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ABSTRACT

Determining the function and regulation of paralogues is important in understanding microbial functional genomics and envi-
ronmental adaptation. Heme homeostasis is crucial for the survival of environmental microorganisms. Most Shewanella species
encode two paralogues of ferrochelatase, the terminal enzyme in the heme biosynthesis pathway. The function and transcrip-
tional regulation of two ferrochelatase genes, hemH1 and hemH2, were investigated in Shewanella loihica PV-4. The disruption
of hemH]1 but not hemH2 resulted in a significant accumulation of extracellular protoporphyrin IX (PPIX), the precursor to
heme, and decreased intracellular heme levels. hemH1 was constitutively expressed, and the expression of hemH?2 increased
when hemH1 was disrupted. The transcription of hemH1 was regulated by the housekeeping sigma factor RpoD and potentially
regulated by OxyR, while hemH2 appeared to be regulated by the oxidative stress-associated sigma factor RpoE2. When an oxi-
dative stress condition was mimicked by adding H,O, to the medium or exposing the culture to light, PPIX accumulation was
suppressed in the AhemH1 mutant. Consistently, transcriptome analysis indicated enhanced iron uptake and suppressed heme
synthesis in the AhemHI mutant. These data indicate that the two paralogues are functional in the heme synthesis pathway but
regulated by environmental conditions, providing insights into the understanding of bacterial response to environmental
stresses and a great potential to commercially produce porphyrin compounds.

IMPORTANCE

Shewanella is capable of utilizing a variety of electron acceptors for anaerobic respiration because of the existence of multiple
c-type cytochromes in which heme is an essential component. The cytochrome-mediated electron transfer across cellular mem-
branes could potentially be used for biotechnological purposes, such as electricity generation in microbial fuel cells and dye de-
colorization. However, the mechanism underlying the regulation of biosynthesis of heme and cytochromes is poorly understood.
Our study has demonstrated that two ferrochelatase genes involved in heme biosynthesis are differentially regulated in response
to environmental stresses, including light and reactive oxygen species. This is an excellent example showing how bacteria have
evolved to maintain cellular heme homeostasis. More interestingly, the high yields of extracellular protoporphyrin IX by the
Shewanella loihica PV-4 mutants could be utilized for commercial production of this valuable chemical via bacterial fermenta-
tion.

H eme is a critical cofactor involved in a wide range of impor-
tant biological processes, such as respiration, detoxification,
gas sensing and transport, and signal transduction. The biosyn-
thesis of heme has been well characterized. The intermediates in
the heme biosynthesis pathway are conserved across prokaryotes
and eukaryotes, possibly due to the fundamental nature of many
of the biochemical processes that require the involvement of heme
(1). An incomplete heme synthesis pathway usually results in
heme auxotrophy, such as in Haemophilus influenzae or Buchnera
species (2). In humans, abnormal heme synthesis can lead to ane-
mia or porphyria (3, 4).

Despite the high level of conservation, variations in the en-
zymes that actually carry out heme biosynthesis have been ob-
served among different organisms. Eukaryotic cells use oxygen-
dependent coproporphyrinogen oxidase encoded by hemF, while
some bacteria use an oxygen-independent counterpart encoded
by hemN (5). More recently, two new subpathways for heme bio-
synthesis were validated: one involves the production of heme
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from siroheme, and the other does not use protoporphyrin as an
intermediate (6, 7). However, while most heme biosynthesis or
heme homeostasis studies in prokaryotes were conducted in
pathogenic or symbiotic microorganisms, relevant knowledge in
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environmentally important microorganisms is still lacking.
Therefore, study of genes involved in the heme biosynthesis path-
way in environmental microorganisms is very important for our
understanding of the cellular response to fluctuation in environ-
mental conditions and for manipulating microorganisms for in-
dustrial, medical, and environmental applications.

Shewanella species, which are frequently isolated from redox-
stratified environments, are renowned for their respiratory versa-
tility. Members of the Shewanella genus are capable of carrying out
dissimilatory reduction of various organic compounds, metals,
and nitrate, which are critical steps in the global cycling of carbon,
metals, and nitrogen (8, 9). The ability to use such a diverse group
of electron acceptors is largely attributed to the great variety of
c-type cytochromes, many of which contain more than one heme
(8, 9). Therefore, there is a strong demand for heme for the bio-
synthesis of c-type cytochromes and other proteins that require
heme as a prosthetic group. However, excessive heme and its
closely related porphyrin compounds are toxic (10-12), resulting
in tight control of the intracellular heme/porphyrin pool in She-
wanella species. Protoporphyrin IX (PPIX) is a photosensitizer,
and previously, it was shown that PPIX can induce cell death
through reactive oxygen species (ROS) production; also, bacteria
employ various strategies, such as regulation of heme biosynthesis
or sequestration, uptake, export, and degradation, to control in-
tracellular levels of heme (13). Shewanella species can serve as an
ideal system to study heme biosynthesis and homeostasis for en-
vironmental microorganisms.

Shewanella loihica PV-4 was isolated from iron-rich microbial
mats at the active deep-sea hydrothermal Naha Vent (1,325 m
below sea level), located on the South Rift of Lo’ihi Seamount, HI,
in the Pacific Ocean. Two hemH genes, hemH1 (Shew_2229) and
hemH?2 (Shew_1140), are annotated in the PV-4 genome. Both
genes encode the enzyme ferrochelatase, which catalyzes the last
step of heme synthesis by inserting a ferrous ion into the porphy-
rin ring of protoporphyrin IX to form heme b. These two ferro-
chelatase paralogues share 47% amino acid sequence identity, al-
though the DNA sequences vary significantly. We hypothesized
that both hemH paralogues functioned in heme biosynthesis but
might be differentially regulated for sustaining heme homeostasis
in Shewanella strains, which encode a number of c-type cyto-
chromes for flexible respiration. We conducted molecular ge-
netics analyses, including transposon mutant library screening,
genetic complementation, in-frame gene deletion, and functional
genomics analyses, on AhemHI and AhemH2 mutants by tran-
scriptional profiling based on quantitative reverse transcription-
PCR and microarray technology, heme staining assays, chemical
analyses, and comparative genomics analyses to test our hypoth-
esis. The disruption of hemHI resulted in extremely high concen-
trations of extracellular PPIX, which were not observed when
hemH?2 was disrupted. The biosynthesis of heme and cytochromes
were still observed and obviously driven by HemH2 in the
AhemH]1 mutant, and the double mutant could not yet be gener-
ated. More importantly, the transcription of two hemH paral-
ogues was differentially regulated in response to environmental
stresses. These data provide important insights into the mecha-
nisms underlying bacterial adaptation to changing environmental
conditions via differential regulation of paralogues for concerted
gene expression, as well as the understanding of genetic redun-
dancy, a phenomenon widely found in all life domains and in
almost every gene category. In addition, the PPIX-overproducing
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mutants could potentially be exploited for commercial produc-
tion of this porphyrin compound.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains
and plasmids used in this study are listed in Table 1. Bacterial strains were
cultured in Luria-Bertani medium (5 g/liter yeast extract, 10 g/liter tryp-
tone, 10 g/liter NaCl [pH 7.0]) or modified M1 minimal medium (sup-
plemented with 15 pg/ml gentamicin or 50 pg/ml kanamycin when nec-
essary) (14). The genome of S. loihica strain PV-4 was analyzed by the
Joint Genome Institute (http://genome.jgi-psf.org/she_p/she_p.home
.html). The primers used in this study are listed in Table 2.

Transposon mutagenesis, in-frame deletion mutant generation,
and complementation of the in-frame deletion mutant. Genetic manip-
ulation of the wild-type PV-4 strain is difficult possibly due to the pres-
ence of a Pstl restriction-modification system. To facilitate genetic ma-
nipulation, a ApstI ApstM in-frame double-deletion mutant was created
and used as a parental strain (here, PV-4 refers to the parental strain,
unless otherwise noted) for transposon mutagenesis and in-frame dele-
tions (see Fig. S1 in the supplemental material). The mariner transposon
mutant library (pminiHmar RB1, courtesy of Daad Saffarini, University
of Wisconsin, Milwaukee, WI) preparation, mutant screening, and inser-
tion site mapping were conducted as previously described (15). In-frame
deletion mutants were generated using the suicide vector pDS3.0 (R6K
replicon, sacB, gentamicin resistant [Gm'])-based constructs, as previ-
ously described (16). For complementation, the target genes were PCR
amplified and cloned into the inducible pHERD30T vector with the ap-
propriate amount of arabinose added for induction (17). The resultant
constructs were transformed into PV-4 or mutant strains via conjugation
using Escherichia coli WM3064 as a donor strain. Transformation of the
empty vector was used as a control.

RNA isolation and qRT-PCR analysis. Total RNA was extracted using
RNAiso Plus (TaKaRa) and the RNAprep pure kit for cells/bacteria (Tian-
gen Biotech Co. Ltd., Beijing, China), followed by DNase I treatment. To
prepare cDNA, 2 pg of total RNA was reverse transcribed using the Pri-
meScript RT reagent kit with genomic DNA (gDNA) eraser (TaKaRa) and
the TIANScript RT kit (Tiangen Biotech Co. Ltd.). Reverse transcription-
PCR (RT-PCR) was carried out as described previously (18). Quantitative
real-time PCR (qRT-PCR) was performed in 20-p.l total volume with 1 .l
of template cDNA from 10-fold-diluted reverse transcription products.
Relative gene expression levels were quantified using SYBR Premix dimer
erase (TaKaRa) on a Roche LightCycler 480 II real-time PCR system
(Roche Diagnostics, Penzberg, Germany) with triplicates. Gene expres-
sion was normalized against the 165 rRNA gene using the 2727 calcula-
tion: AC7 = Cryene ofinterest — Cries rrva (Cro threshold cycle). The prim-
ers are listed in Table S2 in the supplemental material.

Microarray hybridization and data analysis. The whole-genome mi-
croarray of S. loihica PV-4 covers 3,857 of the 3,869 annotated coding
sequences. Sixty-five-mer nucleotide probes were designed with Com-
monOligo 2.0 (19). Three probes were designed for each open reading
frame (OREF), if possible, and each probe was randomly localized on the
array with 3 replicates. The microarray was synthesized by Roche Nimble-
Gen (Madison, WI). Cell cultures grown in LB were collected at late-log
phase when substantial PPIX accumulation occurred. Genomic DNA of
the PV-4 strain was extracted using a bacterial genomic DNA extraction
kit (Sigma, St. Louis, MO). Cy5-labeled cDNA (2 g of total RNA per
sample/labeling reaction mixture) and Cy3-labeled gDNA (150 ng of
gDNA/labeling reaction mixture, with 1/12 of the labeling product used
for each hybridization) were cohybridized in each array. Cy3-labeled
gDNA was used as a control for microarray hybridization and data anal-
ysis. Labeling, hybridization, array scanning, and data processing were
performed as previously described (20, 21).

Chemical and spectral analyses. The samples and a PPIX standard
(Sigma-Aldrich, St. Louis, MO) were dissolved in a solution containing
90% acetone and 10% 0.1 M NH,OH. The absorbance was measured
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TABLE 1 Bacterial strains and plasmids

Regulation of Two Ferrochelatase Paralogues

Strain/plasmid Description” Source or reference
Strains
Escherichia coli WM3064 thrB1004 pro thi rpsL hsdS lacZAM15 RP4-1360 (araBAD)567 dapA1341::[erm pir(wt)] W. Metcalf
E. coli TOP10 F~ mcrA A(mrr-hsdRMS-mcrBC) $80dlacZAM15 AlacX74 deoR recAl araD139 Invitrogen
A(ara-leu)7697 galU galK rpsL (Str") endAl nupG
E. coli EC100D+ F~ mcrA A(mrr-hsdRMS-mcrBC) $80dlacZAM15 AlacX74 recAl endAl araD139 Epicentre
Alara, leu)7697 galU galK N~ rpsL (Str") nupG pir" (DHFR) Technologies
E. coli DH5« F~ endAl glnV44 thi-1 recAl relAl gyrA96 deoR nupG $80dlacZAM15 A(lacZYA- TaKaRa
argF)U169 hsdR17(r,~ my ") phoA N~
Shewanella loihica PV-4 Isolated from iron-rich microbial mats at a hydrothermal vent of Lo’ihi Seamount, 9
Pacific Ocean
Modified S. loihica PV-4 pstI (Shew_0993) and pstM (Shew_0992) double-deletion mutant derived from PV-4 This study
PV-4 AhemH1 hemH]I (Shew_2229) deletion mutant derived from PV-4 This study
PV-4 AhemH?2 hemH?2 (Shew_1140) deletion mutant derived from PV-4 This study
Plasmids
pDS3.0 Suicide vector derived from pCDV224; Amp* Gm" sacB 16
pDS3.0-PV-hemH1ko Suicide plasmid for deletion of hemH1 derived from PV-4 This study
pDS3.0-PV-hemH2ko Suicide plasmid for deletion of hemH2 derived from PV-4 This study

pHERD30T
pHERD30T-PV-hemH1
pHERD30T-PV-hemH2
pHERD30T-PV-rpoE2
pHERD30T-MR-hemH1
pHERD30T-MR-hemH?2
pHERD30T-MR-rpoE2
pHERD30T-PV-gltX
pHERD30T-PV-hemA

Shuttle vector with pBAD promoter, Gm" 17
pHERD30T containing the hemH]I derived from PV-4, Gm"
pHERD30T containing the hemH?2 derived from PV-4, Gm"
pHERD30T containing the rpoE2 derived from PV-4, Gm"
pHERD30T containing the hemH]I derived from MR-1, Gm"
pHERD30T containing the hemH?2 derived from MR-1, Gm"
pHERD30T containing the rpoE2 derived from MR-1, Gm"
pHERD30T containing the gltX derived from PV-4, Gm"
pHERD30T containing the hemA derived from PV-4, Gm"

This study
This study
This study
This study
This study
This study
This study
This study

@ wt, wild type; Str", streptomycin resistance; DHFR, dihydrofolate reductase; Amp*, ampicillin resistance; Gm", gentamicin resistance.

every 5 nm with a spectrometer (Biowave II WPA) and quartz cuvettes.
The UV-visible spectrograms were plotted. The fluorescence spectra of
the PPIX standard and samples were measured by a Nicolet Magna-760
(Fourier transform infrared spectroscopy [FTIR]) system at the Oak
Ridge National Laboratory, TN. High-performance liquid chromatogra-
phy (HPLC) and mass spectrometry (MS) analyses were conducted at the
Health Sciences Center of the University of Oklahoma, OK, using a
Michrom Bioresources Paradigm MSRB capillary HPLC and HCT Ultra
ion trap (Bruker Daltonics): column, Magic MS C,4, 5 um, 100 A, 0.5 by
150 mm; solvent A, 0.09% formic acid, 0.01% trifluoroacetic acid (TFA),
2% CH,;CN, 97.9% water; solvent B, 0.09% formic acid, 0.0085% TFA,
95% CH;CN, 4.9% water; and gradient, 30% to 100% solvent B over 15
min, hold 3 min, 100% to 30% over 2 min. For standard and sample
preparation, 1.3 mg of standard was dissolved in 1.3 ml of 100% methanol
and diluted 10 times with the solution containing 0.1% formic acid, 50%
acetonitrile, and 50% water, and 10 pl was loaded on an HPLC-UV-MS
system. Two hundred microliters of sample was dried with Speed-Vacand
then reconstituted with 200 .l of solution containing 0.1% formic acid,
50% acetonitrile, and 50% water. Ten microliters was loaded on a 40-p.l
loop into an HPLC-UV-MS system (flow rate, 20 pl/min; UV wavelength,
216 nm). The mass spectrometry system used was a Bruker Daltonics
HCT Ultra ion trap; mode, positive (target mass, 1/z 500).

Determination of transcription start sites. Terminal deoxynucleoti-
dyl transferase (TdT; TaKaRa) was used to catalyze the incorporation of
single deoxynucleotides (dATPs) into the 3'-OH terminus of cDNA to
make the deoxyribosyladenine (dA)-tailed cDNA, according to the man-
ufacturer’s protocol. Touchdown and nested-PCR were used to amplify
the dA-tailed cDNA by using an oligo(dT) (5'-GCCAGTCTTTTTTTTT
TTTTTTTT-3") primer and a gene-specific primer (22). The PCR prod-
uct was cloned into the pMD18-T vector (TaKaRa, Dalian, China) for
sequencing.

Nitrate reduction and H,0, tolerance test. Nitrate reduction was
examined in PV-4 and mutants cultured in modified M1 medium, with
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sodium nitrate as the electron acceptor. The cultures were incubated un-
der anaerobic or microoxic conditions (without shaking). Nitrate and
nitrite concentrations were measured with a standard colorimetric assay
(23). H,O, sensitivity was tested by monitoring the optical density at 600
nm (ODy,) of relevant strains cultured in LB broth with a gradient of
H,0, concentrations (0, 0.1, 0.3, 0.5, 0.7, and 1 mM) (24).

SDS-PAGE and heme staining. Mid-log-phase cell cultures (OD,
0.6 to ~0.8) grown in LB were collected and homogenized by applying
high pressure (a low-temperature ultra-high-pressure continuous-flow
cell disrupter [JN-02C; Juneng Biology and Technology Co., Guangzhou,
China] or an ultrasonic cell disruption system [Scientz-1ID; Ningbo Xing-
zhi Biotechnology Co., China]). After centrifugation at 13,000 rpm at 4°C,
the supernatants containing the cellular protein fraction were resus-
pended in SDS loading buffer and separated by SDS-PAGE using 12%
polyacrylamide gels. Heme stains were performed using 3,3’,5,5'-tetra-
methylbenzidine dihydrochloride as the substrate, as previously described
(25). Images of the stained gels were taken with the Gel Doc XR+ system
(Bio-Rad Laboratories, Inc., United Kingdom).

Bioinformatics analysis. Amino acid and nucleotide sequences
were retrieved from the NCBI database using the BLAST search tool.
The ClustalW2 package (http://www.ebi.ac.uk/Tools/msa/clustalw2/)
was used for amino acid and nucleotide sequence alignments, and Web-
Logo (http://weblogo.berkeley.edu) was applied to nucleotide sequences
for promoter motif identification.

Accession number(s). The microarray data have been deposited in the
NCBI GEO database under the accession no. GSE81743.

RESULTS

Disruption of hemH]1 resulted in a red-colored phenotype. Ge-
netic manipulations of PV-4 strain were very difficult possibly due
to the Pstl-like restriction-modification system (26). To facilitate
genetic manipulation, we deleted the putative Pstl-like endonu-
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TABLE 2 Primers used in this study

Primer

Oligonucleotide sequence (5'-3")

Complementation
PV4-hemHI1-F
PV4-hemH1-R
PV4-hemH2-F
PV4-hemH2-R
PV4-rpoE2-F
PV4-rpoE2-R
MRI1-hemH1-F
MR1-hemH1-R
MR1-HemH2-F
MR1-HemH2-R
MRI1-rpoE2-F
MRI1-rpoE2-R
PV4-oxyR-F
PV4-oxyR-R

Mutagenesis
PV4-pstko_50
PV4-pstko_5I
PV4-pstko_3I
PV4-pstko_30
PV4-hemH1_50
PV4-hemH1_5I
PV4-hemH1_3I
PV4-hemH1_30
PV4-hemH2_50
PV4-hemH2_5I
PV4-hemH2_31
PV4-hemH2_30

qRT-PCR
QRT-PV4-hemH]1-F
QRT-PV4-hemHI-R
QRT-PV4-hemH?2-F
QRT-PV4-hemH2-R
QRT-16S-F
QRT-16S-R

RT-PCR
PV4-hemH1-RTF
PV4-hemH1-RTR
PV4-hemH2-RTF
PV4-hemH2-RTR
PV4-rpoE2-RTF
PV4-rpoE2-RTR
16S rRNA-RT-F
16S rRNA-RT-R

Primer extension
oligo(dT)
P-PV4-hemH1-1R
P-PV4-hemH1-2R
P-PV4-hemH2-1R
P-PV4-hemH2-2R

5'-GGAATTCTAAAGTGAAGCGCTATATGAGC-3’
5-GCTCTAGAGCAGTGATTTATGCCGTTTACC-3’
5'-GGAATTCGTGGCGATTGATCTCTAAG-3’
5'-GCTCTAGACAAGTTAAAGATACGGCCTC-3’
5'-GGAATTCAAGGGTCATACGTGAGTACAG-3’
5'-GCTCTAGAATTAATCATGCTGCTGGTCTCC-3'
5'-GTGAGCTCTATGCGACTGAATGTTAGCC-3'
5-GCTCTAGATCATTCTGCACTTATCCAAG-3’
5'-GGAATTCAGAAATGGGTCACGCTGC-3'
5'-GCTCTAGAGCTTACAGATACGGCTTCACC-3’
5 -AGAATTCCGAACGGGGTTGAACCTTA-3’
5'-AGTCGACGGGGGTGATGTTTAATCATGT-3'
5'-GGAATTCCGATTTTATGAAACATCTGC-3'
5'-GCTCTAGACAGTTAGGGCTAACTCTCCG-3'

5'-AGAGCTCCCTGCCCTCAATGACTTGTT-3’

5 -TGCATCGAGTTGATTGTCGCGCAACAAGTGACCCACTCAA-3’
5'-GCGACAATCAACTCGATGCACCCAAAATTTCCGCATCATA-3’
5'-AGAGCTCGGCCTTAAGCCCTTTGATCT-3'
5'-AGAGCTCGTACGTTCACCGCACTCTGA-3’
5'-TGCATCGAGTTGATTGTCGCATCACTGCCCGATGCTATTT-3’
5'-GCGACAATCAACTCGATGCATAGGCTAGCACCCACCCTTG-3’
5 -AGAGCTCGTTAAAGCGGGAACGCCTCT-3'
5'-GTGAGCTCATAGATACCGACTCGTTCG-3’
5'-GCGGTCAATTACGTGCTGTCTTAGAGATCAATCGCCACA-3'
5'-GACAGCACGTAATTGACCGCTTCTATCAATTGCCTGTGG-3’
5'-CAGAGCTCTGGTTCTGGGTATCAAAATG-3’

5'-CAGTGTCAACGTACTGCCGA-3'
5 -ATAAAGCTCTCCTTGCCGCC-3’
5'-ATTTCTGCATGCGTTACGGC-3'
5-GCCAGCGCCGCAATATAATC-3'
5'-TAATGGCTCACCAAGGCGAC-3'
5'-GGAGTTAGCCGGTCCTTCTTC-3’

5'-CCGTAGCCAAGCTCTATGAG-3'
5'-GTCACCCTCGGTCACATAAC-3'
5'-GCTGGTGTGGATGCTGATAC-3’

5 -TTAGCGATAGAGTCAGCCAG-3’
5-GCTTAGGCGCGTCAAGGCCAAG-3'
5 -ATTAATCATGCTGCTGGTCTCC-3’
5'-GTTGGAAACGACTGCTAATACC-3'
5'-GGTCCTTCTTCTGTAGGTAACG-3'

5'-GCCAGTCTTTTTTTTTTTTTTTTT-3’
5'-CATAACTCATCCCCAACTCCACC-3’
5-CCTCGGGCCACCAGATAGACT-3’
5'-CACTGCCATTTTCACTCAGCTTTTG-3'
5'-CCTGCTCCGTCCAGATAGACTG-3'

clease (designated Pstl, Shew_0993) and DNA methylase (desig-
nated PstM, Shew_0992) genes from the PV-4 strain, facilitating
the generation of both transposon insertional and in-frame dele-
tion mutants of the parental PV-4 strain (see Fig. S1 in the sup-
plemental material). The wild-type PV-4 and the parental PV-4
(ApstI ApstM double mutant) are orange in color, as are most

Shewanella species. Interestingly, red-colored colonies were ob-
tained from a screening of a transposon mutant library of PV-4.
The transposon insertions in the red-colored mutants were
mapped to the hemH]I gene, encoding a ferrochelatase (see Fig.
S2 in the supplemental material), which catalyzes the insertion
of ferrous iron into protoporphyrin IX (PPIX [7,12-diethenyl
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PV 4 PV-d4/hemHI')Km®  PV-4AhemH]1 PV-4AhemH?2

PV4 PV-dAhemH1

PV-4AhemH1

pHERD30T pHERD30T pHERD30T-hemH1

FIG 1 Effects of hemHI disruption and deletion on phenotypes in PV-4.
Inactivation of a ferrochelatase gene resulted in the overproduction of proto-
porphyrin IX in Shewanella loihica PV-4. The transposon insertional mutant
(hemH1::Km") and in-frame deletion mutant (PV-4 AhemH]1) exhibited sim-
ilar phenotypes, while the deletion of another paralog, hemH2, did not cause
the same phenotypes. In genetic complementation analyses on the hemHI
deletion mutant PV-4 AhemH]I, the plasmid-borne wild-type hemHI gene
restored the phenotype of the mutant to that of the wild-type strain carrying
the empty vector.

3,8,13,17-tetramethyl-2111,231I-porphine 2,18 dipropanoic acid]) to
form heme b. Interestingly, none of the red-colored transposon
mutants contained an insertion of transposon in hemH2, suggest-
ing that hernHI1 might play a more prominent role in heme bio-
synthesis in PV-4. Despite the highly conserved biosynthesis path-
ways for protoporphyrin IX, heme, and c-type cytochromes in
Escherichia and Shewanella, the red-colored colony phenotype
was not obtained in Escherichia coli, although an accumulation of
PPIX was observed in E. coli hemH (visA) mutants (10, 11).

To further confirm the direct link between hemH]I and the
red-colored phenotype, in-frame deletion mutants of hemH]I or
hemH?2 were generated. Red pigmentation was observed in the
AhemH] in-frame deletion mutant but not in the AhernH2 mu-
tant. Reintroduction of a wild-type copy of the hemH]I gene into
the AhemH]1 mutant fully reversed the red-colored phenotype
(Fig. 1). Besides the red-colored phenotype in the AhemHI mu-
tant, no other growth deficiencies were observed in the AhemH]1
or AhemnH2 mutant when cultured in the LB medium under aer-
obic conditions. Double-deletion mutants of hemHI and hemH2
could not be generated, suggesting that the disruption of heme
biosynthesis in PV-4 is lethal and that both hemH paralogues
function in the heme biosynthesis pathway, with hemH1 playing a
major role.

Accumulation of PPIX in AhemH1 mutantled to red-colored
phenotype. Red-pigmented aggregates accumulated in the cul-
ture broth of the AhemH1 mutant, suggesting that the red pigment
was secreted into the medium. To determine whether the red pig-
ment was PPIX, acetone-NH,OH extracts of the cell pellets were
analyzed with a commercial PPIX standard as the control. High-
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performance liquid chromatography (HPLC) showed that the
AhemH]I mutant extracts and the PPIX standard eluted at the
same time (Fig. 2a). Further analysis with electrospray ionization-
tandem mass spectrometry (ESI-MS/MS) clearly indicated that
the AhemHI mutant sample had the same fragment profile as the
commercial PPIX standard (Fig. 2b). Additionally, UV-visible ab-
sorbance spectra of the AhernHI mutant extract were very similar
to those of the PPIX standard, with the maximum absorbance at
405 nm. However, the wild-type strain extract did not show an
absorbance peak at 405 nm, indicating that there was no PPIX
accumulated in the wild-type cells (see Fig. S3 in the supplemental
material). Furthermore, Fourier transform infrared spectroscopy
(FTIR) analyses also showed the same fluorescence spectrum pat-
tern (see Fig. S4 in the supplemental material). Taken together,
these data indicate that the red pigment in the AhemHI mutant
was PPIX. With HPLC separation and fluorescence detection (ex-
citation at 405 nm and fluorescence at 630 nm), the yield of PPIX
in the AhernH1 mutant was estimated to be ~3 mg/g (dry weight).

Impaired heme synthesis and defective nitrate reduction in
AhemH]1 mutant. In order to determine if the accumulation of
PPIX affected the intracellular heme levels, heme staining of the
cellular proteins was carried out. Compared to levels in wild-type
PV-4, levels of c-type cytochromes decreased in the AhemH]I
mutant but remained similar in the AhemH2 mutant (Fig. 3a),
suggesting that the deletion of hemH]1 substantially affected
cytochrome c¢ synthesis.

Since heme and cytochrome care critical components involved
in anaerobic respiration, nitrate reduction was examined using
nitrate as the sole electron acceptor in the anaerobic M1 medium.
Compared with PV-4, the AhemH] mutant was deficient in ni-
trate reduction, as reflected by the much lower rate of nitrate re-
duction. Complementation of PV-4 AhemH]1 with plasmid-borne
hemH] partially restored nitrate reduction (Fig. 3b).

Taken together, the deletion of hemH]I in PV-4 resulted in
dramatic extracellular accumulation of PPIX, decreased intracel-
lular cytochrome c levels, and impaired nitrate reduction. The
deletion of hemH2, on the contrary, did not lead to any of these
significant changes under the same conditions tested. However, it
appeared that hemH2 also encodes a functional ferrochelatase,
because (i) the AhemHI mutant showed normal growth (see Fig.
S5 in the supplemental material) and still produced cytochromes
despite being present at a lower level, indicating that some PPIX
was still converted to heme; (ii) plasmid-borne hemH2 fully re-
stored heme synthesis despite the loss of hemH1 (Fig. 4b; see also
Fig. S6 in the supplemental material); and (iii) we were unable to
generate a AhemHI1 AhemH2 double mutant even with supple-
mentation of hemin, indicating that heme synthesis is essential for
the growth of this bacterium. The transcription levels of the two
paralogues in the wild-type and mutant strains were compared to
further elucidate their cellular functions.

Different gene expression patterns of hemH1 and hemH2.
Temporal expression patterns of hemHI and hemH2 were moni-
tored with RT-PCR and qRT-PCR. In PV-4, hemH]1 showed con-
stitutive expression, while the expression of hemH2 was undetect-
able (Fig. 5a). Previously, we demonstrated that the pgpD-hemH?2
operon was regulated by the RpoE2 sigma factor in the Shewanella
oneidensis MR-1 strain (18). Interestingly, the expression of rpoE2
was not detected in the wild-type PV-4 strain (Fig. 5a). However,
in the AhemHI mutant, the expression of hemH2 and rpoE2 was
detected in both exponential (ODg, 0.6) and early stationary
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deviation (SD).

(ODgg0 1.3) phases. The qRT-PCR analysis validated the results of
the RT-PCR, showing a mild increase (~2-fold) in hemmH2 expres-
sion in the AhemHI mutant compared to the basal-level expres-
sion in PV-4 (Fig. 5b). These results indicated that hemH]1 is the
dominant gene under standard growth conditions and that
hemH2 may play a supplementary role when hemH]1 is disrupted.

Differential regulation of hemHI1 and hemH2. To further de-
termine how the expression of hemH1 and hemH2 is regulated, the
upstream regions of each gene were examined to identify potential
transcriptional regulator binding motifs. A transcriptional start
site was identified using a primer extension assay. The +1 site was
determined to be nucleotide A downstream of the —10 (TAG
CCT) and —35 (GGCTTT) promoter motifs (see Fig. S7a in the
supplemental material). Sequence analysis identified an RpoD
binding motif (—10/—15 sites) and a putative OxyR (shew_1035)
binding motif (TTCTCATATTTGAAAAAGC) upstream of the
—10/—15 sites (Fig. S7b). Therefore, the expression of hermH was
predicted to be dependent on the housekeeping sigma factor
RpoD and possibly regulated by the oxidative stress response reg-
ulator OxyR (Fig. S7b). Our previous study in S. oneidensis MR-1
identified the gene pgpD, encoding glutathione peroxidase, as be-
longing to a regulon of RpoE2, an extracytoplasmic function
(ECEF) sigma factor involved in the oxidative stress response (18).
Coincidentally, hemH2 in MR-1 is in the same operon as pgpD,
and a similar RpoE2-dependent promoter motif was identified
upstream of hemH2 in PV-4 (Fig. 4a). A primer extension assay
also showed that hemH2 was transcribed from the nucleotide A
(+1) downstream of the —35 (TGATCT) and —10 (CGTACT)
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promoter motifs, which are recognized by RpoE2 (see Fig. S9 in
the supplemental material).

To verify the regulatory role of OxyR on hemH1, we induced
the expression of oxyR in trans in the parent strain. The result
showed that hemH1 transcription is significantly induced due to a
higher level of oxyR expression (see Fig. S8a in the supplemental
material). To validate the regulation of hemmH2 by RpoE2, the ex-
pression of hemH2 was monitored in PV-4 harboring a vector
pHERD30T with a native rpoE2 gene driven by an arabinose-in-
ducible promoter. Under control conditions, both rpoE2 and
hemH?2 exhibited basal-level expression. After a 2-h induction
with arabinose, the expression of rpoE2 increased 9-fold, and the
expression of hemH2 increased about 8-fold (Fig. 4b). Induction
of rpoE2 in the AhemHI mutant completely reversed the red-
colored phenotype of the AhemHI mutant (see Fig. S6 in the
supplemental material). These results suggested that expres-
sion of hemH2 was regulated by RpoE2.

Functions of hemH paralogues under oxidative stress. Proto-
porphyrin IX is a long-known photosensitizer and produces reac-
tive oxygen species (ROS) upon light exposure, leading to cell
damage or even death (12, 27). To uncover the roles of hemH
paralogues under oxidative stress, gene expression and pheno-
types in PV-4 or the AhemH1 mutant were examined under visible
light (about 700 to ~1,000 Ix) or by adding H,O, to the medium.
The introduction of H,O, to the medium partially suppressed the
red-colored phenotype of the AhemHI mutant. Interestingly,
light exposure completely reversed the red-colored phenotype
(Fig. 6a). The qRT-PCR results demonstrated an increased ex-
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independent samples.

pression of rpoE2 and hemH2 in the AhemHI mutant but not in
the parental strain under light exposure. Also, increased expres-
sion of rpoE2 and hemH2 was observed in both PV-4 and the
AhemH1 mutant after the addition of H,O, (Fig. 6b and ¢; see also
Fig. $10 in the supplemental material). Additionally, the AhemH]1
mutant appeared to be more sensitive to H,O, than the AhemH2
mutant or PV-4 (see Fig. S11 in the supplemental material).
Under the oxidative stress conditions, hemH1 exhibited signif-
icant upregulation (see Fig. S8b in the supplemental material),
which was likely dependent on the transcription factor OxyR.
Overexpression of oxyR led to the upregulation of hemH]1 in the
PV-4 strain (Fig. S8a). These results suggested that hemH]I
plays a more dominant role in the oxidative stress response,
while the expression of hemH2, mediated by rpoE2, is induced
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under oxidative stress due to either the addition of H,O, or the
ROS produced from PPIX under light exposure. HemH?2 might
act as a backup to sustain heme homeostasis under oxidative
stresses.

Increased expression of iron uptake genes and decreased
expression of PPIX synthesis genes in the AhemH]1 mutant.
Genome-wide gene expression changes in the AhemHI1 mutant at
the late-log phase were examined with microarray analysis. Com-
pared with expression in PV-4 (see Table S1 in the supplemental
material), genes involved in iron uptake exhibited significantly
increased expression (log,R > 3) in the AhemnHI mutant. These
included two siderophore receptor genes (Shew_3097 and
Shew_3841), one ferric iron binding gene (Shew_0861), two fer-
rous iron transporter genes (Shew_2517 [feoA] and Shew_2518
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FIG 5 Transcriptional analyses of rpoE2 and hemH paralogues in the wild-type strain and the hemHI-null mutants of S. loihica PV-4. (a) Semiquantitative
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and PV-4 AhemH] strains. Transcription of the 16S rRNA genes was analyzed and used as the loading control. The assays were performed in triplicate, and the
error bars represent the standard deviations (SD) of the results from triplicate independent samples.

[feoB]), and a bacterioferritin-associated ferredoxin gene
(Shew_0552). Considering the substantial accumulation of PPIX
at the late-log phase and the need for ferrous iron in the biosyn-
thesis of heme from PPIX, it was reasonable that iron uptake was
enhanced in order to counteract PPIX accumulation in the
AhemH]1 mutant.

In contrast to increased expression of iron uptake genes, the
expression of genes involved in the heme biosynthesis pathway
prior to the PPIX production step significantly decreased. These
included glutamyl-tRNA reductase (Shew_2913) and delta-amin-
olevulinic acid dehydratase (Shew_3382) genes, which are in-
volved in the synthesis of early precursors of heme (5-aminole-
vulinate and porphobilinogen, respectively), and hemF
(Shew_0073) and hemG (Shew_0025), which are involved in the
synthesis of protoporphyrinogen and PPIX, respectively. In addi-
tion, the levels of expression of several cytochrome c genes, includ-
ing two decaheme cytochrome ¢ genes, omcA and mtrC
(Shew_0918 and Shew_2525, respectively), were significantly de-
creased. These results suggest that a potential negative feedback
effect of accumulation of PPIX on heme biosynthesis occurs. Sig-
nificant repression of flagellar synthesis genes was also detected,
possibly as a cellular response to stresses imposed by PPIX accu-
mulation.

DISCUSSION

The great respiratory flexibility found in Shewanella species is
achieved through the expression of multiple c-type cytochromes
(around 40), which requires sufficient heme supply (28). There-
fore, heme homeostasis is critical in Shewanella species, which
predominantly conduct a respiratory lifestyle (29). There are two
ferrochelatase genes in 19 out of 24 sequenced Shewanella ge-
nomes (see Table S2 in the supplemental material). Heme homeo-
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stasis might be controlled by the differential expression of the
paralogues, which in turn has a profound impact on critical cellu-
lar processes, like respiration and tolerance to stresses. In this
study, we demonstrated that two hemH paralogues, hemHI and
hemH2, both encode a functional ferrochelatase but are under
different transcriptional regulation for sustaining heme homeo-
stasis in S. loihica PV-4.

Although it has long been known that PPIX might accumulate
due to inactivation of ferrochelatase in Escherichia coli (30, 31), the
level of PPIX accumulation in the PV-4 AhemHI mutant was two
orders of magnitude higher, conferring a red color to bacterial
colonies and broth, than that found in previous studies (10, 11,
32). The high yields of PPIX by the PV-4 mutants could poten-
tially be exploited for commercial production. The photosensitiv-
ity of PPIX is utilized in photodynamic therapy (PDT) against
different forms of cancers. Protoporphyrin IX disodium salt is also
used as a health care supplement and hepatic protectant (e.g., the
Prolmon tablets sold in Japan) for patients with infective hepatitis
and chronic liver diseases. Currently, the commercial production
of PPIX and related products is mainly based on extraction from
livestock blood samples. Bacterial fermentation-based bioprocess
may reduce costs and is expected to be more environmentally
friendly, because the extraction and purification of the secreted
PPIX will be simple, use fewer chemical reagents, and/or may be
achieved by simple physical processes.

Interestingly, the PPIX-accumulating phenotype was observed
in the AhemH1 mutant but not in the AhemH2 mutant, indicating
that the expression of hemH1 alone might be sufficient to meet the
demand for heme under the tested conditions. However, multiple
lines of evidence showed that hemH?2 is also functional, as the
hemH?2 expression in trans might complement the loss of hemH].
The fact that a deletion mutant of both hemH1 and hemH2 could
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not be achieved in PV-4 suggested that heme might be essential for
the bacterial growth of PV-4. Alignment of the amino acid se-
quences of the ferrochelatase paralogues in PV-4 with those in
other organisms (see Fig. S12 in the supplemental material) re-
vealed conserved motifs and amino acid residues, such as the in-
variant residues His235 and Glu314 of the Saccharomyces cerevi-
siae ferrochelatase (33) and the conserved residues His183 and
Glu264 from Bacillus subtilis (34). However, a third well-con-
served residue (Ser118) in Bacillus subtilis was not found in PV-4
HemH?2 (Shew_1140), where an Alal67 was present (Fig. S12). In
addition, an essential [2Fe-2S] cluster coordinated by cysteine res-
idues in the C terminus of the mammalian ferrochelatases was not
present in the bacterial homologues (35). These results indicate
that HemH1 and HemH2 are functional ferrochelatases and have
conserved motifs and amino acid residues, providing a forward
direction for study on the crystal structures of HemH1 and
HemH2, especially protein structure-activity analysis.

The different roles of hemH paralogues in PV-4 are further
supported by dissimilar regulatory control, leading to their dis-
tinctive expression patterns. The hemH]I gene is under more clas-
sical regulation by RpoD and OxyR, consistent with its constitu-
tive expression. The expression of hemH?2 is controlled by ECF
sigma factor RpoE2, which operates with an anti-sigma factor
ChrR (Shew_1477) and is self-regulated (36). Sequence analysis
and transcriptional start site mapping revealed the existence of a
conserved RpoE2 regulatory motif upstream of rpoE2 and hemH?2
in multiple Shewanella strains other than PV-4, indicating that
this is a common feature in this genus (18). Under nonstress con-
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ditions, the anti-sigma factor ChrR binds to RpoE2, preventing
RpoE2 from binding to recognition sites on the genome. In the
case of oxidative stress, ChrR undergoes a conformational change,
and RpoE2 is released, resulting in induction in its regulon mem-
bers, including rpoE2 itself (37). In accordance with previous
studies demonstrating that RpoE2 is an oxidative stress response
regulator, hernH2 expression is conditionally induced under oxi-
dative stress due to H,0, or ROS generated from light exposure
upon PPIX producing the AhemHI mutant. Without a function-
ing hemH paralogue, light radiance in PPIX export-deficient
Streptococcus agalactiae mutants or the PPIX-accumulating E. coli
hemH mutant is harmful or even lethal (10, 11, 30, 38). Because
hemH2 “backed up” the loss of hernH1, instead of killing the cells,
light exposure led the AhernHI mutant to revert to wild-type-like
growth.

Genetic redundancy is a common phenomenon observed in all
life domains and happens in almost every gene category, including
housekeeping, functional, and regulatory genes (39). It remains
an intriguing subject to understand the function, regulation, and
fate of the paralogues during the evolutionary course. In terms of
the hemH paralogues in PV-4, it seems that transcriptional repro-
gramming due to feedback effects (e.g., reduced heme and PPIX
accumulation) or environmental stresses (e.g., oxidative stress)
played a key role in maintaining heme homeostasis and thus the
selection and necessity for the two paralogues. We propose a
model to depict the roles of hemH1 and hemH2 in heme bio-
synthesis and their regulation in context with respiration and
oxidative stress (Fig. 7). Under anaerobic/microoxic and dark
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FIG 6 Effects of hydrogen peroxide (H,0,) and visible light on the PV-4 AhemH1 mutant. (a) Suppression of protoporphyrin IX (PPIX) overproduction by
addition of hydrogen peroxide (H,O,) and visible light irradiance in the Shewanella loihica PV-4 AhemHI mutant. PPIX production in the LB broth and
measurement of relative PPIX yield in terms of optical density at 405 nm (OD ). (b) Effects of hydrogen peroxide (H,0O,) and visible light on the transcription
of the hemH2 gene in the Shewanella loihica PV-4 wild-type strain and the PV-4 AhemnHI mutant. (c) Effects of hydrogen peroxide (H,0,) and visible light on
the transcription of the rpoE2 gene in the PV-4 AhemHI mutant. The error bars represent the standard deviations (SD).
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conditions, the RpoD-dependent hemH1 gene is constitutively
expressed and plays a primary role in heme and c-type cyto-
chrome synthesis. Inactivation of hemHI blocked the biosyn-
thesis of heme and cytochromes and resulted in the accumula-
tion of PPIX, which may mediate the production of ROS under
aerobic and light-exposure conditions. The presence of ROS is
sensed by ChrR, resulting in the release and activation of RpoE2 to
drive the transcription of hemH2 for heme synthesis. Additionally,
the synthesis of heme precursors was decreased, and the uptake of
iron was increased by feedback regulation. Under oxidative stress,
the OxyR transcriptional factor may also act to enhance the tran-
scription of hemH]1. Overproduction of PPIX in the AhemnHI mu-
tant suggests the existence of a yet-to-be-identified PPIX/heme
export system, similar to those reported in pathogens such as
Streptococcus agalactiae, to prevent an excessive intracellular por-
phyrin pool (38), which is under investigation. The availability of
abundant genome sequences and a mature mutagenesis platform
make Shewanella an ideal model organism for studying genetic
redundancy and its implication in the physiology, ecology, and
stress response for environmental microbes using comparative
genomics.
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