enzymes in cyanobacteria.
Nat. Commun. 2021, 12, 4742. [CrossRef]

Latifi, A.; Ruiz, M.; Zhang, C.C. Oxidative stress in cyanobacteria. FEMS Microbiol. Rev. 2009, 33, 258-278. [CrossRef] [PubMed]
Giorgio, M.; Trinei, M.; Migliaccio, E.; Pelicci, P.G. Hydrogen peroxide: A metabolic by-product or a common mediator of ageing
signals? Nat. Rev. Mol. Cell Biol. 2007, 8, 722-728. [CrossRef]

Imlay, J.A. Pathways of oxidative damage. Annu. Rev. Microbiol. 2003, 57, 395-418. [CrossRef]

Asada, K. THE WATER-WATER CYCLE IN CHLOROPLASTS: Scavenging of active oxygens and dissipation of excess photons.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 1999, 50, 601-639. [CrossRef] [PubMed]

Rinalducci, S.; Pedersen, J.Z.; Zolla, L. Generation of reactive oxygen species upon strong visible light irradiation of isolated
phycobilisomes from Synechocystis PCC 6803. Biochim. Biophys. Acta-Bioenerg. 2008, 1777, 417-424. [CrossRef] [PubMed]


https://doi.org/10.1074/jbc.RA120.015289
https://doi.org/10.1128/AEM.03100-09
https://doi.org/10.1074/jbc.M802734200
https://doi.org/10.1016/0076-6879(87)48036-1
https://doi.org/10.1016/S0021-9258(18)51320-X
https://doi.org/10.1074/jbc.M708164200
https://www.ncbi.nlm.nih.gov/pubmed/18199754
https://doi.org/10.1104/pp.91.1.91
https://www.ncbi.nlm.nih.gov/pubmed/16667050
https://doi.org/10.1128/JB.181.23.7363-7372.1999
https://www.ncbi.nlm.nih.gov/pubmed/10572142
https://doi.org/10.1128/JB.00985-08
https://doi.org/10.3389/fmicb.2019.01612
https://doi.org/10.5507/fot.2020.006
https://doi.org/10.1007/s00792-018-1058-z
https://doi.org/10.1111/jpy.13304
https://doi.org/10.1093/dnares/dsab024
https://doi.org/10.1016/j.bbabio.2019.148064
https://doi.org/10.1016/0005-2728(94)90174-0
https://www.ncbi.nlm.nih.gov/pubmed/8043589
https://doi.org/10.1128/AEM.00499-12
https://www.ncbi.nlm.nih.gov/pubmed/22706065
https://doi.org/10.1007/BF00245264
https://doi.org/10.1007/s11120-005-8533-y
https://doi.org/10.3390/ijms16010871
https://doi.org/10.1038/s41467-021-24396-y
https://doi.org/10.1111/j.1574-6976.2008.00134.x
https://www.ncbi.nlm.nih.gov/pubmed/18834454
https://doi.org/10.1038/nrm2240
https://doi.org/10.1146/annurev.micro.57.030502.090938
https://doi.org/10.1146/annurev.arplant.50.1.601
https://www.ncbi.nlm.nih.gov/pubmed/15012221
https://doi.org/10.1016/j.bbabio.2008.02.005
https://www.ncbi.nlm.nih.gov/pubmed/18371294

Microorganisms 2023, 11, 2593 17 of 18

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.
78.

79.

80.

Golden, S.S.; Brusslan, J.; Haselkorn, R. Expression of a family of psbA genes encoding a photosystem II polypeptide in the
cyanobacterium Anacystis nidulans R2. EMBO ]. 1986, 5, 2789-2798. [CrossRef] [PubMed]

Imlay, J.A. The molecular mechanisms and physiological consequences of oxidative stress: Lessons from a model bacterium. Nat.
Rev. Microbiol. 2013, 11, 443-454. [CrossRef] [PubMed]

Maeda, H.; Sakuragi, Y.; Bryant, D.A.; Dellapenna, D. Tocopherols protect Synechocystis sp. strain PCC 6803 from lipid peroxidation.
Plant Physiol. 2005, 138, 1422-1435. [CrossRef]

Sakuragi, Y.; Maeda, H.; Dellapenna, D.; Bryant, D.A. a-Tocopherol plays a role in Photosynth.thesis and macronutrient
homeostasis of the cyanobacterium Synechocystis sp. PCC 6803 that is independent of its antioxidant function. Plant Physiol. 2006,
141, 508-521. [CrossRef]

Schluchter, W.M.; Bryant, D.A. Molecular characterization of ferredoxin-NADP+ oxidoreductase in cyanobacteria: Cloning and
sequence of the petH gene of Synechococcus sp. PCC 7002 and studies on the gene product. Biochemistry 1992, 31, 3092-3102.
[CrossRef]

Cornejo, J.; Willows, R.D.; Beale, S.I. Phytobilin biosynthesis: Cloning and expression of a gene encoding soluble ferredoxin-
dependent heme oxygenase from Synechocystis sp. PCC 6803. Plant . 1998, 15, 99-107. [CrossRef]

Di Rienzi, S.C.; Sharon, I.; Wrighton, K.C.; Koren, O.; Hug, L.A.; Thomas, B.C.; Goodrich, ].K.; Bell, ].T.; Spector, T.D.; Banfield, ].E,;
et al. The human gut and groundwater harbor non-Photosynthetic bacteria belonging to a new candidate phylum sibling to
cyanobacteria. eLife 2013, 2, e01102. [CrossRef]

Coutinho, F; Tschoeke, D.A.; Thompson, F.; Thompson, C. Comparative genomics of Synechococcus and proposal of the new
genus Parasynechococcus. Peer] 2016, 4, €1522. [CrossRef]

Falcon, L.I; Magallén, S.; Castillo, A. Dating the cyanobacterial ancestor of the chloroplast. ISME ]. 2010, 4, 777-783. [CrossRef]
[PubMed]

Terry, M.J.; Maines, M.D.; Lagarias, ].C. Inactivation of phytochrome-chromophore and phycobiliprotein-chromophore precursors
by rat-liver biliverdin reductase. J. Biol. Chem. 1993, 268, 26099-26106. [CrossRef] [PubMed]

Montgomery, B.L.; Franklin, K.A.; Terry, M.].; Thomas, B.; Jackson, S.D.; Crepeau, M.W.; Lagarias, J.C. Biliverdin reductase-
induced phytochrome chromophore deficiency in transgenic tobacco. Plant Physiol. 2001, 125, 266-277. [CrossRef] [PubMed]
Lagarias, D.M.; Crepeau, M.W.; Maines, M.D.; Lagarias, J.C. Regulation of photomorphogenesis by expression of mammalian
biliverdin reductase in transgenic Arabidopsis plants. Plant Cell 1997, 9, 675-688. [CrossRef]

Ahmed, FH.; Mohamed, A.E.; Carr, P.D.; Lee, B.M.; Condic-Jurkic, K.; O'Mara, M.L.; Jackson, C.J. Rv2074 is a novel F420
H2-dependent biliverdin reductase in Mycobacterium tuberculosis. Protein Sci. 2016, 25, 1692-1709. [CrossRef]

Perez-Ortiz, G.; Sidda, ].D.; Peate, J.; Ciccarelli, D.; Ding, Y.; Barry, S.M. Production of copropophyrin III, biliverdin and bilirubin
by the rufomycin producer, Streptomyces atratus. Front. Microbiol. 2023, 14, 1092166. [CrossRef]

Frankenberg, N.; Mukougawa, K.; Kohchi, T.; Lagarias, J.C. Functional genomic analysis of the HY2 family of ferredoxin-
dependent bilin reductases from oxygenic Photosynthetic organisms. Plant Cell 2001, 13, 965-978. [CrossRef]

Quail, P.H.; Boylan, M.T.; Parks, B.M.; Short, TW.; Xu, Y.; Wagner, D. Phytochromes: Photosensory perception and signal-
transduction. Science 1995, 268, 675-680. [CrossRef]

Ishikawa, K.; Xie, X.; Osaki, Y.; Miyawaki, A.; Numata, K.; Kodama, Y. Bilirubin is produced nonenzymatically in plants to
maintain chloroplast redox status. Sci. Adv. 2023, 9, eadh4787. [CrossRef]

Kumagai, A.; Ando, R.; Miyatake, H.; Greimel, P.; Kobayashi, T.; Hirabayashi, Y.; Shimogori, T.; Miyawaki, A. A bilirubin-inducible
fluorescent protein from eel muscle. Cell 2013, 153, 1602-1611. [CrossRef]

Pirone, C.; Johnson, J.V.; Quirke, J MLE.; Priestap, H.A_; Lee, D. Bilirubin present in diverse angiosperms. AoB Plants 2010, 2010,
plq020. [CrossRef]

Duanmu, D.; Casero, D.; Dent, R M.; Gallaher, S.; Yang, W.Q.; Rockwell, N.C.; Martin, S.S.; Pellegrini, M.; Niyogi, K.K.; Merchant,
S.S.; et al. Retrograde bilin signaling enables Chlamydomonas greening and phototrophic survival. Proc. Natl. Acad. Sci. USA 2013,
110, 3621-3626. [CrossRef] [PubMed]

Duanmu, D.; Rockwell, N.C.; Lagarias, ].C. Algal light sensing and photoacclimation in aquatic environments. Plant Cell Environ.
2017, 40, 2558-2570. [CrossRef] [PubMed]

Ramel, F; Birtic, S.; Ginies, C.; Soubigou-Taconnat, L.; Triantaphylidés, C.; Havaux, M. Carotenoid oxidation products are stress
signals that mediate gene responses to singlet oxygen in plants. Proc. Natl. Acad. Sci. USA 2012, 109, 5535-5540. [CrossRef]
Munné-Bosch, S. Vitamin E function in stress sensing and signaling in plants. Dev. Cell 2019, 48, 290-292. [CrossRef] [PubMed]
Vitek, L.; Hinds, T.D., Jr.; Stec, D.E.; Tiribelli, C. The physiology of bilirubin: Health and disease equilibrium. Trends Mol. Med.
2023, 29, 315-328. [CrossRef] [PubMed]

Vitek, L.; Tiribelli, C. Bilirubin: The yellow hormone? . Hepatol. 2021, 75, 1485-1490. [CrossRef] [PubMed]

Creeden, ].F.; Gordon, D.M.; Stec, D.E.; Hinds, T.D., Jr. Bilirubin as a metabolic hormone: The physiological relevance of low
levels. Am. J. Physiol. Endocrinol. Metab. 2021, 320, E191-E207. [CrossRef]

Zhang, W.; Willows, R.D.; Deng, R; Li, Z.; Li, M.; Wang, Y.; Guo, Y.; Shi, W.; Fan, Q.; Martin, S.S.; et al. Bilin-dependent regulation
of chlorophyll biosynthesis by GUN4. Proc. Natl. Acad. Sci. USA 2021, 118, €2104443118. [CrossRef]

Vavilin, D.V.; Vermaas, W.E]. Regulation of the tetrapyrrole biosynthetic pathway leading to heme and chlorophyll in plants and
cyanobacteria. Physiol. Plant 2002, 115, 9-24. [CrossRef]


https://doi.org/10.1002/j.1460-2075.1986.tb04569.x
https://www.ncbi.nlm.nih.gov/pubmed/3098559
https://doi.org/10.1038/nrmicro3032
https://www.ncbi.nlm.nih.gov/pubmed/23712352
https://doi.org/10.1104/pp.105.061135
https://doi.org/10.1104/pp.105.074765
https://doi.org/10.1021/bi00127a009
https://doi.org/10.1046/j.1365-313X.1998.00186.x
https://doi.org/10.7554/eLife.01102
https://doi.org/10.7717/peerj.1522
https://doi.org/10.1038/ismej.2010.2
https://www.ncbi.nlm.nih.gov/pubmed/20200567
https://doi.org/10.1016/S0021-9258(19)74286-0
https://www.ncbi.nlm.nih.gov/pubmed/8253726
https://doi.org/10.1104/pp.125.1.266
https://www.ncbi.nlm.nih.gov/pubmed/11154335
https://doi.org/10.1105/tpc.9.5.675
https://doi.org/10.1002/pro.2975
https://doi.org/10.3389/fmicb.2023.1092166
https://doi.org/10.1105/tpc.13.4.965
https://doi.org/10.1126/science.7732376
https://doi.org/10.1126/sciadv.adh4787
https://doi.org/10.1016/j.cell.2013.05.038
https://doi.org/10.1093/aobpla/plq020
https://doi.org/10.1073/pnas.1222375110
https://www.ncbi.nlm.nih.gov/pubmed/23345435
https://doi.org/10.1111/pce.12943
https://www.ncbi.nlm.nih.gov/pubmed/28245058
https://doi.org/10.1073/pnas.1115982109
https://doi.org/10.1016/j.devcel.2019.01.023
https://www.ncbi.nlm.nih.gov/pubmed/30753834
https://doi.org/10.1016/j.molmed.2023.01.007
https://www.ncbi.nlm.nih.gov/pubmed/36828710
https://doi.org/10.1016/j.jhep.2021.06.010
https://www.ncbi.nlm.nih.gov/pubmed/34153399
https://doi.org/10.1152/ajpendo.00405.2020
https://doi.org/10.1073/pnas.2104443118
https://doi.org/10.1034/j.1399-3054.2002.1150102.x

Microorganisms 2023, 11, 2593 18 of 18

81.

82.

83.

84.

85.

86.

87.

88.

Kobayashi, K.; Masuda, T. Transcriptional regulation of tetrapyrrole biosynthesis in Arabidopsis thaliana. Front. Plant Sci. 2016, 7,
1811. [CrossRef] [PubMed]

Cackett, L.; Luginbuehl, L.H.; Schreier, T.B.; Lopez-Juez, E.; Hibberd, ]. M. Chloroplast development in green plant tissues: The
interplay between light, hormone, and transcriptional regulation. New Phytol. 2022, 233, 2000-2016. [CrossRef] [PubMed]

Jan, M.S,; Liu, Z.X.; Rochaix, ].D.; Sun, X.W. Retrograde and anterograde signaling in the crosstalk between chloroplast and
nucleus. Front. Plant Sci. 2022, 13, 980237. [CrossRef] [PubMed]

Busch, A.W.U.; Montgomery, B.L. Interdependence of tetrapyrrole metabolism, the generation of oxidative stress and the
mitigative oxidative stress response. Redox Biol. 2015, 4, 260-271. [CrossRef]

Holleboom, C.P.; Walla, PJ. The back and forth of energy transfer between carotenoids and chlorophylls and its role in the
regulation of light harvesting. Photosynth. Res. 2014, 119, 215-221. [CrossRef]

Brzezowski, P; Richter, A.S.; Grimm, B. Regulation and function of tetrapyrrole biosynthesis in plants and algae. Biochim. Biophys.
Acta-Bioenerg. 2015, 1847, 968-985. [CrossRef]

Larkin, RM.; Alonso, J.M.; Ecker, J.R.; Chory, J. GUN4, a regulator of chlorophyll synthesis and intracellular signaling.
Science 2003, 299, 902-906. [CrossRef]

Jackson, PJ.; Hitchcock, A.; Brindley, A.A.; Dickman, M.].; Hunter, C.N. Absolute quantification of cellular levels of
Photosynth.thesis-related proteins in Synechocystis sp. PCC 6803. Photosynth. Res. 2023, 155, 219-245. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fpls.2016.01811
https://www.ncbi.nlm.nih.gov/pubmed/27990150
https://doi.org/10.1111/nph.17839
https://www.ncbi.nlm.nih.gov/pubmed/34729790
https://doi.org/10.3389/fpls.2022.980237
https://www.ncbi.nlm.nih.gov/pubmed/36119624
https://doi.org/10.1016/j.redox.2015.01.010
https://doi.org/10.1007/s11120-013-9815-4
https://doi.org/10.1016/j.bbabio.2015.05.007
https://doi.org/10.1126/science.1079978
https://doi.org/10.1007/s11120-022-00990-z

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

