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Elemental manganese is essential for the production
of molecular oxygen by cyanobacteria, plants, and algae.
In the cyanobacterium Synechocystis sp. PCC 6803, tran-
scription of the mntCAB operon, encoding a high affin-
ity Mn transporter, occurs under Mn starvation (nM Mn)
conditions but not in Mn-sufficient (�M Mn) growth me-
dium. Using a strain in which the promoter of this
operon directs the transcription of the luxAB reporter
genes, we determined that inactivation of the slr0640
gene, which encodes a histidine kinase sensor protein
component of a two-component signal transduction sys-
tem, resulted in constitutive high levels of lux lumines-
cence. Systematic targeted inactivation mutagenesis
also identified slr1837 as the gene encoding the corre-
sponding response regulator protein. We have named
these two genes manS (manganese-sensor) and manR
(manganese-regulator), respectively. A polyhistidine-
tagged form of the ManS protein was localized in the
Synechocystis 6803 cell membrane. Directed replace-
ment of the conserved catalytic His-205 residue of this
protein by Leu abolished its activity, although the mu-
tated protein was present in cyanobacterial membrane.
This mutant also showed suboptimal rates of Mn uptake
under either Mn-starved or Mn-sufficient growth condi-
tion. These data suggest that the ManS/ManR two-com-
ponent system plays a central role in the homeostasis of
manganese in Synechocystis 6803 cells.

Manganese is an essential transition metal in almost all
organisms. It plays a critical role for the photoautotrophic life
style of cyanobacteria, algae, and plants. During oxygenic pho-
tosynthesis, a cluster of four Mn atoms in the photosystem II
complex in thylakoid membranes catalyzes photolysis of water
to produce molecular oxygen (1). Despite this importance of Mn
in the biosphere, the regulatory details of cellular Mn homeo-
stasis remain poorly understood (2, 3).

We have identified previously MntABC, an ABC-type per-
mease that mediates high affinity Mn transport in the cya-
nobacterium Synechocystis sp. PCC 6803 (4, 5). The protein
components of this transporter are encoded by three neighbor-
ing genes, mntA, mntB, and mntC, organized in an operon
mntCAB. This transporter functions when Synechocystis 6803
cells are grown under Mn starvation conditions. A second high
affinity Mn transporter functions in Synechocystis 6803 cells
grown under Mn-sufficient conditions (5). Furthermore, a low
affinity Mn transporter also operates in these cells. It is evident
that Mn uptake in these cyanobacterial cells is controlled via a
carefully modulated regulatory process.

The maintenance of homeostasis in a cell often requires
complex sets of components that regulate the balance of me-
tabolism. Such a regulatory cascade of events is initiated with
the perception of the status of the environment with regard to
specific metabolites or nutrients. Almost all cells utilize signal-
ing cascades to respond to both positive and negative environ-
mental stimuli. During recent years, two-component signal
transduction has been recognized as a widely used strategy by
which cells adapt and respond to their environment (6–10).
This means of sensing the environment is utilized by bacteria,
as well as plants, and involves at least two separate protein
components. At the beginning of the signal transduction chain
is a protein containing a sensor domain that is typically a
histidine kinase with a His residue that is essential to a phos-
phorylation cascade. The second component is the response
regulator that contains a receiver regulatory domain with a
critical aspartic acid residue, an acceptor of the phosphate
group from the His group in the histidine kinase. Often, a
second domain of the response regulator protein binds directly
to DNA and interacts with the transcription machinery to
regulate the expression of a set of genes (7–9). Recent analysis
has shown that among the various bacterial species with com-
pletely sequenced genomes, cyanobacteria have the largest
numbers of two-component sensor regulator pairs (10, 11). In
Synechocystis 6803 there are 43 proteins containing the canon-
ical histidine kinase sensor domains and 40 proteins containing
the response regulator signature (11). In the recently se-
quenced genome of the filamentous N2-fixing cyanobacterium
Anabaena sp. PCC 7120, 195 genes encode components of such
two-component signal transduction systems (12). To date, func-
tional roles have been determined for only a limited number of
such proteins in cyanobacteria. These include two-component
systems for responses to extreme environmental conditions
such as general nutrient limitation and high light stress (13),
phosphate limitation (14), and cold stress (15, 16). One of the
first two-component sensor-regulator pairs to be identified in
Synechocystis 6803 was the Cph1/Rcp1 proteins that are in-

* This study was supported in part by Grant-in-aid for Scientific
Research B212440228, Grant JSPS-RFTF97R16001 for the Research
for the Future program, and Grant RG0051/1997M from the Human
Frontier Science Program (to T. O.), as well as by United States De-
partment of Agriculture-National Research Initiative Grant 00003348
(to H. B. P.). The costs of publication of this article were defrayed in
part by the payment of page charges. This article must therefore be
hereby marked “advertisement” in accordance with 18 U.S.C. Section
1734 solely to indicate this fact.

¶ To whom correspondence should be addressed: Dept. of Biology,
Campus Box 1137, Washington University, One Brookings Dr., St.
Louis, MO 63130. Tel.: 314-935-6853; Fax: 314-935-6803; E-mail:
Pakrasi@biology2.wustl.edu.

� Supported in part by the Dept. of Biology, Washington University,
from funds provided by the Danforth Foundation.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 277, No. 32, Issue of August 9, pp. 28981–28986, 2002
© 2002 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

This paper is available on line at http://www.jbc.org 28981



volved in light-regulation (17, 18). The Cph1 protein was iden-
tified originally as a homolog of phytochrome (19). Recently, a
two-component pair has been described that is involved in
regulating the stoichiometry between photosystem I and pho-
tosystem II complexes by sensing changes in the redox state of
the plastoquinone pool in Synechocystis 6803 membranes (20).

To understand the mechanism by which cyanobacteria sense
the status of the available pool of manganese, we have engi-
neered a reporter strain in which the expression of bacterial
luciferase genes is controlled by Mn concentration in the
growth medium. Using this strain, we have discovered a two-
component sensor protein, ManS, which is involved in the
sensing of Mn in Synechocystis 6803. We have also identified
ManR, the cognate response regulator protein. We discuss the
critically important role of the ManS/ManR system for the
regulation of the overall Mn homeostasis in these cyanobacte-
rial cells.

MATERIALS AND METHODS

Bacterial Growth Conditions—Wild-type and mutant cells of Syn-
echocystis 6803 were grown at 30 °C in BG11 medium (21), buffered at
pH 8.0, and bubbled with air. Solid medium for cyanobacterial growth
was BG11, supplemented with 1.5% agar and 5 mM sodium thiosulfate.
Continuous illumination was provided by fluorescent lamps at 50 �mol
photons�m�2s�1. For Mn-uptake assays, Synechocystis 6803 cells were
conditioned in Mn-free liquid BG11 medium, in which ferric ammonium
citrate was replaced by ferric nitrate, and Mn was omitted from the
trace element components. To starve Synechocystis 6803 for Mn, cells
were grown in liquid BG11, washed, and then grown in Mn-free BG11
for 36 h prior to the uptake assays.

Escherichia coli cells for the propagation of plasmids and manipula-
tion of DNA were grown in Luria Broth medium. Plasmids were prop-
agated in E. coli strain DH5�. Procedures for the growth of E. coli
strains and for the manipulation of DNA were as described (22).

Construction of a pmntlux Reporter Strain and Isolation of Mu-
tants—The construction and chromosomal insertion of the luxAB re-
porter fusion gene were as described previously (23). Specifically, a
DNA fragment corresponding to the �6 to �139 nucleotides upstream
of the translation initiation codon of the mntC gene (4), representing the
promoter region (pmnt) of the mntCAB operon of Synechocystis 6803,
was fused to the promoterless bacterial luxAB genes that encode the
Lux reporter protein (see Fig. 1). This reporter construct was inserted at
a site downstream of the ndhB gene in Synechocystis 6803, and the
resulting strain (pmntlux) was used in the screening procedure outlined
below.

A genomic priming system (New England Biolabs) was used to mo-
bilize a transposon containing a chloramphenicol-resistance (CmR) gene
for random insertion into the DNA of 110 different cosmids, which
contained chromosomal fragments of Synechocystis 6803 used previ-
ously for genome sequencing (24). The pmntlux strain of Synechocystis
6803 was transformed with this transposon inactivation library, and
CmR mutants that constitutively expressed the pmnt::luxAB reporter
gene were isolated. For this purpose, the lux luminescence from CmR

colonies was assayed using a VIM camera system (model C-1400-47;
Hamamatsu Photonics Co., Hamamatsu, Japan) and processed on an
Argus 50 image analyzer (Hamamatsu Photonics Co). Genomic DNA
isolated from each mutant strain was digested with HhaI, and after
self-ligation it was used as the template for inverse PCR with outward
primers corresponding to the 5�- and 3�-terminal regions of the CmR

cassette. The exact positions of the cassette in the mutant genomes
were determined by sequencing the respective PCR products (see Fig.
2). To identify the corresponding regulator protein, four response reg-
ulator genes that are not localized in the 110 cosmids mentioned above
were inactivated individually in the pmntlux reporter strain by insert-
ing a kanamycin-resistance (KmR) cassette in the respective coding
regions, essentially as described previously (24).

Modification of the Histidine Kinase Gene manS—The coding region
of the manS gene was fused translationally to a DNA segment encoding
a hexahistidyl domain followed by a c-Myc epitope (see Fig. 3) in the
pTYE007 plasmid (25). In addition, the KmR cassette and a 500-bp DNA
fragment downstream of the manS gene were inserted distal to the
c-myc gene. This construct (pTYE007-manS) was used to modify the
manS gene. First, a previously described PCR-based method (26) was
used to change the nucleotide A604 in the manS gene to a T, resulting
in the replacement of His-205 in the ManS protein to a leucine residue.

Second, a periplasmic loop region (amino acids 60 to 132) of the ManS
protein was removed by deleting a StuI/EcoRI DNA fragment from
pTYE007-manS. These constructs were then used to transform the
pmntlux reporter strain to produce two KmR mutant strains, pmntlux-
manS�60–132 and pmntlux-manSH205L, respectively.

SDS-PAGE and Western Blot Analysis of ManS Protein—Mem-
branes from Synechocystis 6803 cells were prepared as described earlier
(27). SDS-PAGE was performed as described in Ref. 28. Polypeptides
were electrotransferred to nitrocellulose membranes, which were then
incubated with anti c-Myc antibodies (Santa Cruz Biotechnology). Goat
anti-rabbit IgG conjugated to peroxidase was used to amplify the sig-
nals, and the reacting bands were visualized using enhanced chemilu-
minescence reagents (Amersham Biosciences).

Kinetics of Luminescence from Cells Containing the pmnt::luxAB
Reporter Gene—The strains containing pmnt::luxAB as a reporter gene
were grown in BG11. Before and after exposure to Mn-deficient medium
the cells were adjusted to a density of OD750 � 0.1 or 0.01. A 300-�l
aliquot of the cell suspension was placed in the reaction tube in a
Lumi-counter (model 2500; Microtech-Nichion, Chiba, Japan). The lu-
minescence intensity was recorded in the absence of decanal for 1 min
after which 10 �l of 5% decanal was added. The luminescence intensity
rose rapidly to attain the maximum within 10 s and then declined
gradually. The maximum luminescence intensity was taken as a meas-
ure of the expression level of the pmnt::luxAB reporter gene.

Manganese Uptake Assays—Mn2� uptake assays were performed
essentially as described earlier (5). Synechocystis 6803 cells were
washed and resuspended in Mn-free BG11. After the addition of radio-
active 54Mn, 100-�l samples were collected at specific time points and
quickly dispersed in 5 ml of BG11 containing 10 mM cold Mn. The
samples were collected on nitrocellulose membrane filters (BA83;
Schleicher & Schuell) by vacuum filtration, and the filters were im-
mersed in scintillation fluid and counted on an LS 5000 TD scintillation
counter (Beckman Instruments).

RT-PCR Analysis of Expression of Metal Transporter Genes—The
relative amounts of transcripts from various genes were evaluated by
the RT-PCR method (29). Total RNA from Synechocystis 6803 cells
cultured in normal or Mn-free BG11 medium was extracted according to
Ref. 30, treated with RNase-free DNase I (Roche Molecular Biochemi-
cals), and then purified by phenol-chloroform extraction and ethanol
precipitation. A reverse transcription reaction was performed using
Superscript II enzyme (Invitrogen). The products were amplified by
PCR and then analyzed by electrophoresis on 0.8% agarose gels. Prim-
ers were designed so that the amplified products would be internal to
the coding region of each gene. All of the forward primers were designed
for sequences downstream of the translation initiation codon, and the
reverse primers were designed to obtain �350-bp-long PCR products
from each gene. The RNaseP gene was used as a control template with
constitutive expression levels (31).

RESULTS

Isolation of Mutants with Unregulated Expression of the
pmnt::luxAB Reporter Gene—The mntCAB operon encodes a
high affinity ABC transporter protein complex found in Syn-
echocystis 6803 cells grown under Mn starvation conditions (4,
5). Expression of this transporter is controlled by the concen-
tration of available Mn. RT-PCR experiments have shown that
when grown in the BG11 medium (containing 9 �M Mn), Syn-
echocystis 6803 cells do not have any detectable level of the
mntCAB transcript (data not shown). The presence of this
transcript was, however, detected within 15 min of incubation
of the same cells in Mn-deficient BG11 medium. The expression
of these genes is evidently under tight transcriptional control.

To identify factors that mediate such Mn-mediated regula-
tion, a pmntlux reporter strain was constructed (Fig. 1A; also
see “Materials and Methods”). In this strain, the promoter of
the mntCAB operon directs the transcription of the luxAB
reporter genes. It is noteworthy that in this strain the endog-
enous mntCAB operon has not been modified. In these cells, the
expression of the reporter gene and that of the mntCAB operon
were similarly regulated by Mn (data not shown). This reporter
strain was mutagenized randomly by transformation with a
transposon inactivation library (see “Materials and Methods”),
and the resultant CmR colonies were screened for mutants that
exhibited expression of the reporter gene under Mn-sufficient
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conditions (Fig. 1, B and C). Of nearly 20,000 CmR colonies, we
identified two such colonies. They were called manS-1 and
manS-2, respectively.

Identification of a Genetic Locus That Regulates Expression
of the pmnt Promoter—Analysis of the manS-1 and manS-2
strains showed that in both mutants, the CmR gene was in-
serted in the same open reading frame, slr0640 (also termed
hik27) (Cyanobase; www.kazusa.or.jp/cyano/cyano.html), al-
though at two different positions (Fig. 2A). This gene encodes a
histidine kinase sensor protein that belongs to a two-compo-
nent signal transduction system in Synechocystis 6803 cells
(11). Because this protein is involved in manganese sensing
(see below), we have named it ManS, and we have named the
corresponding gene manS. The ManS protein has 441 residues
with a predicted molecular mass of 49.2 kDa. COG (www.
ncbi.nlm.nih.gov/COG/) and SMART (smart.embl-heidelberg.
de/) analysis indicated that ManS is a histidine kinase sensor
protein (10), with two transmembrane domains, a HisKA do-
main that includes the conserved and catalytically important
His-205 residue, a HAMP dimerization domain, and a HAT-
Pase domain (Fig. 2B).

Detection of ManS and Analysis of Expression of the
pmnt::luxAB Reporter Gene—To detect the ManS protein, we
added both a polyhistidine tag and a c-Myc epitope tag at the
C-terminal end of this protein (Fig. 3A). Using monospecific
antibodies against the c-Myc protein, we were able to detect a
54-kDa protein (Fig. 3B) in the pmntlux reporter cells that
have been transformed with the WT1/His/Myc version of the
manS gene. The predicted molecular mass of this tagged pro-
tein is 52.9 kDa. To determine the role of His-205 in ManS in
the predicted autophosphorylation and phosphotransfer events
in such a two-component signal transduction system, this res-

1 The abbreviation used is: WT, wild-type.

FIG. 1. A, a schematic map of the mnt reporter construct. The shaded
boxes represent flanking Synechocystis 6803 DNA sequences. SpR, spec-
tinomycin/streptomycin resistance gene; luxA and luxB, promoterless
luxAB reporter genes; pmnt, promoter region of the mntCAB operon of
Synechocystis 6803. See “Materials and Methods” for further details. B,
a grid of Cm-resistant derivative clones of the pmntlux strain grown on
solid BG11 medium. C, lux luminescence from the colonies shown in B.
manS-1 and manS-2 are two independent clones (circled in B) exhibit-
ing high levels of lux expression. See “Materials and Methods” for
further details.

FIG. 2. A, a schematic map of the slr0640 (manS) region of Synecho-
cystis 6803 chromosome. The arrowheads indicate the sites of insertion
of the CmR cassette in the manS-1 and manS-2 strains, respectively. B,
a schematic depiction of various domains in the ManS protein in the
plasma membrane of Synechocystis 6803 cells. The numbers correspond
to amino acid residues in ManS. The open rectangles represent a HisKA
domain (195 to 262) and a HATPase C domain (314 to 438), respectively.
The black oval corresponds to the His-205 residue. See “Results” for
further details. C, a schematic map of the slr1837 (manR) region of
Synechocystis 6803 chromosome. The arrowhead indicates the site of
insertion of the KmR cassette in the manR gene. D, a schematic depic-
tion of various domains in the ManR protein in Synechocystis 6803 cells.
The numbers correspond to amino acid residues in ManR. The open
rectangles represent a CheY-like receiver domain (2 to 113) and a DNA
binding domain (157 to 228), respectively. The black oval corresponds to
the conserved Asp-52 residue. See “Results” for further details.
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idue was changed to Leu. Such a modification still allowed the
accumulation of the ManS protein in cell membrane, although
at a reduced level (Fig. 3B). Finally, to evaluate the potential
role of the periplasmic domain of this protein in binding Mn, a
conserved loop (residues 60 to 132) was deleted from the pro-
tein. However, such a mutation resulted in the absence of the
protein in the membrane (Fig. 3B).

Fig. 3C shows the time-dependent changes in the lux lumi-
nescence intensity from the pmntlux cells, harboring various
forms of the ManS protein. When grown in Mn-supplemented
medium, luminescence from the WT, as well as the WT/His/
Myc strains, were extremely low. Incubation in Mn-depleted
medium increased the level of luminescence from these cells by
nearly 10,000-fold. In contrast, both the �60–132 (with no
MntS protein) and the H205L strains exhibited very high levels
of luminescence even when grown in the presence of Mn. These

data demonstrated that the ManS protein is a strong determi-
nant in Mn-mediated regulation of transcription of the pmnt
promoter, and the His-205 residue plays an important role in
this process.

Identification of the Cognate Response Regulator ManR—As
described above, extensive mutagenesis of the pmntlux re-
porter strain using the cosmid inactivation library identified
the ManS sensor but not the corresponding response regulator
protein. The known response regulator genes in Synechocystis
6803 (11) that are not represented in this cosmid library were
inactivated systematically in the reporter strain. Among such
inactivation mutants, only the slr1837 (Fig. 2C) mutant cells
exhibited high levels of lux luminescence, grown under either
Mn-sufficient or Mn-depleted conditions (data not shown), sim-
ilar to the observations with the mntS mutant cells described
above. We concluded that the slr1837 gene encodes the re-
sponse regulator that interacts with ManS and named it
ManR. The ManR protein is 234 residues long with a predicted
molecular mass of 25.6 kDa. COG and SMART analysis (see
above) indicated that ManR is a member of the OmpR subfam-
ily of response regulators and has an N-terminal CheY-like
receiver domain (Fig. 2D) that includes the conserved phos-
phate acceptor Asp-52 residue (10). ManR also has a C-termi-
nal winged-helix-type DNA binding domain, suggesting that it
interacts directly with the pmnt promoter.

Manganese Uptake Activities in the manS Mutant Cells—
Synechocystis 6803 cells have at least two high affinity Mn-
uptake systems (3, 5). Among them, the MntABC transporter is
present and active when cells are grown under Mn starvation
conditions. As a consequence, wild-type cells had high Mn-
uptake activities when grown under both Mn-sufficient and
Mn-deficient conditions (Fig. 4). As reported previously (5), the
�mntC mutant lacking any functional MntABC transporter
showed poor uptake activity under Mn-deprived conditions.
However, it had normal Mn-uptake activity when grown in
Mn-sufficient condition. In contrast, the Mn-uptake activity of
the H205L mutant, as well as in the original manS-1 mutant
(data not shown), was unaffected by the presence or absence of

FIG. 3. Modification of the manS gene in Synechocystis 6803. A,
a sequence encoding a hexahistidyl (His6) tag and a c-Myc epitope tag
was added to the 3�-end of the coding region of mntS. H205L, site-
specific mutation resulting in the replacement of His-205 by Leu in
MntS. The bottom panel represents a deletion mutation in which the
sequence encoding residues 60 to 132 (hatched box) was deleted. B,
Western immunoblot analysis of membrane proteins from the pmntlux
reporter strain transformed with wild-type (lane 1), WT/His/Myc (lane
2), H205L (lane 3), and �60–132 (lane 4) constructs, using anti c-Myc
antisera. 20 �g of protein-containing sample was loaded in each lane. C,
time course of luminescence from the mntC::luxAB reporter gene in
Synechocystis 6803 cells. ● , wild-type; E, WT/His/Myc; ‚, �60–132; and
Œ, H205L.

FIG. 4. Kinetics of 54Mn2� uptake by wild-type (circles), �mntC
(rectangles), and H205L (triangles) cells by manganese in the
growth media. Cells were grown in Mn-deficient (empty symbols) or
Mn-supplemented (filled symbols) BG11 medium. Data are from one
representative experiment.
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the Mn in the growth medium. Notably, this activity was sig-
nificantly less than that in wild-type cells, as well as in the
�mntC cells grown in the presence of Mn. Evidently, the MntS
sensor protein controls not only the expression of the mntCAB
operon but also the cellular Mn status in Synechocystis 6803.

Transcription of Other Metal Transporter Genes in the manS
Mutant Cells—As mentioned earlier, the level of the mntC
transcript was undetectable in wild-type cells grown in BG11
medium and increased significantly under Mn-starvation con-
ditions (Fig. 5). In contrast, mntC was expressed at a high level
in the H205L mutant cells, both in the presence and absence of
Mn in the growth medium. Interestingly, transcript levels of
feoB (slr1392) and znuA (slr2043), two genes whose expression
is repressed in complete BG11 medium, were increased slightly
in the H205L mutant strain. It is noteworthy that feoB encodes
an iron transporter (32), and znuA (formerly called zntC) en-
codes a component of an ABC transporter for zinc (3).

DISCUSSION

The data presented in this paper demonstrate that the two-
component sensor protein ManS and the response regulator
protein ManR are required for the regulation of transcription of
the mntCAB operon encoding an uptake Mn permease in Syn-
echocystis 6803 cells. In a canonical bacterial two-component
system, the sensor His kinase protein is often localized in the
cell membrane. As shown in Fig. 2B, the ManS protein is
predicted to have two transmembrane domains. Cyanobacte-
rial cells have two internal membrane systems, the plasma
membrane and the thylakoid membrane (33). Because the
ManS sensor is presumably involved in the perception of ex-
tracellular Mn concentration, we have reasoned that this inte-
gral membrane protein is localized in the plasma membrane
(Fig. 2B). It is tempting to speculate that the periplasmic

domain of ManS is involved in the physical interaction with the
Mn2� cation.

To date, the ManS/ManR pair constitutes the only known
two-component signal transduction system for manganese.
Among various transition metals, such two-component systems
have been identified for copper and silver. Two different cop-
per-responsive two-component systems are present in E. coli,
namely, CusS/CusR (34), and PcoS/PcoR (35). In Pseudomonas
syringae, a plant pathogen, the CopS/CopR two-component sys-
tem provides copper resistance (36), whereas in Salmonella,
the SilS/SilR system provides resistance to silver ions (37).
During the preparation of this manuscript, Reyes and co-work-
ers (38) reported that in Synechocystis 6803 cells, the RppA/
RppB two-component system identified originally by Li and
Sherman (20) as a redox regulation system also has a role in
nickel sensing. In all of these examples, the genes encoding the
sensor His kinase and the response regulator are organized in
operons. In contrast, the manS gene is located far away from
the manR gene in the chromosome of Synechocystis 6803
(www.kazusa.or.jp/cyano/cyano.html).

During recent years, homologs of the MntABC transporter
have been implicated to have significant roles in various bac-
terial infectious processes (39, 40). A number of regulator pro-
teins for bacterial Mn homeostasis have also been identified.
Notably, Que and Helmann (41) have studied MntR, a member
of the DtxR diphtheria toxin repressor protein family, in Ba-
cillus subtilis cells (41). B. subtilis cells have two distinctly
different Mn transporter systems. Among them, MntABCD is
an ABC-type transporter, similar to the MntABC transporter
in Synechocystis 6803. A second Mn transporter is MntH, a
member of the Nramp family of transporters (42). MntR is a
bifunctional protein. In Mn-starved conditions, it activates
transcription of the mntABCD operon, whereas in Mn-suffi-
cient conditions, MntR represses expression of the mntH gene.
In the presence of manganese, ScaR, a homolog of MntR in
Streptococcus gordonii, acts as a repressor for the sca operon
that encodes a Mn permease similar to the MntABC trans-
porter (43). Interestingly, in E. coli cells, both Fur, an iron-de-
pendent regulator, and MntR, a manganese-dependent regula-
tor, control the expression of the mntH gene (44). It is
noteworthy that none of these organisms has any known two-
component signal transduction system for Mn.

As shown in Fig. 5, the ManS His kinase sensor protein
appears to have some regulatory effect on the expression of the
feoB and znuA genes. In other bacterial systems, expression of
the iron transporter FeoB is known to be regulated by the well
known regulator Fur. In Synechocystis 6803 cells, expression of
the znuA gene is transcriptionally regulated by the Zur repres-
sor protein, encoded by the sll1938 gene.2 It is known that the
Mn2� cation can bind to Fur (and presumably Zur) (45). It is
possible that in the absence of ManS activity, an unregulated
supply of Mn inside the cyanobacterial cells may lead to bind-
ing of this metal to Fur and Zur, with consequent transcrip-
tional repression of the feoB and znuA genes. However, the
dominant effect of ManS is on the pmnt promoter (Fig. 3C),
indicating that the primary function of this protein is in sens-
ing Mn.

Because of their oxygenic photosynthetic lifestyle, cyanobac-
terial cells must monitor carefully the available levels of Mn.
The data presented in this manuscript demonstrate that the
ManS/ManR two-component system in Synechocystis 6803 cells
is an important determinant in the sensing of external Mn
concentration. An additional interesting finding during this

2 M. Bhattacharyya-Pakrasi, M. Shibata, T. Ogawa, and H. B.
Pakrasi, unpublished data.

FIG. 5. The transcript levels of mntC, feoB, and znuA genes in
the wild-type (1, 2) and H205L (3, 4) strains. Transcript abundance
in cells grown in the presence (1, 3) or absence (2, 4) of added Mn in the
BG11 medium was determined by the RT-PCR method. The transcript
level of RNaseP in each sample is shown as a control. The absence of
contamination of DNA was confirmed by PCR without reverse tran-
scriptase (�RTase) reaction. See “Results” for further details.
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study is that in the H205L mutant strain, Mn-uptake activity
is suboptimal under both Mn-sufficient and Mn-deficient con-
ditions (Fig. 4), raising the question whether pmnt is the only
promoter in Synechocystis 6803 cells that is regulated by
ManS. It is possible that the Mn-responsive signal transduc-
tion pathway initiating with the ManS His kinase has more
than one cognate response regulator, one of which (ManR) acts
on pmnt, whereas the other(s) may control the expression of the
second high affinity Mn transporter, as well as that of the
Mn-efflux system(s) in these cyanobacterial cells. Which other
promoters are regulated by the ManS sensor, as well as how
and where Mn binds to this protein, are being investigated
currently.

REFERENCES

1. Yocum, C. F., and Pecoraro, V. L. (1999) Curr. Opin. Chem. Biol. 3, 182–187
2. Frausto da Silva, J. J. R., and Williams, R. J. P. (2001) The Biological Chem-

istry of the Elements, pp. 400–416, Oxford University Press, Oxford
3. Pakrasi, H. B., Ogawa, T., and Bhattacharyya-Pakrasi, M. (2001) in Regula-

tion of Photosynthesis (Aro, E. M., and Andersson, B., eds) pp. 253–264,
Kluwer Academic Publishers, Dordrecht, The Netherlands

4. Bartsevich, V. V., and Pakrasi, H. B. (1995) EMBO J. 14, 1845–1853
5. Bartsevich, V. V., and Pakrasi, H. B. (1996) J. Biol. Chem. 271, 26057–26061
6. Parkinson, J. S., and Kofoid, E. C. (1992) Annu. Rev. Genet. 26, 71–112
7. Foussard, M., Cabantous, S., Pedelacq, J., Guillet, V., Tranier, S., Mourey, L.,

Birck, C., and Samama, J. (2001) Microbes Infect. 3, 417–424
8. Chang, C., and Stewart, R. C. (1998) Plant Physiol. 117, 723–731
9. Stock, A. M., Robinson, V. L., and Goudreau, P. N. (2000) Annu. Rev. Biochem.

69, 183–215
10. West, A. H., and Stock, A. M. (2001) Trends Biochem. Sci. 26, 369–376
11. Mizuno, T., Kaneko, T., and Tabata, S. (1996) DNA Res. 3, 407–414
12. Kaneko, T., Nakamura, Y., Wolk, C. P., Kuritz, T., Sasamoto, S., Watanabe, A.,

Iriguchi, M., Ishikawa, A., Kawashima, K., Kimura, T., Kishida, Y., Kohara,
M., Matsumoto, M., Matsuno, A., Muraki, A., Nakazaki, N., Shimpo, S.,
Sugimoto, M., Takazawa, M., Yamada, M., Yasuda, M., and Tabata, S.
(2001) DNA Res. 8, 205–213

13. Schwarz, R., and Grossman, A. R. (1998) Proc. Natl. Acad. Sci. U. S. A. 95,
11008–11013

14. Hirani, T. A., Suzuki, I., Murata, N., Hayashi, H., and Eaton-Rye, J. J. (2001)
Plant Mol. Biol. 45, 133–144

15. Suzuki, I., Los, D. A., Kanesaki, Y., Mikami, K., and Murata, N. (2000) EMBO

J. 19, 1327–1334
16. Suzuki, I., Kanesaki, Y., Mikami, K., Kanehisa, M., and Murata, N. (2001)

Mol. Microbiol. 40, 235–244
17. Yeh, K. C., Wu, S. H., Murphy, J. T., and Lagarias, J. C. (1997) Science 277,

1505–1508
18. Garcia-Dominguez, M., Muro-Pastor, M. I., Reyes, J. C., and Florencio, F. J.

(2000) J. Bacteriol. 182, 38–44
19. Hughes, J., and Lamparter, T. (1999) Plant Physiol. 121, 1059–1068
20. Li, H., and Sherman, L. A. (2000) J. Bacteriol. 182, 4268–4277
21. Stanier, R. Y., Kunisawa, R., Mandel, M., and Cohen-Bazire, G. (1971) Bacte-

riol. Rev. 35, 171–205
22. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular Cloning: A

Laboratory Manual, 2nd Ed., Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY

23. Aoki, S., Kondo, T., Wada, H., and Ishiura, M. (1997) J. Bacteriol. 179,
5751–5755

24. Shibata, M., Ohkawa, H., Kaneko, T., Fukuzawa, H., Tabata, S., Kaplan, A.,
and Ogawa, T. (2001) Proc. Natl. Acad. Sci. U. S. A. 98, 11789–11794

25. Yoshihisa, T., and Ito, K. (1996) J. Biol. Chem. 271, 9429–9436
26. Horton, R. M., Hunt, H. D., Ho, S. N., Pullen, J. K., and Pease, L. R. (1989)

Gene 77, 61–68
27. Shen, J. R., Ikeuchi, M., and Inoue, Y. (1997) J. Biol. Chem. 272, 17821–17826
28. Laemmli, U. K. (1970) Nature 227, 680–685
29. Chelly, J., and Kahn, A. (1994) in The Polymerase Chain Reaction (Mullis,

K. B., Ferre, F., and Gibbs, R. A., eds) Birkhauser, Boston
30. Aiba, H., Adhya, S., and de Crombrugghe, B. (1981) J. Biol. Chem. 256,

11905–11910
31. Vioque, A. (1992) Nucleic Acids Res. 20, 6331–6337
32. Katoh, H., Hagino, N., Grossman, A. R., and Ogawa, T. (2001) J. Bacteriol.

183, 2779–2784
33. Zak, E., Norling, B., Maitra, R., Huang, F., Andersson, B., and Pakrasi, H. B.

(2001) Proc. Natl. Acad. Sci. U. S. A. 98, 13443–13448
34. Munson, G. P., Lam, D. L., Outten, F. W., and O’Halloran, T. V. (2000) J.

Bacteriol. 182, 5864–5871
35. Brown, N. L., Rouch, D. A., and Lee, B. T. (1992) Plasmid 27, 41–51
36. Bender, C. L., and Cooksey, D. A. (1987) J. Bacteriol. 169, 470–474
37. Gupta, A., Matsui, K., Lo, J. F., and Silver, S. (1999) Nat. Med. 5, 183–188
38. Lopez-Maury, L., Garcia-Dominguez, M., Florencio, F. J., and Reyes, J. C.

(2002) Mol. Microbiol. 43, 247–256
39. Claverys, J. P. (2001) Res. Microbiol. 152, 231–243
40. Jakubovics, N. S., and Jenkinson, H. F. (2001) Microbiology 147, 1709–1718
41. Que, Q., and Helmann, J. D. (2000) Mol. Microbiol. 35, 1454–1468
42. Forbes, J. R., and Gros, P. (2001) Trends Microbiol. 9, 397–403
43. Jakubovics, N. S., Smith, A. W., and Jenkinson, H. F. (2000) Mol. Microbiol.

38, 140–153
44. Patzer, S. I., and Hantke, K. (2001) J. Bacteriol. 183, 4806–4813
45. Hantke, K. (2001) Curr. Opin. Microbiol. 4, 172–177

Sensing of Manganese by a Cyanobacterial Two-component System28986


