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ABSTRACT. TherfrA gene was identified in a suppressor screen 8fyaechocystisp. PCC 6803 strain
deficient in bothmntC encoding a component of an ABC transport system for manganesgsay
encoding the extrinsic manganese stabilizing protein of photosystem Il (PSIl). A spontaneous suppressor
mutant ACAO rfrA-Sup has a point mutation imfrA, which restores photosynthetic activity to the
AmntCApsbOdouble mutant. Manganese transport and photosynthesis are related in that manganese is
essential to the function of PSII, and the state of cellular manganese availability influences the rate of
oxygen evolution mediated by PSIl. Oxygen evolution experiments withAIBAO rfrA-Sup mutant
revealed that the mechanism of suppression is not through a direct modification of PSII. Instead, radioactive
manganese uptake experiments indicated that RfrA is a regulator of a high affinity manganese transport
system different from the more thoroughly characterized manganese ABC transport syStemadhocystis

6803. RfrA was named for the repeated five-residues domain in the amino terminus of the protein. The
RFR domain defines a 16-member family Siynechocysti6803. Predicted proteins with RFR domains
have also been identified in other organisms, but RfrA is the first member of this family to be linked to

a physiological process.

Manganese is an essential trace element in all organisms(7). Most manganese uptake systems fall into one of two
In prokaryotes and eukaryotes manganese is a cofactor ingroups: the ATP-binding cassette (ABC) transporters and
the active site of many enzymes, such as manganesethe natural resistance-associated macrophage proteins (Nramp)
superoxide dismutase, manganese-catalase, and ribonucled?). In addition, a transporter ibactobacillus plantarunis
tide reductasel). Even though manganese is essential to the only identified P-type ATPase with high specificity for
most organisms, it can be toxic at high leve—4). manganeses).

Therefore, homeostasis of this metal ion is important for ~ Since manganese is essential for the survival of a cyano-
survival. Prokaryotic organisms lack internal compartments, bacterium such aSynechocysti§803, there is an intricate
so homeostasis is maintained through tight regulation of genetic network for controlling manganese homeostasis in
metal ion flux across the cytoplasmic membrane. this organism. The ABC transporter system (MntABC)

In plants and cyanobacteria, manganese is required for theencoded by themntCAB operon is the only genetically
light-dependent oxidation of water into molecular oxygen identified manganese uptake system. Recently, we reported
by photosystem Il (PSIP.Therefore, manganese plays a that the transcription of themntCAB operon is tightly
critical role in these photosynthetic organisms. We have regulated by a two-component sensor/regulator system
recently reported a light-dependent mechanism for the encoded by thenanSandmanRgenes9). It was also shown
accumulation of large amounts of manganese in the cyano-that the ManR protein binds to tmentCABoperon (0) to
bacterium,Synechocystisp. PCC 68035). This pool of ~ support the suggestion that MntABC is directly regulated
manganese does not appear to be present in other types ddy the two-component system. ThantCAB operon is
bacteria, suggesting a complexity in manganese regulationexpressed in cells grown in manganese-deficient (submicro-
unique to the demands for this ion during photosynthesis. molar levels of MA*) medium and functions in high-affinity

One of the first manganese transport systems to beManganese uptakeg)( In contrast, cells grown under
genetically characterized is encoded by tetCABoperon micromolar _concent_ranons of Mh transport this metal by
in the cyanobacteriunBynechocysti§803 §), and many & second high affinity systermiL{). However, the gene(s)

other manganese transport systems have since been describ&icoding this system are yet to be identified.
A unique need for manganese in cyanobacteria and plants
is in their photosynthetic apparatus. There are four manga-

) ETI:his study wasts%pgortedﬁé ;Ugding f“t)mRN'H a”thFO:IE (H-E;P-)- nese ions necessary for each active PSIl complex, and it has
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Table 1: Synechocysti6803 Strains Used in This Study A
strain characteristic source

WT wild type, glucose tolerant 14 mntC|  — mntA| - mntB ||
AmntC AmntC:Km" 11 Hird Wl Pst | Accl Xba | Acc| BamH |
ApsbO ApsbQ:Sp this paper
AmntCApsbO AmntC:Km'; ApsbQ:Sp this paper
ACAO rfrA-Sup AmntC:Km'; ApsbQ:Sy; this paper

rfrA suppressor B
ArfrA ArfrA::GnmY this paper

| (( psbO
that encodes the manganese stabilizing protein of PSII. When Hmld " ¥ Bart | Xbal  Hind I
grown in manganese-deficient medium, this double mutant <-{f
has no active PSII complex. A suppressor mutatiorfria
restores PSII activity in théAmntCApsbO strain. In this C
paper, we have characterized the functional role of RfrA
through analysis of the spontaneous point mutation allele
that suppresses thAmntCApsbO phenotype, as well as
examining a deletion at th#A locus. Our data indicate that
RfrA is not a manganese transporter. Instead, RfrA regulates  <¢------------ 4.90kb---------- 46>
the manganese transport system that functionsSym-

| I |
rfrA T 13 |
Xba | Spel EcoR | Hind 1

echocystis6803 cells grown in high concentrations of 1 Kb

external manganese. Ficure 1: Constructs used for the generatiorSyhechocysti6803
mutants examined in this study. (A) Restriction enzyme map of

EXPERIMENTAL PROCEDURES the portion of thenntCABoperon used to generate a partial deletion

. . . . . of themntCgene. (B) Restriction map of the construct used for an
Bacterial Strains and Culture ConditionBacterial strains insertional mutation opsbQ Synechocysti€803AmntCcells were
used in this study are described in TableSynechocystis  transformed with the\psbOconstruct to make thAmntCApsbO

6803 strains were grown at 3€ under 20umol m2 s1 double mutant. (C) Restriction map of the construct used to generate
white fluorescent light in BG11 mediuni®). For growth an insertional mutatlon at thérA locus. Block arrows, direction

. . . of transcription; Kn\, kanamycin resistance cassette!, Specti-
on solid medium, BG11 was supplemented with 1.5% (W/V) nomycin/streptomycin resistance cassette; and, @entamycin
agar. BG11 without added manganese (BG11-Mn) was resistance cassette.
prepared as described in rél, and sterilized MnGlwas
added to a final concentration of /&Vl, unless otherwise  rate of photosynthetic oxygen evolutioagj. Cells were
stated. DNA disruptions used to engineer the mutants usednarvested after 6 days of growth in BG11 withu® Mn?+
in this study are shown in Figure 1. Growth medium for and resuspended in fresh BG11 to a final chlorophyll
AmntC ApsbQ andArfrA was supplemented with 1g/ concentration of Zg/mL. PSlI-mediated @evolution was
mL kanamycin, 10ug/mL spectinomycin, and 2g/mL measured in the presence of 0.5 mM 2,6-dichlpileenzo-
gentamycin, respectively. Cyanobacterial cell growth was quinone (Eastman-Kodak, Rochester, NY) and 1 mM K
monitored by measuring light scattering at 730 nm on a FeCN; (Sigma, St. Louis).

DW2000 spegtrophotometer (SLM-Aminco, .Urbana, IL). Manganese Uptake Assays. Synechoc§8is cells were
For generating growth curve data, the strains were grown maintained on solid BG11 plates from which a loop full of
as 3 mL cultures in 12-well microtiter plates in either BG11- q|Is was used to inoculate 50 mL of liquid BG11-Mn
Mn or BG11 with 5uM MnCl, added. At each time point,  cjtyres. After 3-4 days of growth, the cells were harvested
150 uL was removed from each replicate for absorbance py centrifugation and resuspended in fresh BG11-Mn with
determination in aQuant plate reader (Bio-Tek Instruments, - the addition of 5zM MnCl, where indicated. As described
Inc., Winooski, VT). Measurements were typically taken previously (1), cells were harvested and washed after 20
once every 2624 h for 120 h, and the growth rate was 24 p of growth and resuspended in fresh BG11-Mn to a

determined between 46 and 72 h. , concentration of 4x 108 cells/mL. The cells were preincu-
Transformation and DNA Manipulation®outine DNA bated at 28C and under 3@mol m~2 s~ white light for at

manipulations were performed essentially as described in refigast 20 min before the experimePiMn2* (as MnCh) was

13. Enzymes fqr recombinant DNA techniques were from a4ded at~0.4 uCi/mL (~0.4 pmol of M#*). In some
New England Biolabs (Beverly, MA). DNA sequencing was  eyxperiments, divalent cadmium (as Ce@® 10 M) was
performed with @deoxynuqleoudg chain termination using added just prior t§%Mn2*. After the indicated time intervals,
custom-made ohgonucl_eoude primers ordered from Inte- 50 uL samples were removed and diluted 100-fold in a 10
grated DNA Technologies (CoraIV|IIez 1A). Synechocystls mM MnCl, solution and immediately filtered through
6803 cells were transformed as previously descriiél). ( pjtrocellulose membrane filters. The filters were suspended

For the complementation analysis, linear fragments of i geingillation mixture (EcoScint) and counted on an LS 5000
chromosomal DNA fromAmntCApsbOsuppressor mutant 1 gcintillation counter (Beckman Instruments).

were spotted onto a lawn d&fmntCApsbOmutant cells to
determine which fragment restored photoautotrophy under ResyLTS
low Mn?* concentrations§, 15).
Measurement of Oxygenuv&ution. As previously de- Isolation of theACAO rfrA-Sup Mutant.A suppressor
scribed, a Clark-type electrode was used to determine thescreen was designed to identify genetic loci, separate from
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Xbal Avrll Sau3Al HinDIll
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1 Kb
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MPNELSNLPP VLGSEETIAP RRSLPQWVFQ ESVEPRAMPWL

LVVTVVGIGL GLIFQSSWLG FTSAVLALMF SLOQVILPTIK
SWVQHYLTVQ ERRSLLGGLG FVLAIGALAH YLGVYSSLKY

WLNQFKYDEF GSWAEWVGAL GQIMIAVLAV YVAWQQYVIS
KDLTIQQNRI HQOQQTVDAYF QGISDLALSD EGMLEDWPQE

RAFAEGRTAA ILASVDSGGK AKILRFLSQS RLLTPLKRDY
YLGRPIFDGM GGYQEDRIHG LRVINLGVML VAADLVGQDL
RWVDLSEIYL IRANLSQADL VKANLSRTVL YEANLDGADL
KGTRLFYGTW DQASPRSRNH IPNYETGEYT GAVVENANFS
KTKNMSEEQR CYCCAWGGTL TRKTIPGGCE GIENRLDR*

Ficure 2: Cloning by complementation and predicted amino acid
sequence ofSynechocysti$803 RfrA. (A) Restriction enzyme
fragments used to complement temntCApsbO mutant. +,
complementation:—, no complementation; *, mutation in ORF
sll1350 (represented by the arrow) in tReCAO rfrA-Supstrain.

(B) Predicted amino acid sequence of RfrA with four membrane-
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spanning domains (underlined). The 12 pentapeptide repeats in th

RFR domain are shown in bold with alternate repeats italicized.
The mutation iInACAO rfrA-Sup resulted in a T171A change
(boxed).

mntCAB which influence manganese transport 8yn-

echocysti$803. The genes of interest could be transporters

or regulators of transport activity. The strain used for the
suppressor screen contained mutations atthe&CandpsbO
loci. The AmntCstrain was described previousl{1j, and
deficiencies at thesbOlocus have been described in several
studies 17—19). The AmntCApsbOdouble deletion mutant

lacks the high-affinity manganese transporter whose expres-

sion is induced when the Mh concentration in the medium
falls below 5uM, conditions that decrease the photosynthetic
activity of PSII by 85% 20). The double mutant also lacks

Chandler et al.

N-terminal half (Top Pred2, re2l and a repeated five-
residues (RFR) domain within the soluble C-terminal half
of this protein. Thus, the gene was namé&d\. As shown

in Figure 2B, the RFR domain has 12 repeats of AXLXX
(X being any amino acid), with strong conservation at the
third position and usually a small hydrophobic residue in
the first position. A deletion mutation was generated at the
rfrA locus (Figure 1) to compare the loss of function allele
to the suppressor allele.

Photoautotrophic Growth of the rfrA Mutant€Even
thought the suppressor mutant exhibited photoautotrophic
growth on solid medium, growth in liquid medium was
examined to determine relative growth rates. Table 2
summarizes the results of the growth data. Growth rates for
all of the strains were decreased under manganese limiting
conditions, and as expected, thpsbOandAmntCmutants
were more severely affected than the wild-type cells. Under
manganese limiting conditions, there was a slight increase
in growth rate in the suppressor mutant as compared to the
AmntCApsbO double mutant. Interestingly, there was a
decrease in the photoautotrophic growth rate of AnrA
dnutant under manganese limiting conditions but an increase
relative to wild type under sufficient manganese conditions.
There are many factors that contribute to photoautotrophic
growth rate, so additional experiments were designed to test
the mechanism of suppression more directly.

Photosynthetic Actity of the rfrA Mutants.Next, we
investigated whether thACAO rfrA-Sup strain acquired
photoautotrophic growth by overcoming thenntCpheno-
type or the ApsbO phenotype. Three hypotheses could
explain the mechanism of suppression in th€AO rfrA-
Supstrain. Suppression could be (1) caused by a modification
of PSII, (2) the result of a mutation in a manganese transport
protein, or (3) caused by the aberrant regulation of a
manganese transport system that allows sufficient manganese
uptake to restore photoautotrophic growth.

the manganese stabilizing protein (PsbO), one of the extrinsic _First, we examined the activity of PSII in tReCAO rfrA-
subunits of PSII, whose absence decreases the activity ofSupmutant relative to control strains by measuring the rate

PSIlI by 60% (8). The presence of both mutations was
necessary because neither tirantCnor theApsbOmuta-
tion completely inhibits PSII activity. In contrast, the
AmntCApsbOdouble mutant is not photoautotrophic when
grown in submicromolar concentrations of Rnbecause
there is insufficient manganese to support PSII activity.
AmntCApsbOcells were maintained on plates containing 5
mM glucose and were plated onto BG11-Mn without glucose

of photosynthetic oxygen evolutioddCAO rfrA-Supcon-
sistently had the same rate of oxygen evolution ag\jhebO
strain, about 50% of wild type (Table 3). The cells were
grown in BG11 containing &M Mn?* so that the suppressor
mutant could be compared tomntC ApsbQ as well as the
AmntCApsbO double mutant, which does not grow well
enough to test under manganese-limiting conditions. Under
manganese deficient conditions, all of the other strains had

to screen for spontaneous mutants allowing photoautotrophicless PSII activity. However, it is important to note that
growth. One suppressor mutant strain was chosen for furthercompared to the wild-type strain, the relative PSII activity

analysis.
Restriction fragments from thamntCApsbOsuppressor

in either theACAO rfrA-Supor theArfrA strain was similar
under both Mn-deficient (data not shown) and Mn-sufficient

mutant genome were used in a complementation study with conditions. TheArfrA mutant was also tested to determine

the AmntCApsbO strain to determine the location of the
mutation (Figure 2A). This is possible becausesitu dot

if the RfrA directly influences PSII activityArfrA consis-
tently evolved the same amount of oxygen as the wild-type

transformations can be used to screen pools of linear orcells (Table 3), suggesting that the absence of RfrA had no
plasmid DNA (15). Sequencing of a 0.5 Kb complementing direct effect on PSII activity. If RfrA were influencing PSII,
fragment revealed a point mutation in #1E.350(Cyanobase  then the suppressor mutant would have been expected to have
notation; www.kazusa.or.jp/cyano/cyano.html) open reading greater activity than thApsbOmutant, or theArfrA mutant
frame (ORF). This point mutation results in a Thr 171 to should have had less PSII activity than wild type. Because
Ala amino acid change in the predicted protein sequence.the suppressor mutant had a similar rate of oxygen evolution
Furtherin silico analysis of the SlI1350 sequence predicted asApsbQ we concluded that the mechanism of suppression
the presence of four membrane-spanning regions within theis most likely not due to a modification in PSII.
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Table 2: Growth Data foBynechocysti§803 Cells

growth —Mn +Mn
conditiong rate (%Y final A7z rate (%) final Arzo

strain

WT 100+ 8.9 0.641+ 0.037 100+ 19.3 1.1644+ 0.168
AmntC 10.8+ 3.0 0.152+ 0.008 105+ 10.2 1.302+ 0.129
ApsbO 75.3+ 1.8 0.395+ 0.032 94.0+ 7.3 0.741+ 0.063
AmntCApsbO 0 0.090+ 0.017 118+ 34.0 1.182+0.132
ACAO rfrA-Sup 10.1+ 0.6 0.079+ 0.002 72.6+17.1 0.918t 0.090
ArfrA 30.0+ 10.5 0.344+ 0.010 162+ 24.8 1.596+ 0.246

2 Cells were grown with+Mn) or without (~Mn) added %M MnClI; for 120 h under 2&:mol photons/ri sec at 3C°C on a platform shaker.
b Growth rate was determined during log phas&he maximum culture density in the 120-h experiméntalues are given as the percentage of
the wild-type growth rate (100% 0.00368AA730/h) with standard deviation between three replicatd€0%= 0.00874AA3/h. f These data are
representative of several experiments.

Table 3: Rates of Oxygen Evolution undeu® MnCl, Table 4: Radioactive Manganese UptakeSynechocysti6803
oxygen evolution Cells
strain (umol O, mg chlorophylf*h™) % wild type growth —Mn +Mn

WT 3054+ 712 100 conditiong —Cd +CcP —Cd +CcP
AmntC 313+ 93 102+ 19 Strain

ApsbO 161+ 43 94+ 13 wT 100 1141 48+7 43+4
ACAQ rfrA-Sup 143+ 42 49+ 18 ACAOfrA-Sup  45+3  46+7  52+5 63+2
ArfrA 323+ 88 106+ 10 ArfrA 100+7  48+6  64+6  62+17

aEach value is meas: standard deviation of five measurements.

aCells were grown with £Mn) or without (—Mn) added 5uM
MnCl, for 24 h prior to the assay8.10 uM CdCl, added just prior to

120 initiation of uptake assay.Values are given as the percent&jdn*
taken up by the wild-type contrat standard deviation of the mean of
£ 100 m three samples (100% 0.013 pmol in 40 min)¢ Cc?* inhibition was
= 1 not tested because there was essentially no uptake irtireCstrain
X in —Mn growth medium.
g/ - -
g 60 suppression is due to an alteration in manganese uptake
> / activity.
& 40 S Two possibilities for altered manganese entry into the cells
s / // are that (1) a transport protein is aberrantly facilitating
3 20 manganese uptake or (2) the activity of a regulator of
— - — manganese transport has been altered. The rate of manganese
0

uptake in theACAO rfrA-Supstrain (Figure 3) suggests a
different transporter than the MntABC system, which takes
Time (min) up manganese much more efficiently under these conditions.
FIGURE 3: 54Mn2* uptake in cells grown in Mn-deficient medium. Manganese uptake in therfrA strain still takes place at a
Circles, wild type; squaresACAO rfrA-Sup triangles, AmntC rate similar to theACAO rfrA-Supmutant (Table 4), which
100% was taken as the amount®n2* taken up by the wild- indicates that RfrA is not a transport protein. The following
type cells after 40 min incubation (corresponding to 0.013 pmol). experiment was designed to distinguish which of the two

The data are from one representative experiment with three ;
replicates of each time point. :ggralg;ggse transport systemsSynechocysti$803 RfrA

Examining the Rate of Manganese UptaRice the first High affinity manganese transport is inhibited by cadmium
hypothesis for a mechanism of suppression was ruled out,in Bacillus subtilis (22), Lactobacillus plantarum(23),
we then examined if a change in manganese uptake wasStaphylococcus aurey84), as well asSynechocysti6803
causing suppression. Quantitative measurements of manga¢11). When grown at submicromolar levels of ki Cct*
nese uptake were made usiflMn?" uptake assays. As  severely inhibits manganese uptake in8yaechocystié803
described in rel 1, the MntABC transporter is induced under cells, but uptake in the wild type, as well as thenntC
submicromolar concentrations of Rfnand is repressed under ~ strain is insensitive to Cd when grown in medium
higher concentrations of this metal. This study demonstratedcontaining 5uM Mn?* (11). This means that the MntABC
that a second manganese transporter is active during growtHransporter is sensitive to cadmium and the second transporter
in high manganese-containing mediubi); Figure 3 shows  is not.
that ACAO rfrA-Supcells take up more manganese thanthe  As shown in Table 4, the suppressor mutant is insensitive
AmntC strain but have only about 45% of the activity as to Cc" inhibition when grown in the absence of manganese,
compared to the wild-type cells. The suppressor mutant coulddemonstrating that the second transporter is aberrantly
not be compared to themntCApsbOdouble deletion mutant  functional in this strain. Moreover, in th&rfrA strain 48%
because that strain does not grow under the experimentalof the activity was insensitive to €t implying that both
conditions. This result indicates that the mechanism of transport systems were functioning under these conditions.

0O 5 10 15 20 25 30 35 40 45
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Table 5: rfr Genes inSynechocysti6803 Table 6: RFR Proteins Found in Different Organisms
gene AAs predicted location  name (similarity; organism) organism Rfr homologués

sli1350 398 membrane rfrA Photosynthetic Organisms
sll0183 259 membrane rfrB cyanobacteria
sll0274 196 membrane rfrC Synechocystisp. PCC 6803 16
slr0516 166 membrane rfrD Anabaenasp. PCC 7120 31
slr0719 388 membrane rfrE Synechococcud/H 8102 (marine) 4
slrl519 245 putative membrane rfrF (hglK; Anabaena’120) Thermosynechococcus elongaBR1 15
slrl697 574 membrane rfrG/spkB Nostoc punctiform@&TCC 29133 >32
slr1851 162 membrane rfrH GloeobacteriolaceaousPCC 7421 >18

: Prochlorococcusp. MIT9313 5
sllo414 286 cytoplasmic rfrl
sll1011 270 cytoplasmic rfrd Prochlorococcusp. MED4 1
slrl152 331 cytoplasmic rfrK Arabidopsis thaliana 4
sll1446 320 cytoplasmic rfrL Oryza satia 1
sir1819 331  cytoplasmic rfrM Nonphotosynthetic Organisms
sll0301 169  lumenal/periplasmic rfrN Escherichia coli
sllo577 169  lumenal/periplasmic rfrO Bacillus subtilis
slr0967 150 lumenal/periplasmic rfrP Caulobacter crescentus

. s Mycobacterium tuberculosis
It is noteworthy that the uptake activity in the suppressor  Clostridium acetobutylicum

strain was restored to only 45% when the cells were grown Pseudomonas areuginosa
without manganese, which is the same level of activity of ~ Streptomyces coelicolor
the wild-type cells grown in the presence of manganese. It Drosophila melanogaster
is well-established that when the external metal concentration oMo sapiens

is high, the transporters active under such a condition take Saccharomyces cerisiae
up the metal at a much lower rate than transporters needing_ c2enerhabditis elegans
to scavenge metals from low external availabili®py, The @ Criteria for homology was eight consecutive repeats per RFR
rate of uptake by the second transporter in the wild-type strain 9°main-

is the same as the aberrant activity in the suppressor mutant, ] ) )
which supports the notion that regulation of the second Photosynthetic organisms (Table 6). The RFR domain was

transporter is altered in th&CAO rfrA-Supmutant. Table  c@lled a pentapeptide repeat when it was first recognized in

4 also shows that under low manganese growth conditions,th® hglK gene inAnabaena7120, which is involved in

the cadmium-insensitive activity in the wild type cells was 9lycolipid localization during heterocyst formatior2g).

only 11% of the normal activity, as opposed to 45% in the However, Synechocysti€803 does not form heterocysts;

mutant. This result suggests that the second transporter id'ence; the function of the corresponding RFR protein in

normally repressed under low manganese growth conditions.Synechocysti§803 remains elusive. We are not using the
For the cells grown in the presence of manganese, bothPentapeptide repeat name for nomenclature because PPR is

ACAO rfrA-Supand ArfrA take up more manganese than already used to define the large family of proteins with over
the wild type orAmntC strains. This result indicates that 200 members imrabidopsis thalianaontaining a pentatri-

even though the second transporter is normally induced undetcnopPeptide repeat motieg). _ _ _
high manganese growth conditions, its activity is stiil  1he RFR family was hypothesized to be involved in

regulated to prevent too much manganese uptake. In contrast2acterial metabolism. Representatives from numerous bacte-
the second, Cid-insensitive, manganese transporter in both '@l génomes have been aligned and compasejl & total

the ACAO rirA-Supand theArfrA strains is deregulated ~©f 352 individual repeats were aligned to identify a five-
under high manganese growth conditions but subject to 'eSidue consensus (ANLSG) and to predict that the repeated
further control under low manganese conditions. elements form a right-handed paraffehelix with the leucine
Analysis of the RFR DomainSearching Cyanobase S|d¢ chains formmg ahphatl(_: stacl§s in the interior of the
(www.kazusa.or.jp/cyano/cyano.html) with the RfrA amino helix (30). Information on this family of proteins can be

acid sequence uncovered a family of genes with 16 membergound in the Pfa”]) database (http://www.sanger.ac.uk/
in Synechocysti6803; 15 of these are not homologous to CYi-Pin/Pfam/getacc?PF00805). As 8ynechocysti§803,

any gene with a predicted function (Table 5). Ofgn- the RFR genes found in other organisms have no defined

echocysti$803 RFR protein is similar to thénabaenasp. function.

PCC 7120hglK gene. On the basis of the predicted amino

acid sequence of the RFR-containing ORFs, the genes wereDISCUSSlON

divided into three major groups: putative membrane span- We have presented evidence that RfrA is a novel regulator

ning, cytoplasmic, and thylakoid lumen or periplasm targeted of manganese uptake Bynechocysti€803. We recently

(26). After rfrA, the genes were arranged by group and named reported that the MntABC transporter 8ynechocysti6803

rfrB-rfrN. The genefrG has also been callespkBbecause is regulated by a two-component system that regulates the

of its kinase activity exhibited after overexpression in transcription of thenntCABoperon 9). This raises questions

Escherichia coli(27). RfrG is the onlySynechocysti6803 as to how RfrA regulates the second manganese transporter

protein with a kinase domain, so its kinase activity does not and why Synechocysti©803 contains such an intricate

explain the role of other members in the family. network of control over manganese uptake. Two hypotheses
Further analysis using BLAST to search all Genbank for the mode of RfrA regulation of manganese uptake are

sequences revealed that RFR domains are abundant i{1) transcriptional by altering the expression of the second

OO PN NRABARFRLONDN
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transporter and (2) posttranslational through reversible protein
modification. It is necessary to consider both what is known
about protein regulation in bacteria as well as unique factors
in Synechocysti6803 that would demand multiple manga-
nese transport systems under complex regulation.

Two well-known metalloregulatory protein families are
represented by thE. coli Fur (ferric uptake repressor) and
Corynebacterium diptheriabtxR (diptheria toxin repressor)
proteins. Regulators in the Fur family control iron uptake,
Zn?* transport, and peroxide stress resporgle-@3). Fur-
mediated regulation takes place through transcriptional
repression when the regulator, in the FufFstate, binds
iron-regulated promoter82). DtxR family regulators control

Biochemistry, Vol. 42, No. 18, 2003513

CulturedSynechocysti8803 can tolerate an enormous range
of external manganese concentrations (@M to 1 mM;
unpublished observation). An intricate network of regulation
would provide adequate, but not toxic, manganese uptake
regardless of the external concentration. The pool of man-
ganese needed to maintain active PSII provides a demand
for manganese unique to these photosynthetic organisms.
Such a demand could be a sufficient cause for the network
of manganese uptake regulation. Nevertheless, further in-
vestigation is needed to determine how cyanobacteria
regulate their functions over such a broad range of external
manganese conditions.

iron uptake and manganese transport. An example of a DtxRACKNOWLEDGMENT

regulator is theB. subtilisbifunctional manganese regulator,
MntR, which transcriptionally represses an Nramp transporter

when external manganese concentrations are high andy
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activates a manganese ABC transporter under low external

manganese concentratior). Recently, it was shown in
Salmonella entericaerovar Typhimurium that both MntR
and Fur mediate manganese repression anttitél promoter
(35). RfrA has no sequence or structural similarities to these

manganese-regulated transcription factors, and it does not

have any known DNA-binding domain. Hence, it is more
plausible that RfrA regulates the second transporter through
a mechanism other than transcriptional control.

Reversible modification of proteins is a well-established
mode of regulation. An example of this type of regulation
is through phosphorylation and dephosphorylation to activate
or inactivate a protein. Interestingly, theCAO rfrA-Sup
mutant T171A modification changes a potential phospho-
rylation site (Thr) to a residue that cannot be phosphorylated
(Ala). A reversible modification of this residue could be
required for RfrA-mediated regulation of the second man-
ganese transporter ilBynechocysti6803, especially under

low external manganese concentrations. Further experiments
are required to determine the exact mode of such regulation.

We have observed the deregulation of the second high
affinity manganese uptake system, but this makes up only
one part of the complex network of manganese uptake
regulation in Synechocysti®s803. The 45% cadmium-
insensitive activity in the suppressor mutant and AmgA
mutant grown under low manganese conditions indicates
constitutive activity of the MntABC-independent transporter,
which normally functions only under high manganese growth
conditions (Table 4). The MntABC transport system, which

is expressed under submicromolar concentrations of external 18.
Mn?*, is controlled by a two-component manganese sensor/

regulator system, ManS/ManR)( This regulatory system

is the first two-component regulatory system identified for
manganese. Interestingly, when a mutant form of the ManS
protein is unable to down-regulate MntABC activity, there
is still only ~60% of the normal manganese uptake activity
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