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Light is a ubiquitous environmental factor serving
as an energy source and external stimulus. Here, I
review the conserved molecular mechanism of
light-inducible production of carotenoids in three
nonphototrophic bacteria: Streptomyces coelicolor
A3(2), Thermus thermophilus HB27, and Bacillus
megaterium QM B1551. A MerR family transcrip-
tional regulator, LitR, commonly plays a central role
in their light-inducible carotenoid production.
Genetic and biochemical studies on LitR proteins
revealed a conserved function: LitR in complex with
adenosyl B;, (AdoB;;) has a light-sensitive DNA-
binding activity and thus suppresses the expression
of the Crt biosynthesis gene cluster. The in vitro
DNA-binding and transcription assays showed that
the LitR-AdoB;, complex serves as a repressor
allowing transcription initiation by RNA polymerase
in response to illumination. The existence of novel
light-inducible genes and the unique role of the
megaplasmid were revealed by the transcriptomic
analysis of T. thermophilus. The findings suggest that
LitR is a general regulator responsible for the light-
inducible carotenoid production in the phylogeneti-
cally divergent nonphototrophic bacteria, and that
LitR performs diverse physiological functions in
bacteria.

Key words: nonphototrophic  bacteria; carotenoid,
MerR family regulator; vitamin B,

Light is a general environmental factor that affects
biological functions including photosynthesis, circadian
rhythms, and secondary metabolite production, which
are observed in various organisms including eukaryotes
and phototrophic bacteria.'” The molecular mechanism
behind transmission of a light signal to gene expression
machinery in the above organisms has been reported
previously.> ™ In contrast, little is known about the
photoresponse phenomena and their regulatory mecha-
nism in nonphototrophic bacteria because of the
unavailability of light stimuli®; however, the increased

amount of genomic information on diverged bacterial
genera revealed wide distribution of a homologous
protein similar to the plant-type blue-light receptor
LOV, which uses flavin as a light-sensing molecule.”
The common presence of the LOV family suggests that
the light-sensing and light response ability also gener-
ally occur in nonphototrophic bacteria.

Carotenoids are terpene compounds produced by a
wide variety of organisms including plants,” fungi,”
algae,” and bacteria.”’ Carotenoids have an antioxidant
activity and thereby protect the cells from photo-oxida-
tive damage by scavenging harmful agents such as
singlet and triplet molecular species produced after
illumination.'® The light-inducible carotenoid produc-
tion is a representative phenotype of the light response
present in various organisms including not only plants,
fungi, and phototrophic bacteria but also nonpho-
totrophic bacteria.'"” Therefore, many organisms use
carotenoids to protect the cells from sunlight-derived
reactive oxygen species. Thus, induction of carotenoid
production by light saves energy in the dark.

In nonphototrophic bacteria, carotenoid production is
mainly classified into three types: (i) light-inducible,'?
(ii) constitutive,'® and (iii) cryptic.'"'*'> The light-in-
ducible carotenoid production (the focus of this study)
is observed in several bacterial species including the
gliding Gram-negative bacterium Myxococcus xanthus
and Gram-positive bacteria, Mycobacterium spp.'®'"
The regulatory mechanism in M. xanthus has been
well-studied; two regulators play a central role in the
light-inducible carotenoid production: the MerR family
transcriptional regulator CarA'®2? and extracytoplas-
mic function (ECF)-type sigma factor CarQ.*' "> Nev-
ertheless, the light-sensing mechanism of this bacterium
remained unclear when my colleagues and I started this
research. With respect to the light-inducible carotenoid
production in Mycobacterium marinum, the detailed
molecular mechanism has not been -elucidated
yet although the involvement of a MarR family-type
regulator was suggested.m

Our work is focused on the regulatory mechanism
behind the light-inducible carotenoid production in
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nonphototrophic bacteria for the following reasons: we
are interested in (i) how a light signal is transmitted to
the level of gene expression machinery, and (ii) the
molecular mechanism underlying the light-inducible
carotenoid production, which is poorly understood. We
believe that elucidation of the gene expression mecha-
nism will provide new knowledge about bacterial
responses to the environment and how bacteria are
awoken by illumination or sunlight. This review high-
lights the current knowledge about the molecular mech-
anism of the light-inducible carotenoid production in
nonphototrophic bacteria.

I. Light-inducible carotenoid production in
Streptomyces coelicolor A3(2)

Streptomyces not only has the ability to produce a
variety of secondary metabolites including bioactive
compounds, such as antibiotics and antitumor drugs,
but also has a complex life cycle similar to that of
fungi.?**> Carotenoids are some of the secondary
metabolites produced by many Streptomyces spp. and
related bacteria.’®*” We originally found that the caro-
tenoid production in S. coelicolor A3(2), a model
organism for genetic studies,”® takes place in a light-
responsive manner when we studied a strain that is
deficient in two pigment antibiotics: actinorhodin and
prodigiosin.?”’ This strain had a yellow color when it
was left on top of a desk for several days; this finding
prompted us to assume that the pigmentation of S.
coelicolor is caused by the illumination. We again incu-
bated the strain on top of the desk and in the drawer of
the desk. The strain that was incubated on top of the
desk developed a yellow color, whereas the strain in
the desk drawer formed white colonies. We assumed
that this phenomenon occurs in response to illumina-
tion and recognized that carotenoid production had
been hidden by the pigment antibiotics.

The putative crt biosynthesis gene cluster of S. coeli-
color is composed of two convergent operons: crtEIBV
and crtYTU (Fig. 1). Our preliminary chemical analysis
showed that the yellow pigment is isorenieratene, a car-
otenoid previously found in other actinomycetes such
as S. griseus and Mycobacterium smegmatis. According
to the results of transcriptional analysis, the light-in-
duced phenomenon is regulated at the transcriptional
level; the transcription of cr¢E and crtY, the first gene
of the operon, was induced by illumination, whereas
their transcription was extremely weak in the dark.
These findings suggested that this bacterium retained a
regulatory system for light signal transduction.

Two transcriptional regulatory proteins are encoded
in the flanking region of the crt biosynthesis gene clus-
ter of S. coelicolor: (i) a MerR family transcriptional
regulator (designated as LitR; light-inducible transcrip-
tional regulator) and (ii) ECF-type sigma factor (desig-
nated as LitS). LitR, consisting of 330 amino acid
residues, contains a DNA-binding domain at the N ter-
minus and vitamin B, (synonym cobalamin, Cbl)-
binding domain at the C terminus. Generally, MerR
family proteins serve as positive or negative regulators
whose activity is regulated by the association with a
ligand that is directly related to the genes that are regu-

lated by the MerR regulator.*>*" Therefore, it appears
that Cbl serves as a ligand for LitR. In contrast, LitS is
involved in the promoter recognition by the RNA poly-
merase holoenzyme.

Fig. 1 depicts a hypothetical regulatory model of the
light-inducible carotenoid production in S. coelicolor
according to our transcriptional analyses. Such an anal-
ysis with S1 nuclease mapping showed that the tran-
scription of c¢rtE, crtY, and [itS is induced by
illumination, while the /ifR transcription is slightly
increased by illumination. The knockout of /itR caused
constitutive expression of /itR itself but abrogated the
transcription of cr7tE, crtY, and [itS. This result indicates
that LitR represses the /itfR gene but enhances the
expression of /[itS. Our experiments were hampered by
the difficulties with preparation of an active recombi-
nant LitR protein: biochemical analysis of the LitR pro-
tein is necessary for elucidation of its properties.

The /izS knockout abrogated the light induction of
the crtE and crtY genes but had no effect on the
expression of /itR or [itS itself. This finding suggested
that ™S serves as a sigma factor directing the pro-
moter recognition by crtE and crtY. We successfully
reproduced the 6™ function by an in vifro runoff tran-
scriptional assay: the RNA polymerase holoenzyme
containing ¢ specifically directs the transcription ini-
tiated from the promoters preceding cr¢E and crtY. The
alignment of these two promoters provided the consen-
sus sequence recognized by ¢S, a possible consensus
sequence, GCAT(G/C)-(16 or 17 bp)-C(G/C)(G/C)AA
(G/C) in the region -35 to -10.

The central role of LitR and ¢ in the regulatory
system was also supported by the genetic analysis
involving a heterologous host, S. griseus, a strepto-
mycin producer.®® This bacterium is a suitable host
because of its inability to produce carotenoids despite
retaining the cr¢ biosynthesis gene cluster on the chro-
mosome.'® The light-inducible transcription was moni-
tored with a reporter plasmid, which carries /itR, /itS,
and melanin biosynthesis genes melCl-melC2 fused
with the light-inducible promoter. An S. griseus trans-
formant carrying the reporter plasmid showed melanin
(brown pigment) production during illumination,
whereas melanin was not produced during culturing in
the dark. The light-dependent melanin production was
abrogated by the deletion of /itR or [itS from the repor-
ter plasmid. This evidence points to two things: (i) the
light-inducible transcription is activated only by two
proteins including ¢“">-RNA polymerase holoenzyme
and LitR, and (ii) LitR is a transcriptional regulator
with a photosensory function because illumination has
no effect on the activity of the 6"'S-RNA polymerase
holoenzyme in the in vitro transcription assay.

The existence of a putative By,-binding domain at
the C terminus of LitR suggests that Cbl serves an
antenna molecule that receives the light signal. Cbl is a
cobalt (Co)-containing tetrapyrrole that absorbs blue
and green light (Fig. 2). Our gene disruption experi-
ment revealed the involvement of Cbl in the regulatory
mechanism: an S. coelicolor mutant deficient in
cobDQON, which encodes enzymes involved in a later
step of Cbl biosynthesis, showed constitutive carote-
noid production at a low level, and the transcription of
crt biosynthesis genes was weak, in line with the

LitS
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Fig. 1. The proposed regulatory mechanism of light-inducible carotenoid production in S. coelicolor A3(2).

Notes: LitR, a MerR family regulator, represses the transcription initiation for /izR itself and for an extracytoplasmic function (ECF)-type sigma
factor gene /itS in the dark. Illumination transforms the LitR protein into the activator form, which then enables the expression of /izS.
Subsequently, the RNA polymerase holoenzyme containing ¢™*> directs mRNA synthesis in cr operons.

Fig. 2. Chemical structure of Adenosyl By, (AdoBy,).

Notes: Among B, derivatives, AdoB;, served as a light-sensing
ligand of the LitR protein. It is known that the Co-C bond of AdoB,,
is sensitive to light.

phenotype.>® Addition of 0.1 pM MeCbl to the med-
ium and genetic complementation both restored the
ability to perform light-induced carotenogenesis in the

mutant. This result shows that Cbl serves as a light-
sensing cofactor of LitR by binding to the C-terminal
domain. In addition, the mutation in ¢b/ genes causes a
defect in the morphological differentiation and in pro-
duction of two pigment antibiotics in S. coelicolor,
although the mutation mostly did not affect the viabil-
ity in a rich culture medium.>® The pleiotropic role of
Cbl in the development of Streptomyces indicates that
Cbl participates in primary metabolism and serves as a
signaling compound involved in the signal transduction
supporting the complex life cycle.

A protein homologous to LitR is found in almost
every Streptomyces spp. whose genome has been com-
pletely sequenced; however, ~60% of Streptomyces
species do not produce carotenoids in a light-dependent
manner (our unpublished observation). The same is true
for Bacillus as described below. The inconsistency
between retention of /itR and the phenotype suggests
that the role of LitR is not confined to the control of
carotenoid production and indicates that LitR has
diverse functions.

II. Wide distribution of /itR homologs in
nonphototrophic bacteria

The genomic information on phylogenetically
diverged bacteria is publicly available; hence, a com-
parative genomics approach is a powerful tool for the
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exploration of bacterial functions in silico.*> Our geno-
mic search revealed wide distribution of /itfR homologs
in phylogenetically diverged bacterial genera including
not only Gram-positive but also Gram-negative bacteria
(Fig. 3).** Approximately 30% of the bacterial genera
retain the gene encoding a /irfR homolog in their gen-
omes, including the bacteria studied in the field of
applied microbiology, for example, Thermus, Bacillus,
and Pseudomonas, and in clinical research, for exam-
ple, P. aeruginosa and Burkholderia known as patho-
gens. The common presence of a LitR homolog
indicates that nonphototrophic bacteria generally are
equipped with the light-responsive system.
Photoresponse-related genes are located in close
proximity to the /itR homolog. These genes are crt
biosynthesis gene cluster, phr, and bacteriorhodopsin in
Thermus sp. CCB_US3 UF1°® and LOV in Pseu-
domonas spp.>” Phr is a DNA photolyase that repairs
pyrimidine dimers (generated by UV) using light as an
energy source. LOV is a homolog of a plant blue-light
sensor, phototropin. Proteorhodopsin, a homolog of

bacteriorhodopsin, associates with a retinal molecule
and serves as a light-driven proton pump.***? In con-
trast to the diversity of photoresponse-related proteins,
the /itR homolog is conserved. This situation indicates
that LitR may serve as a light sensor to regulate their
transcription after illumination.

The other interesting finding is multiplicity of LitR
homologs in a single bacterial genome: three homologs
in Pseudomonas spp., two homologs in Actinosynnema
mirum, a nocardicin producer®**”; three homologs in
Kitasatospora setae,*” a setamycin producer; and five
homologs in Amycolatopsis mediterranei,*” a rifamycin
producer. LitR lies outside the crt biosynthesis operon
or cluster; this situation is suggestive of the diversity of
LitR functions. The bacteria retaining multiple /itR
homologs are mainly soil habitants; this finding sug-
gests that /itR genes provide an advantage for survival
in the soil niche.

Of these /itR-retaining bacteria, we selected Thermus
thermophilus HB27**% and Bacillus megaterium QM
B1551%%9 as representatives of Gram-negative and
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Fig. 3.

The neighbor-joining phylogenetic tree based on amino acid sequence of the Bj,-binding domain of LitR homologs from Gram-positive

and Gram-negative bacteria. Arrowheads indicate LitR proteins characterized in our study.
Notes: Numbers at nodes are bootstrap values (expressed as percentages of 100 resampled datasets; only values > 70% are shown). The scale bar

shows 0.2 amino acid substitutions per amino acid site. These amino-acid sequences were aligned using the ClustalW2.1 software. Evolutionary

analyses were conducted in the MEGA 5.05 software.*”
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Gram-positive bacteria, respectively, because both
strains play an important role in the field of applied
microbiology. Our intensive studies on the regulatory
mechanism are described below.

ITII. LitR from the Gram-negative
bacterium 7. thermophilus HB27

T thermophilus HB27 is a high-GC Gram-negative
thermophilic bacterium isolated from hot springs whose
proteins have been used for the studies of enzyme
properties and protein structure because of their high
stability. This bacterium harbors a 1.85-Mb chromo-
some and a large (0.26-Mb) circular plasmid pTT27.
The large plasmid pTT27 carries the genes of a LitR
homolog and crt biosynthesis enzymes in an adjacent
region.*” The /iR gene is a part of an operon structure
with a gene encoding the cyclic AMP (cAMP) receptor
protein (CRP)/fumarate and nitrate reduction regulator
(FNR) family transcriptional regulator (designated as
LdrP; light-dependent regulatory protein), whose func-
tion as a positive regulator is activated by the binding
of cAMP.*® The gene organization suggests that LdrP
serves as a positive regulator like LitS in S. coelicolor.

T. thermophilus produces a yellow pigment called
thermozeaxanthin, a zeaxanthin derivative (glycosy-
lated).*” The biosynthesis is known to be constitutive;
however, our research based on the presence of a /iR
homolog in the genome of T. thermophilus HB27
revealed that this bacterium produces thermozeaxanthin
in a light-responsive manner. It is likely that the light-
dependent phenomena had been overlooked owing to
the leaky regulation of expression of the corresponding
genes. Our gene disruption experiment showed that crt
genes, which are located far from /itR, are responsible
for the synthesis of thermozeaxanthin. The light-in-
ducible carotenoid production was also observed in
phylogenetically close bacteria belonging to the Ther-
mus genus; these findings indicate that the capacity for
light sensing is widespread within this genus.

Fig. 4 shows a proposed regulatory model of the
light-inducible carotenoid production in 7. thermophilus
HB27. Our transcriptional analysis revealed that the
light-inducible carotenoid production is regulated at the
transcriptional level. Hence, the transcription of cr¢B
encoding a phytoene synthase is remarkably induced
by illumination, whereas the light induction does not
occur in the dark. Genetic analysis of knockout mutants
revealed that two tandem transcriptional regulator
genes, /itR and ldrP, play a central role in the light-re-
sponsive regulation. Disruption of /drP causes a loss of
crtB transcription but does not affect the transcription
initiated from the /ifR promoter. This result leads to
two conclusions: (i) LdrP is not involved in the expres-
sion of /itR and IdrP itself and (ii) LdrP is an activator
specific to crtB transcription. On the other hand, the
litR knockout leads to constitutive transcription of crtB
and /iR itself indicating that LitR serves as a transcrip-
tional repressor for both genes.

The function of the LdrP protein was successfully
demonstrated with an in vifro runoff transcriptional
assay: Thermus RNA polymerase holoenzyme specifi-
cally directs the crtB transcription in the presence of a

recombinant LdrP protein but does not in the absence
of LdrP. The CRP/FNR family proteins generally
require CAMP to assume the active form; however, the
transcriptional activation by LdrP occurs in the absence
of cAMP. This result is supported by three-dimensional
structure of LdrP reported by Agari e al.>® this struc-
ture does not afford sufficient space for the incorpora-
tion of cCAMP, and the structure of LdrP is similar to
that of the Escherichia coli CRP—cAMP protein com-
plex.’” These findings suggest that LdrP is a cAMP-in-
dependent CRP/FNR family protein and is in the active
form constitutively.

As described above, we identified the mechanism
behind the transcriptional activation of crtB, but it is
still unclear how the light induction of cr¢B transcripts
takes place. The knockout of /itR caused the constitu-
tive transcription of c7tB and [itR, indicating that the
fundamental function of LitR is a repressor that inhibits
crtB transcription in the dark. Hence, we assumed that
it was important to elucidate the mechanism underlying
LitR inactivation by illumination. We used a recombi-
nant LitR protein prepared in an E. coli expression
system. In agreement with the fact that LitR retains a
B|,-binding domain at the C terminus, LitR has an
ability to associate with B;, derivatives including
hydroxocobalamin (OHB;,), methyl Cbl, and 5'-
deoxyadenosylcobalamin (AdoB;,). Among these B,
derivatives, LitR that is associated with AdoB;,
showed a strong and specific DNA-binding activity
toward the intergenic promoter region of /itR and crtE
in the dark. On the other hand, the DNA-binding activ-
ity of LitR—-AdoB;, during illumination drastically
decreases.

In parallel with our study, Ortiz-Guerrero et a
reported that a chimeric protein—CTt2 consisting of
the N-terminal DNA-binding domain of CarH and the
C-terminal Cbl-binding domain of LitR of 7. ther-
mophilus HB8—is a light-sensitive DNA-binding pro-
tein, according to the function of the ligand: AdoB,.
Light causes photolysis of AdoB;, bound to CTt2,
leading to the conversion of AdoB;, to OHB;, due to
the chemical cleavage of the Co—C bond of AdoB,,
which abrogates its DNA-binding activity. The photoly-
sis of AdoB;, also induces a dramatic subunit dissocia-
tion of CTt2; the tetramer of CTt2—-AdoB;, assumes
monomeric structure in response to illumination. Fur-
thermore, Diez et al.>® reported that the full-length
native protein TtCarH (a LitR homolog: a single-resi-
due substitution) from 7. thermophilus HBS has a light-
sensitive DNA-binding activity. These results clearly
showed that LitR/CarH family proteins are novel coen-
zyme Bj,-based photosensors.

Our analyses provided detailed information on the
main switch for the light-inducible transcription, which
is located in the intergenic region between /iR and
crtB. As shown in Fig. 5, the LitR—AdoB;, complex
directly binds to the promoter region -55 to -94 relative
to the transcriptional start site of crtB. The putative
sequences of the region -35 to -10 of /itR promoter and
crtB promoter are similar to the 6”*-dependent promoter
of T thermophilus. In contrast, LdrP activation requires
the region -51 to + 1 relative to the transcriptional start
site of crtB, which contains a potential binding
sequence (AGTGT[N7]GCAAAA) that has partial

152
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Fig. 4. The working model of the light-inducible carotenoid production in 7. thermophilus HB27.

Notes: LitR-AdoB;, binds to the intergenic region of /itR and crtB, repres
the absorption of light by the tetrameric AdoB;,-LitR complex causes its di

sing the transcription of both genes in the dark. During illumination,
ssociation into monomers probably because of photolysis of AdoB,.

This event allows for the expression of LitR and LdrP. Subsequently, LdrP recruits the RNA polymerase holoenzyme (RNAP) to initiate transcrip-

tion of the c¢rt operon, phrB (DNA photolyase), and some hypothetical genes.

3’ CCAGTACCGAAGGTGGAGCCGCTACCACATGTGGGGCCTCCTCCAGTACGGGAAtcccat 57

T M A E V E A I T Y

LitR-binding site

Vv 6 s s T fM<LitR -10

Putative LdrP-binding site

(+) 3’ CCCGTTACATATCCAAAacagttCGAAAACATGTAGAGACGCCTCACATCGGCCCCGTTT 5/

—
(-) 5’GEGCAATGTATAGGTTTTGTCAAGCTTTTGTACATCTCEGCGGAGTGTAGCCGGGGCAAa 3
—

-35

5’ agtccCCGAGGCCGCCTAGAATgaaaatGCCCGCAAGTATGGAGCCCGACTGGAAAGCCC 3’

-35 -10

Fig. 5. The main switch for the light-inducible gene expression in Thermus

crtB>'M E P D W K A L

thermophilus HB27.

Notes: The promoter is the intergenic region between /itR and crtB. The LitR-binding site is boxed, and the putative LdrP-binding site is indi-
cated by dashed lines. Transcriptional start sites are indicated by wavy arrowheads. The putative region -10 to -35 is shown by small letters. LitR

regulates the bidirectional gene expression by binding to a single site.

similarity with the consensus [WWGTGA(N5-7)
ACACWW] for the cAMP-independent CRP/FNR reg-
ulator of 7. thermophilus. This finding suggests that the
LitR—AdoB;, complex binds to a single site, regulating
the bidirectional transcription of /itR itself and crtB.

IV. LitR of the Gram-positive bacterium
Bacillus megaterium QM B1551

B. megaterium is a low-GC, endospore-forming
Gram-negative soil bacterium.*>*®  The genetic
research on the Bacillus genus has been extensive
owing to the ability of these bacteria to form endo-
spores and produce useful enzymes and secondary
metabolites.>® The carotenoid production in this genus
has also been observed, and several chemical structures
were elucidated™ >”; however, there are no reports on
the light responsiveness. During our screening of light-
responsive soil-dwelling bacteria, we originally found

that a number of strains of B. megaterium, Bacillus
sphaericus, and Bacillus pumilus produce a carotenoid-
like yellow pigment in response to illumination.”® This
phenomenon suggests that a light-responsive regulatory
mechanism also exists in this genus.

The genome of B. megaterium QM B1551 retains a
litR homolog (BMQ 4356) and a putative crt biosyn-
thesis gene cluster consisting of two operons, crtli-
crtl2-crtB (BMQ 0654—0656) and BMQ 2952-2949.
Unlike in S. coelicolor and T. thermophilus, the litR
gene in Bacillus is located in a locus far from crt
genes. LitR of B. megaterium QM B1551 consists of
303 amino acid residues, showing 28% amino acid
sequence identity to LitR of 7. thermophilus. Our pre-
liminary genetic analysis using the knockout mutant
revealed that (i) the LitR homolog negatively regulates
light-inducible carotenoid production, (ii) a c¢b! knock-
out mutant causes constitutive and weak carotenoid
production, and (iii) crtll-crtl2-crtB represents the car-
otenoid biosynthesis genes. Our evidence suggests that
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the LitR homolog also plays a crucial role in the light-
dependent carotenoid production in this bacterium, and
this function depends on AdoB;,. With respect to the
chemical structure of the carotenoid produced by B.
megaterium QM B1551, we were unable to identify
this compound owing to its high light sensitivity,
although the /ifR mutation results in 10-fold greater
amounts of the carotenoid compared with the wild
type.

Our biochemical study revealed that the Bacillus
LitR recombinant protein has many properties similar
to those of T. thermophilus: (i) LitR associates with
AdoB,, (ii)) AdoB,,-LitR is a photosensitive DNA-
binding protein, (iii) LitR—AdoB, directly binds to the
promoter region of crt biosynthesis genes and [/itR
itself, (iv) LitR—AdoB;, serves as a transcriptional
repressor, (v) LitR—AdoB;, forms a homo-oligomer,
and (iv) LitR—AdoB;, undergoes subunit dissociation
in response to illumination. The characteristic of this
LitR that is different is the subunit structure: the tetra-
mer of Bacillus LitR—AdoB;, dissociates into dimers,
whereas the tetramer of Thermus LitR—AdoB;, dissoci-
ates into monomers. This result was confirmed by two
independent analytical methods: gel filtration chro-
matography and analytical ultracentrifugation.

Fig. 6 represents a working model illustrating the
molecular mechanism  underlying light-inducible
carotenoid production in B. megaterium QM BI1551
according to our genetic and biochemical analysis.
AdoB,-LitR (recombinant protein) specifically binds
to the promoter region of crt and litR, repressing their
transcription in the dark. Exposure to light transforms
the LitR—AdoB;, complex to the inactive form, and
this event leads to dissociation from the target pro-
moter. Subsequently, the RNA polymerase holoenzyme
directs transcription of carotenoid biosynthesis genes,
and finally, the expressed crt enzymes catalyze carote-
noid biosynthesis. Our analysis also revealed detailed
promoter structures preceding the crtll/ and /itR genes.
The DNA site bound by LitR was determined by
DNase I footprint analysis: for the /ifR promoter, the
region -36 to -67 of the sense strand and region -27 to
-69 of the antisense strand relative to the transcriptional

m Activated
LitR-AdoB,,
e

— %

L

itz =+

“OFF”

start site; for crtll promoter: the region -13 to + 22 of
the sense strand and region -15 to + 18 of the antisense
strand. Alignment of two LitR-binding sequences yields
a definitive consensus sequence, 5'-TG(T/A)A(C/T)A-
N16-T(G/A)TA(C/T)A-3". Determination of the tran-
scriptional start point showed that the regions -10 and
-35 of crt and litR promoters are similar to that of the
promoter of 6", an essential sigma factor.

The proposed regulatory model of light-inducible
carotenoid production in B. megaterium seems to be
simpler than that of other bacteria such as S. coelicolor
and T. thermophilus. This is because a gene encoding a
transcriptional regulator or sigma factor is not located
in the region adjacent to /itR. The simplicity of the
light-inducible regulatory mechanism in B. megaterium
was demonstrated by two experiments: (i) in vivo
genetic analysis of Bacillus subtilis 168 and (ii) an
in vitro runoff transcriptional assay involving minimal
components. In the in vivo analysis of B. subtilis 168,
a heterologous host that lacks a /itfR homolog and crt
genes, the B. subtilis transformant retaining the /itR
gene showed light-inducible transcription. This result
indicates that LitR can be responsible for the light
dependence of the crt transcription without other regu-
latory proteins. Subsequently, an in vitro runoff tran-
scriptional assay reproduced the light-dependent
transcription observed in vivo. The presence of a non-
illuminated LitR—AdoB;, complex strongly and specifi-
cally inhibits the mRNA synthesis that starts from the
crt promoter and is directed by the o”*-containing RNA
polymerase holoenzyme. Meanwhile, the illuminated
LitR—AdoB,, allows the 6*-RNA polymerase to syn-
thesize mRNA. This is the first in vitro evidence show-
ing that a member of the LitR/CarH family, LitR-
AdoB,, serves as a light-sensitive repressor.

The in vitro runoff assay also provided information
on the light wavelength and type of Cbl required for the
LitR repressor activity. Among Cbl derivatives, AdoB,
was the only Cbl that conferred the repressor activity on
LitR. In contrast, light wavelengths of 365, 450, and
530 nm inhibit the LitR-repressor activity, whereas illu-
mination at 633 nm does not affect the activity. The
light wavelengths that inactivate AdoB;,-LitR activity

m |
E'-E» .

Carotenoids

Fig. 6. The working model of light-inducible carotenoid production in B. megaterium QM B1551.
Notes: In the dark, LitR-AdoB,, associates with the promoter region of /iR itself and crt/l, preventing the transcription initiation. In contrast,
illuminated LitR-AdoB;, loses the DNA-binding activity because of the photolysis of AdoBj,, and this event allows the RNA polymerase holoen-

zyme containing 6™ to direct transcription of the ¢r operon.
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are consistent with the absorption spectrum of AdoBi,.
Collectively, these results show that the AdoB;,—LitR
complex serves as a blue and green light-sensitive
repressor.

V. Light-inducible gene cluster of 7.
thermophilus HB27

To elucidate the diverse functions of LitR, we per-
formed transcriptomic analysis in 7. thermophilus and
identified 19 LitR-dependent genes that showed 2.0- to
27.5-fold greater transcriptional activity in the [itR
mutant than in the wild-type strain in the dark.’” As
shown in Fig. 4, LitR-dependent genes that are clus-
tered around /iR itself form four putative operons. The
genes encoding a protein with known functions are the
five following genes: a methyltransferase (TT_P0045),
the o/B-hydrolase fold protein (TT P0046), short-chain
dehydrogenases/reductases (TT_P0049), flavin-contain-
ing oxidoreductase (TT P0050), and Ycel-like protein
from E. coli (TT _P0051). The other products of the
light-inducible gene are hypothetical proteins; therefore,
the relations of these gene products with light are not
known. Therefore, these genes may be novel light-in-
ducible genes. The 30% genes retained by the
megaplasmid encode photoresponse-related proteins; 45
of 251 genes are litR, ldrP, crt genes, a B12 biosynthe-
sis gene cluster, and the aforementioned novel light-in-
ducible genes. This finding suggests that the major role
of the megaplasmid is to protect the cell from light
stress.

Our transcription experiments in vivo and in vitro
demonstrated that a recombinant LdrP protein directly
activates the crtB promoter and 77 P0044 promoter
(P44 in Fig. 4). We also identified the minimal region
(in the promoter) that is required for the transcriptional
activation by LdrP in this same assay. The nucleotide
sequence alignment and the mutation analysis of con-
served nucleotides yielded a predicted consensus
sequence: 5'-(A/G)(T/C)T/G)TNGCCN(T/G)NG(G/C)
NNA-3', for the LdrP recognition site. The present evi-
dence indicates that the light-dependently expressed
LdrP, which is regulated by LitR, serves as a master
switch for the set of light-inducible genes.

VI. Concluding remarks and future
perspectives

Our research revealed that LitR serves as a general
photosensory transcriptional regulator in the light-in-
ducible carotenoid production of nonphototrophic bac-
teria including not only Gram-negative but also Gram-
positive bacteria. The wide distribution of /ifR among
bacterial species also indicates that the light stress
response during illumination is essential for survival in
the harsh soil environment. A major lesson from our
study is that light as a general environmental factor can
activate a dormant gene responsible for a useful bacte-
rial function. Our research identified novel light-in-
ducible genes in the above bacteria; this means that the
LitR family has diverse functions. The progress of our
research may uncover a novel light-sensing mechanism
and its diversity among bacterial species. This research

is also expected to elucidate the interaction of bacteria
and sunlight based on the wide distribution and diver-
gent functions of LitR and its homologs.
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