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ABSTRACT. The PpsR protein is a regulator of redox-dependent photosystem development in purple
phototrophic bacteria. In contrast to most spedi®sdopseudomonas palustcisntains twqpsRgenes.

We show that the inactivation of each of tRepalustrisstrain CGA009psRgenes results in an elevated

level of formation of the photosystem under dark aerobic conditions. Absorption spectra of the two PpsR
mutants revealed qualitative and quantitative differences in light-harvesting peak amplitude increases. A
sequence difference in the hetikurn—helix DNA binding motif of PpsR2 (Arg 439 to Cys) betweBn
palustrisstrains CEA001 and CGAO009 is shown to be a natural polymorphism that does not inactivate
the repressor activity of the protein. To evaluate which photosynthesis genes are regulated by the two
PpsR proteins, transcriptome profiles of the CGA009 and PpsR mutant strains were analyzed in microarray
experiments. Transcription of most but not all photosystem genes was derepressed in the mutant strains
to levels consistent with the in vivo absorption spectra, mathematical analyses of peak shapes and
amplitudes, reaction center protein levels, and real-time PCR of selected mRNAs. Closely spaced PpsR
binding motif repeats were identified Bf genes that were derepressed in the transcriptome analysis of
PpsR mutants. This work shows that both the PpsR1 and PpsR2 proteinR fratustrisstrain CGA009
function as oxygen-responsive transcriptional repressors.

Purple non-sulfur phototrophic bacteria suchRisodo- DNA-binding protein unique to purple phototrophic bacteria,
pseudomonas palustrége capable of aerobic growth using modulate transcription of photosynthesis genes in response
oxidative phosphorylation, or of anaerobic phototrophic to the Q-dependent redox state of celld)(
growth using photophosphorylatioh)( The development of . . S
a membrane-bound photosynthetic apparatus is stimulated Thg fu?ﬁ“?n of Pé)sRPproéelnsthhalls been tsr:uijled |5n;yeveral
by O, deprivation. This @regulated photosystem includes .sdpeu_esll at enco (?d pSKkor oogueﬁ at areodsh
the photosynthetic reaction center (R@)d light-harvesting ~ identical in amino acid sequence-<14). All PpsR proteins
complexes, which bind bacteriochlorophyll (BChl) and containPer—Amt—Sim(PAS) and helix-turn—helix (HTH)
carotenoid (Crt) pigments to capture light energy. R. motifs (Figure 1A), an(_j |_t seems that a key element of redox-
palustrishas three kinds of light-harvesting (LH) complexes dependent PpsR activity is the presence of one or more
designated LH1, LH2, and LH4, with LH2 variants encoded Cysteine residues, either for intraprotein disulfide bond
by three operonsl( 3). Several regulatory systemg)( formation as irRhodobactespecies, 7) or for interprotein
including PpsR (called CrtJ iRhodobacter capsulatysa disulfide bonding as in the PpsR1 dradyrhizobium
ORS278 11, 14). Although most PpsR proteins repress
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Ficure 1: (A) Domain structure of PpsR proteins. Abbreviations: C, cysteine; HTH, Hhglba—helix motif, PAS Per—Arnt—Sim),

motif involved in sensory transduction by either binding small cofactors or prefeistein interactions44); R.c., Rh. capsulatusRk.p., R.
palustrisCGA009;R.s., Rh. sphaeroidegB) Arrangement of the genes located aroppdR1andppsR2n R. palustrisCGA009. Horizontal

arrows indicate the direction of transcription. Gene names or numbers (RPA#) from the annotated genome are given, and asterisk denotes
the frameshiftecdbphB pseudogene in strain CGA00%, (14). Vertical arrows represent the mini-T&cZ1 (22) insertion in the 3-5'

direction (backward) int@psR1(resulting inR. palustrisPPSR1) or ppsR2(resulting inR. palustrisPPSR2). pBB001 and pBB002

represent plasmids used to complement the single insertion mutations in PRBRPPSR2, respectively.

The discovery of tw@psRgene orthologues iR. palustris response (unpublished). Giraud et a4)(suggested that the
and BradyrhizobiumORS278, in similarly organized pho- strain CGA009psR2gene must also have a mutation. The
tosynthesis gene clusterg, (18), raised the question of R. palustrisCGA009ppsR2gene sequence differs from strain
whether both genes are functional and, if so, whether their CEA001 ppsR2by a single nucleotide, with a Cys codon
gene products act as activators or repressors. In addition topresent in the CGA00PpsR2gene instead of an Arg codon,
the presence of twppsRgenesR. palustrisandBradyrhizo- corresponding to residue 439 in the HTH region (Figure 1A).
bium ORS278 differ from other purple bacteria in the We took advantage of thephP (RPA1537/1538) frame-
presence of a bacteriophytochrome gdngh@ adjacent to shift mutation ofRR. palustrisCGA009 (1) to study the
the ppsR2gene in the photosynthesis gene cluster (Figure functions of PpsR1 and PpsR2 in the absence of possible
1B). The BphP protein appears to responc~t600—800 light regulation mediated by BphP. Mutants ghsR1and
nm (far-red) light to strengthen photosynthesis gene expres-ppsR2were constructed and studied via absorption spec-
sion during aerobic growthl@). A model for distinct roles  troscopy, Western blot analysis, gene array, and real-time
for the two PpsR proteins in sensing redox (PpsR1) and light RT-PCR experiments.

(PpsR2) was proposed fdBradyrhizobium and it was The phenotype of thepsR1mutant described in this paper
suggested that this model also appliesRtopalustris(11, indicates that PpsR1 is an@sponsive repressor, instead
14), although this was not directly addressed experimentally. of an activator of photosynthesis gene expression as previ-
In this model, PpsR1 is an activator of photosynthesis geneously suggested1d). In addition, we show that th&.
expression in response to low-redox conditions, analogouspalustris CGA009 PpsR2 protein is also a functionaj-O

to one function of theRu. gelatinosusPpsR 6). The responsive repressor. We present a modified model for the
Bradyrhizobium and R. palustris PpsR2 proteins were complex regulation of photosynthesis gene expressidh in
proposed to repress expression of photosynthesis genes ipalustris CGA009 by two distinct PpsR proteins.

the absence of far-red light, and it was suggested that far-

red light activates BphP to relieve PpsR2-dependent represMATERIALS AND METHODS

sion of photosynthesis genetg|. However, there is no Bacterial Strains and Culture Conditionghe strains are
experimental evidence for a direct interaction between the |istad in Table 1R. palustrisstrains were grown in the PM

PpsR2 and BphP proteins. defined medium19) with 10 mM succinate as the carbon

It was also proposedl$l) that genome-sequenced. source and 100g/mL gentamicin or 10@g/mL kanamycin
palustris strain CGAOQ09 is defective in the regulation of where indicated. Aerobic and semiaerobic culturesRof
photosynthesis gene expression because it contgh® palustris were grown at 30°C without illumination in
(RPA1537/1538) angpsR2(RPA1536) mutations, as a Erlenmeyer flasks filled to 8 and 80% of nominal capacity,
result of laboratory cultivation, so that neither gene is respectively, and shaken at 250 and 150 rpm, respectively.
functional. ThebphP sequence change appears to be a Photosynthetic cultures were grown anaerobically in com-
genuine frameshift mutation, consistent with the available pletely filled screw-cap tubes (20 mL) inoculated from
data (), and we found that transcomplementation of semiaerobic cultures. Photosynthetic cultures were incubated
CGAO009 with thebphP gene restored the far-red light at 30°C in an aquarium filled with water and illuminated
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Table 1: Bacterial Strains, Plasmids, and Primers

relevant featurés reference or source
R. palustris
CGA009 wild type bphP~ 1,19
PPSRI CGAO009ppsRL::miniTn-5, Kni this study
PPSR2 CGA009ppsR::miniTn-5, Knf this study
CEA001 wild type 14
355 wild type 30
HAA3 wild type 29
API wild type 28
NCIMB8288 wild type 28
BIS3 wild type 31
DCP3 wild type 32
RCH500 wild type, isolated from Woods Hole this study
BISA52 wild type 29
BISA14 wild type 29
E. coli
DH5a strain used for cloning NEB
S17-1 Tra strain used for plasmid mobilization 43
S17-1Apir S17-1lysogenized witipir phage 22
plasmid
pUTminiTn-5lacZl promoterlestaczZ, Km' 22
pBBR1MCS-5 broad-host-range cloning vector; Gm 27
pBB001 pBBR1-MCS5 based, carrippsR1plus 262 bp upstream region; Gm this study
pBB002 pBBR1-MCS5 based, carrippsR2plus 322 bp upstream region; Gm this study
primer
ppsR F 5-TAGAATTCCACGTCTATCTGAACG-3 this study
ppsRL R 5-CGGATCCACTGTTACTCATCGGCTCCG-3 this study
ppsR F 5-CGGGTACCTCCTTAAGAACCCGTC-3 this study
ppsR R 5-TGTCTAGACACTCAATCCTCTGCG-3 this study
12up 3-CCACGATGCCTTGCGTCA GG-3 this study
12down 5GCTGACGACCAGAAGCGCGC-3 this study
lacZin 5'-AAAACTTTCAGTGCCGCCAGC-3 this study
lacZ out 5-CAG CATTTT CTC TGG CTC-3 this study
RPA1528 F 5TGAAGGAAGGTGGCTGGTGGCT-3 this study
RPA1528 R 5AGCAGGATCGCGGAAGCGAA-3 this study
RPA1542 F 5CGGCATCGAGACCACCTTCACC-3 this study
RPA1542 R 5ATCTTCCACCACATCGGCGAGC-3 this study
RPA1549 F 5CGCGCATCCTACGTTCTGCTGT-3 this study
RPA1549 R 5TTTGCGCCTTCACTGCCTCG-3 this study
RPA1554 F 5GACGAGCTGAACCATGCCTCGA-3 this study
RPA1554 R 5ACTCGAACGCCACCAGCTTCG-3 this study
RPA3250 F 5CGCATCCTCAGAAACGCGGA-3 this study
RPA3250 R 5AAGAGAAGAACGGCTACGTGGCG-3 this study

a Abbreviations: Km, kanamycin; Gm, gentamycin.

with halogen lamps (Capsylite, Sylvania) at an intensity of assuming that a pure LH2 sample has an 808 nm to 862 nm
150 umol m2 s71, measured with a photometer equipped absorption ratio of approximately 0.38)(

with an LI-190SB quantum sensor (LI-COR Inc.). Cultures  Cell Fractionation Cells from aerobically dark growR.
underwent 2.53 mass doublings before being harvested by palustriscultures were pelleted, resuspended in 50 mM Tris-
centrifugation at a turbidity of 105115 Klett units ¢10° HCI buffer (pH 8.0), disrupted using a Bead beater, and

cfu/mL). Escherichia colistrains were grown at 37C in centrifuged at 25809 for 10 min. The supernatant was
Luria-Bertani medium, supplemented with 2g/mL gen- centrifuged at 4120@p for 14 min to pellet membrane
tamicin when appropriate for plasmid selection. vesicles (chromatophores). The resuspended pellet and

SpectroscopyAbsorption spectroscopy of intact cells was supernatant were centrifuged a second time, yielding the
performed as described previousl20, and data were = membrane fraction. Samples were stored—&0 °C for
collected with a TIDAS Il spectrophotometer (J&M Ana- Western blots.
lytische Mess- und Regeltechnik). Light scattering at 650 Western BlottingChromatophores (20g of protein) as
nm was used to normalize the spectra, and the data fromdetermined by a protein assay (Pierce) with BSA as the test
three independent cultures were averaged. standard were mixed with SBSPAGE sample bufferQl)

Peak Deconolution. Deconvolution of the overlapping and heated at 98C for 1 min. Empirically determined
spectral components arising from LH1, LH2, and LH4 amounts of pure RCs froRh. sphaeroide0.2 ug) were
complexes was performed with Grams 32 Al (6.00) (Galac- treated the same way. Samples were separated via-SDS
tic). The background was removed by fitting of a polynomial PAGE (12% acrylamide) and transferred to membranes, and
baseline followed by fitting of the photosynthetic complex the RC M protein was detected as recommended in the ECL
components using a mixed Gaussian/Lorentzian function. It Western blotting kit (Amersham Biosciences) by using rabbit
was assumed that the LH1/RC absorption is dominated byantisera raised against purifielgh. sphaeroidesRC M
LH1 and can be modeled by a single peak. The LH4 and protein. The signals were quantified using ImageJ (http://
LH2 contributions to the 808 nm peak were estimated by rsb.info.nih.gov/ij/).
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DNA Manipulations Standard protocols were used for with the 12up primer (Table 1). Alignment of the retrieved
cloning and transformations. Chromosomal DNA was puri- sequences was achieved using ClustaB8).(
fied using the Puregene DNA isolation kit from Gentra  Sequence Analysi¥he PpsR putative binding sites in the
Systems. PCR was performed with Herculase enhanced DNAS' regions of photosynthesis genes were identified with
polymerase (Stratagene). DNA fragments were excised andELSEA (http://www.entu.cas.cz/mach/elsea/elsea.html).
purified using the Qiagen Qiaquick extraction kit. Plasmid ~ Overview of Microarray ExperimentsA whole genome
DNA was purified with the Qiaprep spin miniprep kit. DNA  microarray was constructed using a 70mer-based platform
sequencing was performed at the University of lowa DNA designed using ArrayOligoSelector to minimize cross-
core facility using standard automated sequencing methodshybridization among probe84). More than 99% of ther.

Transposon MutagenesipUTmini-Tn5 lacZl (22) was palustrisgenome was represented by the oligonucleotides,
used to mutageniz&. palustris CGA009. The plasmid  spotted in duplicate onto glass slides. Edh palustris
contains a mini-transposon harboring a Km resistance geneculture of parental strain CGA009 apgpsRmutant strains
and a promoter-|esjﬂcz gene. Cultures oR. pa|ustris PPSR1 and PPSR2was grown in triplicate under aerobic
CGAO009 ancE. coli S17-1(%-pir)(pUTminiTn-5lacZ1) that conditions to mid-log phase. Cultures were added to centri-
were in the exponential phase of growth were mixed in a fuge bottles containing crushed ice and harvested by
recipient to donor ratio of 4:1, and conjugations were centrifugation. The cell pellets were stored-a80 °C for
performed as described previouﬂgx_ PM p|ates Containing RNA isolation at a later time. Thawed cells were disrupted
succinate and Km were used to selectRopalustrismutants by bead beating and total RNA extracted using the RNAeasy
possessing a mini-transposon insertion. A subset of tRose kit (Qiagen), including DNase treatment on the columns.
palustristransposon mutant strains that differed in color from  Probe Design and Microarray Spottinghe software code
the parenta| strain when grown on agar p|ates in air was of ArrayOIigoSeIector (http://arrayoligosel.Sourceforge.net/)

collected and spotted to a grid on PM plates containing Was modified for choosing acceptable probes toward the
succinate and Km. center of each gene coding region, allowing RNAs to be

amplified using a random priming method. 70mer probes
were spotted onto UltraGAPS slides (Corning) at 40 pmol/
uL in 3x SSC buffer using a Virtek ChipWriter Pro robotic
R arrayer (Bio-Rad).

RNA Labeling Total RNA (60ug) was diluted in water
to 155 uL, and 3 uL of random hexamer (3ug/ul)
(Amersham Biosciences) was added. The samples were

Identification of Transposon Insertion Sitégbitrary PCR
(24) was used to identify sequences flanking the transposon
using primerslpcZin andlacZ out (Table 1)] unique to the
lacZ sequence. Arbitrary primers and conditions for PC
were as previously describe®5. PCR products were
purified from agarose gels and used for sequencing with the

lacz out prlmer. . heated to 70°C for 10 min followed by rapid cooling on
_The location of the sequence flanklng the transposon . Aliquots of 6uL of 5x First-Strand buffer (Invitrogen),
within the R palu_strlsgenome and the orientation of th_e 3 4L of 0.1 M DTT, and 0.74L of a 50x mix of NTPs (25
transposon in relation to the interrupted gene were determlnede dATP. dGTP. and dCTP. 10 mM dTTP. and 15 mM
using theR. palustris genome project web site (http:// 5.0 o aIIy’I dUTPi (Ambion) </vere added to’the samples
genome.ornI.gov/microbial/rpal/) and Artemis genome-view- which were then heated to £Z for 2 min. SSIII reverse '
ing software £6). transcriptase (2L) (Invitrogen) was added to initiate cDNA
Complementation of PpsR Mutant StraifiseppsRgenes  synthesis at 42C for 1 h followed by an additional hour at
were amplified from CGA009 using PCR primer pairs 50°C. After reverse transcription, the RNA was hydrolyzed
[ppsR F/R andppsR F/R (Table 1)] to produce DNA  and the sample purified and labeled using aliquots of Cy3
segments including 26ppsR) and 322 ppsRY base pairs  or Cy5 Mono Reactive Dye (Amersham Biosciences) as
5' of the start codon to increase the likelihood of retaining described previously36).
theR. palustrisnative promoter. Products were purified from Hybridization, Scanning, and Data AnalysMicroarray
agarose gels, digested with the appropriate restriction endoprocessing conditions were optimized for accommodation
nucleases, and ligated intecoRl/BarmHI- and Kpnl/Xbal- of the GC-rich sequence of tHR. palustrisgenome. We
digested pBBR1IMCS-2X) for cloning ofppsRL andppsk2, found that hybridization temperatures above %5 were
respectively. The resultant plasmids were called pBBOO1 necessary to reduce the level of nonspecific binding of target
(ppsR) and pBB0O02 fpsR3, respectivelyE. coli S17-1 cDNA to the probe set3@). In turn, the more stringent
was transformed and used for the transfer of the plasmidsincubation temperatures reduced the signal intensity of the
by conjugation 23) into the respective mutant strain. microarray to near-background levels. Consequently, the
Amplification and Alignment of ppsR Sequences from indirect amino allyl labeling was chosen to increase the
Various R. palustris StrainsPrimers [12up and 12down frequency of incorporation of fluorescent nucleotides in the
(Table 1)] were designed to amplify 400 bp regionpp$R2 target cDNA to levels well above the observed background.
from nine R. palustris strains that were isolated from To minimize error associated with biological and experi-
sediment samples from The Netherlands or the United Statesmental variation, microarray hybridizations were designed
by direct plating 28—32). The ppsR gene was also using previously reported guideline37( 38).
amplified fromR. palustrisstrains CEA001 and CGA009, UltraGAPS microarray slides (Corning) were prepared for
which were both derived from the culture collection of R. hybridization by being hydrated briefly under steam and
Clayton (Cornell University, Ithaca, NY) years ago. The being snap dried on a heater block, followed by cross-linking
amplified fragments extend from base pair 1116 through the with 600 mJ of UV in a Stratalinker 1800 instrument
stop codon of theppsR sequence. PCR products were (Stratagene). Slides were blocked using BSA according to
separated on agarose gels, excised, purified, and sequencettie manufacturer’s protocol and dried in a tabletop centrifuge.
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Concentrated labeled cDNA samples were suspended in 60
uL of Pronto cDNA/long oligo hybridization buffer (Corn-
ing), and 29uL was applied to the microarray slidpgsR
mutant vs parental cDNA) and overlaid with a 40 nx22

mm coverslip (Schleicher and Schuell). The slides were
placed in a hybridization chamber (Monterey Industries) and

incubated in a water bath overnight at-558 °C. Hybridiza- PRSRE PSR (:BBO02)
tion slides were washed for 5 min in2SSC and 0.1% SDS \,\/kl’fsm \——\_Wt A

A B

0.14

0.14

(55°C), followed ky a 5 min wash in 0.% SSC and 0.1% PPSRI(pBB001)
SDS (room temperature) and two 3 min washes ik(GEC. 700 800 900 1000 700 800 900 1000
Slides were dried by centrifugation in a tabletop centrifuge wavelength wavelength (nm)

at 2000 rpm for 5 min and scanned using a Virtek Chipreader Ficure 2: Absorption spectra of cells grown under high aeration.
(Bio-Rad). Triplicate microarray slides were run for each LH1 absorbs at 880 nm; LH2 complexes absorb at 808 and 862

experiment consisting of a hybridization of independently NM. and the LHA4 complex absorbs at 808 is absorbance.
grgwn mutant strain chNA ve)r/sus CGAO009 WheFr)e enoug¥1 () Absorption spectra of CGAO09 (WT) and mutant strains
: PPSR1 and PPSR2 (B) Absorption spectra of CGA009 (WT)

RNA Sample was available, an additional repeat of each and mutant strains complemented in trans wipisR1(pBB001)
biological replicate was performed. Additionally, a calibration or ppsR2(pBB002) genes.

experiment was performed in which RNAs from the various
mutant and CGAO009 cultures were pooled, split, reverse Table 2: Relative Increases in Absorbance in Mutant Strains Grown
transcribed, and labeled with either Cy3 or Cy5. The Cy3- at Various Oxygen Concentrations
and Cy5-labeled cDNAs from the identical pools of RNA increase in absorbance relative to that of CGA009
template were then cohybridiz_ed to two slides to obtain high pO, low pO, P
reference dlstf|but|ons for technlqal variations. Images were . ... 808nm _ 862nm _ 880nm _ 880mm 880 nm
processed using Imagene (Biodiscovery Inc.). The IcDNA
software package was used for data normalization and to l';ggg; é'g i'g g'g %f 1g
assess the statistical confidence of gene expression values Val bt'_ T 'th 'd . .h _ F_' oA
(37, 38). Genes whose ratiopgsR mutant:CGA009) of Ana:rl:)%isc?pk?c;?c?synr'[?\rgtic grg‘\‘lfﬁége spectra shown in Figure 2A.
expression were: 2, and whose statistical confidence scores
were>0.95, were considered to be expressed at significantly
greater levels in the mutant strains. with medium to high microarray signal intensity, which
Real-Time RT-PCRFirst-strand cDNA synthesis was sh_owed no signiﬂcant changes in expression across all the
performed according to Invitrogen’s protocol with 150 ng Microarray experiments.
of random hexamers, 150 ng of tofal palustrisRNA, and RESULTS
2 uL of SSlll reverse transcriptase. Samples of the RNA
used in the microarray experiments were reverse transcribed Absorption Spectra of PpsR Mutants and Complemented
for 10 min at room temperature, 20 min at 42, and 1 h at Strains A representation of thppsRregion of the chromo-
48°C, followed by enzyme inactivation at 7C for 20 min. some ofR. palustrisCGAO0Q9 is given in Figure 1B and
Reaction mixtures were diluted 3-fold with water upon shows the locations of thppsR1and ppsR2mutations.
completion. Real-time PCR was performed with gene- Previous experiments dR. palustrisrevealed that the LH2
specific PCR primers designed using MyPROBES software and LH4 complexes each produce an 808 nm absorption
for pufM, bchN puhB hemA and RPA3250 35). The peak, and the LH2 862 nm and LH1 880 nm peaks overlap
reactions were conducted on a Smart Cycler (Cepheid) with (3, 17, 39), making quantitatively rigorous attribution of in
2 uL of cDNA added per 25:L of real-time PCR sample  vivo peaks difficult. However, the relative contributions can
using the QuantiTect SYBR green PCR kit (Qiagen). A four- be semiquantitatively deduced by inspection of peak shapes,
step program consisting of denaturation, annealing, extensionand amplitudes at the wavelengths absorbed by these
and data acquisition was used. The specificity of RT-PCR complexes17). The RC contributes less than 10% to the in
primers was determined using a melt curve after the vivo absorption and so is not considered in our spectral
amplification to show that only a single species of gPCR analyses. We first present the raw absorption spectra in
product resulted from the reaction. Additionally, a control Figure 2, with relative absorption values summarized in Table
experiment was performed in which a sample of RNA, equal 2, and give a more detailed analysis of peak compositions
to the amount added to the RT reaction mixture, was usedin the Discussion.
as a target in a qPCR reaction with gene-specific probes. (i) High-Aeration CulturesParental strain CGA009 had
The sample was determined to be free of DNA contamination relatively small absorption peaks in the 700000 nm range
because of the absence of any amplification product. Calibra-(Figure 2A), which in principle could be due to a combina-
tion curves were performed for each primer pair using tion of LH4 (808 nm), LH2 (808 and 862 nm), and LH1
genomic DNA template amounts over 4 orders of magnitude, (880 nm) (7). We attribute the observed peaks mainly to
starting at approximately 4700 genome copies and increasingLH1 and LH2. TheppsR1mutation significantly increased
to ~4.7 x 1P copies. Calibration curves with linearifg? the amplitude of these peaks, with little change in peak
values of at least 0.98 were used to determine the fold shapes (Figure 2A and Table 2). This indicates that the PpsR1
changes of the mutant strains relative to parental strainprotein represses the expression of genes that encode BChl
CGAO009. Data were normalized to the amplification product biosynthetic enzymesb€h genes), and/or the structural
of primers forrplC (RPA3250), a ribosomal protein gene proteins of LH2 pucgenes) and LH1gufgenes). Th@psR2
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mutation resulted in even greater increases in the peak MW 11| 162 ]13z] )4
amplitudes in this region of the absorption spectrum and also 182 =

appeared to increase the amount of LH2 relative to LH1. g -

This is because the ratio of 862 nm absorbance relative to

880 nm absorbance increased, as indicated by the shoulder 49 -

at 862 nm of the long wavelength peak (Figure 2A and Table 3 -

2). The ratio of 808 nm to 862 nm absorbance inppsR2
mutant was greater than that of both CGA009 andoipeR1
mutant, indicating an increased amount of LH4 (Table 2).
These data indicate that the PpsR2 protein, like PpsR1, rel. fold change 1.0 1.9 3.4

represses the expression of genes needed for formation ofgure 3: Western blot probed with theh. sphaeroideRC M
photosynthetic pigmentprotein complexes, but the regula- antibody: lane 1, purifiecRh. sphaeroide®RC (control, 0.2ug
tion of LH complexes by PpsR2 differs quantitatively and loaded); lane 2, chromatophores frd®n palustrisCGA009; lane
qualitatively from PpsR1 regulation. 3, chromatophores frorR. palustrisPPSR1; and lane 4, chro-

- - . matophores fronR. palustris PPSR2. R. palustrisstrains were
(i) Complementation of ppsR1 and ppsR2 Mutatidrie grown as described in the legend of Figure 2, ang:g®f total

ppsR1mutation was complemented trans with plasmid protein was loaded per lane. The intensities of the signals were
pBB001, which contains thepsR1coding region and '5 quantified and given as relative fold change of the wild-type signals

sequences extending to 9 bp & the stop codon of the  (lane 2). MW means molecular weight.
congruently transcribeplufM gene (Figure 1B). Cells of the ) N )
resultant strain PPSR(pBB001) had very small absorption ~molecular weight position than thRh. sphaeroideskC
peaks when grown with high aeration (Figure 2B). PpsR2 sample. The relative intensities pf the two bands in ]anes
mutation was similarly complemented with plasmid pBB002, 2—4 were constant, and quantification of the total signal
which contains thepsR2gene and sequences extending to intensities revealed a 1.9-fold (PPSirand 3.4-fold (PPSR2
8 bp B of the start codon of the divergently transcrilgttA ~ increase compared to the wild-type level. Therefore, we
gene (Figure 1B). The resultant strain PPSRBB002) had suggest an increase in RC production similar to the LH peak
significantly smaller absorption peaks than the noncomple- increases in the two PpsR mutants.
mentedopsR2mutant (Figure 2A). The absence of restoration ~ Transcriptome Analysis of PpsR Mutants and PpsR Bind-
of absorption peaks in strains PPSRIBB001) and ing Sites Although the absorption spectra indicated that
PPSR2(pBB002) to exactly the parental strain CGA009 PpsR1 and PpsR2 repress the amounts of photosynthetic
values is attributed to the unnatural location of the comple- complexes in cells grown under high-aeration conditions,
menting genes on plasmids, resulting in an increase in genethese experiments did not reveal exactly which genes are
copy number, and possible differences in promoters and rategepressed. It was also unclear whether PpsR1 and PpsR2
of mMRNA degradation. Regardless, these data indicate thatrepress different sets of genes or the same genes to different
the increases in absorption peak amplitudes in cells contain-degrees. To address these questions, we used transcriptomics
ing chromosomal disruptions ppsRgenes and grown with ~ to compare mRNA levels of selected genes between the PpsR
high aeration were due to the loss of the respective PpsRmutants and parental strain CGA009, during growth with
protein, because the peaks decreased in magnituieris high aeration.
complementation. The total number of ORFs whose expression was affected
(iii) Low-Aeration and Anaerobic (photosynthetic) Cul- in the PpsR mutants after application of the cutoff criteria
tures When parental strain CGA009 was grown with low described in Materials and Methods was limited to 23 for
aeration, the magnitudes of the absorption peaks increased®PSRT and 36 for PPSR2(see the Supporting Informa-
by 6-fold (808 nm), 4-fold (862 nm), and 2-fold (880 nm), tion). For PPSR1, of eight derepressed ORFs, seven were
compared to high-aeration cultures (not shown). Growth of related to photosynthesis, while in PPSR22 of 31
the two PpsR mutants under low-aeration conditions resultedupregulated ORFs were photosynthesis genes.
in smaller differences in these peak amplitudes relative to  In general, the changes in the level of expression that we
the parental strain, and anaerobic (photosynthetic) growthobserved between parental and mutant strains were small
nearly abolished these differences (Table 2). but quantitatively similar to what was recently reported for
Taken together, the absorption spectra indicate that PpsR1a Rh. sphaeroide®psR mutant0). Because of the small
and PpsR2 each function to repress photosynthesis genehanges, we take a conservative approach and, with the
expression in response to the presence gf These two exception of theoufM gene, focus on those genes that belong
proteins appear to repress expression of some of the saméo predicted operons that are preceded by closely spaced
photosynthesis genes to different degrees or to have slightlyPpsR binding motifs. DNA footprinting experiments with
different profiles in terms of the genes that are regulated. PpsR-regulated genes froRhodobacterBradyrhizobium
Western Blot Analysis of R. palustris CGA009 and PpsR andRhodopseudomonagecies revealed that PpsR proteins
Mutant Strains The production of the RC M protein in  from these species bind to the quasi-conserved moétif 5
CGA009 and mutant strains PPSRand PPSR2 was TGTgaNitgACA-3, typically present as a repeat separated
evaluated in a Western blot experiment, usiig sphaeroi- by 7—8 bp (reviewed in re#d). Regions of the CGA009
des RC M antiserum (Figure 3). This antiserum reacts genome sequence encoding photosynthesis genes were
specifically with a purifiedRh. sphaeroideRC sample (lane  scanned for closely spaced repeats of this motif, and the
1). Using equal amounts of chromatophore samples from results are shown in Figure 4. The upward-pointing arrows
aerobically growrR. palustriswild-type and mutant strains, in Figure 4A indicate the positions of closely spaced motif
we obtained two bands which migrate to a slightly higher repeats, and the circles denote genes that were significantly
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- . bacteriochlorophyll biosynthesis
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BA B7 BA 2 JE . carotenoid biosynthesis
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Ficure 4: Organization of photosynthesis genes and regulation by PpsR proteins. (A) Photosynthesis gen@uieBtsrpuc:BAC

1495, andbchE3hemNgenes. Closely spaced PpsR binding motifs are denoted with red vertical arrows. Potential operons, defined as
clusters of congruently transcribed genes, are denoted with black horizontal arrows; an additional arrow is added to indicate transcription
read-through fronbchCXYZnto pufBALM Using a cutoff of>2-fold and>95% confidence, genes encircled in red were derepressed in
ppsR1andppsR2mutants, while genes encircled in blue passed the cutoff criteria for only strain PP&R@&risk denotes the frameshifted
bphBpseudogene in strain CGA009)( (B) Alignment of the potential PpsR binding sequences denoted with red vertical arrows in panel

A. Negative numbers give the distance in nucleotides from a start codon. Nucleotides that are identical to those in the PpsR consensus
sequence are shown as white letters outlined with black. Nucleotides that differ from the consensus and may reduce the affinity for PpsR
proteins are shown as black letters outlined with gray. Dots indicate a gap introduced for optimal alignmeeprésents the 17-base
spacing between thertIB motifs. PpsR is the consensus sequence for PpsR bindiTgy(bcaNstgACA-3'), with lowercase letters indicating

weaker conservatiord).

derepressed in PpsR mutants. All of the encircled genesof >1.6-fold upregulation within & 95% confidence inter-
contain the motif repeat located &f the start codon of the  val. Although the expression changes for fhédBALMand
first gene of predicted operons except fufBALM which bchCXYZoperons in strain PPSRAre slightly beneath the
was found to be derepresset? fold only in PPSR2. cutoff criteria (Supporting Information), these microarray
However, derepression pfif operon expression may be due data indicate that theR. palustris PpsR1 and PpsR2
to “superoperonal” transcription readthrough from the PpsR- proteins repress transcription of the same subset of photo-
regulatecbchCXY Zoperon located'f thepufgenes (Figure  synthesis genes, but to different degrees that are consistent
4A), as observed iRh. capsulatug40, 41) and perhap&h. with the absorption spectra and the Western blot result. In
sphaeroideq10). The repeat located’ ®f crtIB, although general, thgpsR2mutation had a greater derepressive effect
well conserved in terms of two 'HGTcaNtgACA-3 than theppsR1mutation. For example, thpugBA and
sequences, has these sequences separated by 17 bp instepdcBA gene sets encoding LH2 proteins are preceded by
of the usual 78 bp. ThebchE3hemN putative operon, PpsR binding sites and were derepressed 2.1-fold in the
which is located elsewhere on the chromosome and containppsR1mutant, and 4.16.3-fold in the ppsR2mutant. A
a 5 PpsR binding motif repeat, was not significantly similar pattern exists for genes of thehFto hemAputative
derepressed in the PpsR mutant strains. However, this motifoperon €2.3-fold for PPSR1 and 3.3-4.7-fold for PPSR2).
shows a substitution foa C in place of an otherwise Quantitatve RT-PCRTo further validate the microarray
conserved T (Figure 4B). Similar differences in sequence data, segments of four mRNAs encoding photosynthesis-
composition and spacing of repeats have been found to haveelated proteinsgufM, bchN hemA andpuhB) were chosen
significant effects on PpsR binding in other species (reviewed for RT-PCR analysis. RT-PCR primers (Table 1) were
in ref 4), and so we suggest that the motif sequence designed to minimize amplification of nonspecific transcripts,
differences noted above explain the observed differences inand data were normalized using the control transcript of
the regulation of these genes. RPA3250 (plC), a ribosomal protein gene with medium to
Specific levels of derepression are given in Table 3. Listed high microarray signal intensity that did not differ across
genes not passing the cutoff criteria (np) exhibited a meanthe microarray experiments. In each case, the mean fold
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Table 3: Effects ofppsRMutations on the High Aeration Level of Expression of Selected Photosynthesis-Related Genes that Are Preceded by
Closely Spaced PpsR Binding Motifs

fold changé
putative operon andené function PPSR1 PPSR2

pucBA

pucsA LH2 pigment binding proteimnt np 3.1(2.53.9)

pucsB LH2 pigment binding protei 2.1(1.4-3.2) 4.1 (2.75.8)
pucBAC-14941495

PUGA LH2 pigment binding proteirnt 2.0 (1.5-2.9) 6.3 (2.2-21.0)

pucB LH2 pigment binding proteii 2.1(1.5-3.1) 4.5(3.2-6.1)

RPA1495 unknown protein 2.3(1+43.1) 4.0 (3.0-5.4)

bchCX¥Z bacteriochlorophyll synthesis np 2.5(23.0)

pufBALM® reaction center M subunit np 2.7 (28.7)
bchFNBHLH-lhaA-puhABC-1551-acsF1553hemA

bchB bacteriochlorophyll synthesis np 3.4 (£8.6)

puhB PS complex assembly np 4.7 (3:0.2)

acsF bacteriochlorophyll synthesis 2.3(+4.0) 3.3(2.44.4)

a Selected photosynthesis genes (bold) whose expression is affected in three independent biological replicates with a statistical confidence of
>95% and a fold change af2.0.° Fold change expressed as normalized signal intensities of Cy5 (PpsR mutant) against Cy3 (CGA009). Values
in parentheses give the range of fold changes where the average expressi@bfislikely to be found. The term np indicates values with a
statistical confidence ot 95% and fold changes af1.6—<2.0. ¢ The pufBALMoperon is not preceded by a PpsR binding motif repeat but may
be transcribed from thechCXYZpromoter. PS means photosynthetic.

CGA009 AAC Ec TAC

7
% 6 355 AAC WGC TAC
£ HAA3 AAC BGC TAC
v 4 CEA001 AAC CGC TAC
= 3 API AAC CGC TAC
s 2 NCIMBS8288 AAC CGC TAC
ik BIS3 AAC CGC TAC

0 DCP3 AAC CGC TAC
pufM  behN  puhB hemA RCHS500 AAC CGC TAC

FIGURE 5: Expression changes of selected photosynthesis genes BISAS2 AAC CGC TAC

in PPSRT and PPSR2as assayed by RT-PCR. The relative fold BISA14 AAC CGC TAC

changes in expression under high-aeration growth of mutant strainsFIGURE 6:  Alignment ofppsR2 sequences from variols palustris
compared to CGA0Q9 are shown: gray bars, PPSRIhck bars, strains. The sequence starts at base pair 1312 (codon 438) and
PPSR2. RT-PCR expression values are derived from at least three extends to codon 440 of tfgpsR2sequence. The single nucleotide
separate amplifications. The standard deviation in all measurementschange that results in the substitution of a Cys for an Arg at position
did not exceed 29%. 439 is shown as white letters outlined with black.

change for a given gene measured by RT-PCR corroborated, qtein was proposed to function as both a repressor and an
the data determlned_ by microarray analysis (_Flgure 5 andyqucer 6), whereas th&®hodobactePpsR proteins appear
Supporting Information). These results confirm that the g e solely repressors of gene transcriptib@, (12, 42). In
microarray data reflect genuine differences in the relative ;g study, we found that the PpsR1 and PpsR2 proteins of
amounts of MRNAs. , R. palustrisCGA009 function as repressors of genes required
Natural Sequence Variation of Codon 439 in the PPSR2 fqr photosynthesis, evidently in response te. Ghis is
Gene It was proposed that thepsR2gene ofR. palustris  conrary to the situation in the closely rela@dyrhizobium
CGA009_has undergone a mutat|on as a result of laboratory gtrain ORS278, where the PpsR1 and PpsR2 proteins were
propagation for many years, changing the Arg 439 codon {0 yeported to respond to anaerobiosis to activate gene expres-
a Cys codon (CGE~ TGC) and rendering the PpsR2 protein  gjon (PpsR1), and in the absence of far-red light to repress
incapable of binding to the conserved motif repeat (see photosynthesis gene expression (PpsR2) {4).
above) bound by other PpsR proteins4 We PCR- Functionality of PpsR2 Protein Variant. palustrisstrain
amplified and sequenced 400 bp segmentppR2genes  cGA009 is more pigmented than strain CEA0OL under
from 11 independent isolates BY. .palu_strls(TabIe 1) and aerobic growth conditions (rel4 and our unpublished
found thesgppsR2sequences are identical except for codon gpservations). To explain this difference, Giraud et 24 (
439. Eight of the strains encode Arg at this position, but in hypothesized that a mutation had occurred inghsR2gene
addition to strain CGA009, the relatively recently isolated . cg A009, resulting in an inactive repressor. Indeed, the
strains 3_55 and HAA3 enco_de Cys (Figure 6_). These data, cEp001 and CGA009ppsR2 genes differ by a single
along with the results described above showing that PpsR2,,cleotide (Figure 6), a difference that results in a Cys in
of CGAOQ9 is a functional repressor, indicate that there is a tne cGA009 PpsR2 protein as opposed to an Arg in the
natural polymorphism appsR2codon 439 that results in - cEaQ01 PpsR2 protein at amino acid 439, located in the
either Cys or Arg at this position without inactivation of the predicted DNA-binding (HTH) region (see Figure 1A). DNA
repressor activity of this protein. footprint analyses using heterologously expressed, His-tagged
PpsR2 proteins from strains CGA009 and CEAQ01 indicated
DISCUSSION protection of thecrtl promoter region of CEA001 from
The Rhodobactesspecies andRu. gelatinosugach have  DNase digestion only with PpsR2 of CEA0014f. The
a singleppsRgene 4); however, theRu. gelatinosu$psR failure of CGA009 His-tagged PpsR2 to protect the CEA001
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crtl promoter region was offered as evidence that the strain
CGAO009 protein is nonfunctional ). Although it is possible
that the observed Cys/Arg variation within the otherwise
identical HTH region of PpsR2 affects its binding affinity
for some nucleotide sequences, our data clearly show that
PpsR2 of CGA009 is a functional repressor. We suggest that
the 17 bp separating thertlIB PpsR binding motif repeats

in CGA009 reduces the affinity for PpsR2, which is
consistent with our microarray data.

Significance of PpsR Cys Residudhe role of Cys
residues in PpsR proteins appears to differ between species,
and perhaps within strains of the same speciefRhndo-
bacterspecies, a critical role of an intramolecular disulfide
bond for the binding of PpsR to the characteristic motif was
reported forRh. capsulatusindRh. sphaeroideés, 7), but
in R. palustrisCGA009, only PpsR1 would be capable of
intramolecular disulfide bond formation (involving Cys 6,
Cys 247, or Cys 384), because PpsR2 contains a single Cys
at residue 439 (Figure 1A). It is possible that reduction of
the single Cys residue in CGA009 PpsR2 breaks an
intermolecular disulfide bond to cause a decreased affinity
for the PpsR binding DNA sequence motifs locatédb
PpsR2-regulated photosynthesis genes, as part of an O
signaling pathway. Additional experiments are needed to
evaluate the validity of this speculation.

Correlation of PpsR-Regulated Genes, Absorption Spectra,
and RC Protein Leels In a genome-wide transcriptome
analysis ofRh. sphaeroidesMoskvin et al. (0) observed
the presence of two closely spaced motifsdd PpsR-
regulated genes. Our bioinformatic analysisRofpalustris
CGAO009 photosynthesis genes revealed similar tandem
motifs 5 of a number of genes that according to our
transcriptome analysis are regulated by PpsR1 and PpsR2
(Figure 4). We suggest that expression of all of these genes
is under direct control of the PpsR1 and PpsR2 repressors.
We found closely spaced PpsR binding motifs locatedf5
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LH1 40
LH2 35
LH4 n.d,
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Ficure 7: Mathematical deconvolution of LH absorption spectra

the LH2-encodingpucBA and puc:BA genes, and the  of R palustriscells grown under high-aeration conditions. The
transcriptome data in Table 3 indicate that these genes weresimulated absorption spectra (thick solid line) are composed of the
repressed by PpsR1 and PpsR2. Our transcriptome data alsthree types of LH complexes: LH1 (thin solid line) absorbing at
indicated that the expression pfic,BA andpucCBoperons 880 nm, LH2 (dashed line) absorbing at 808 and 862 nm, and LH4

encoding LH2 peptides and thmuBA operon encoding

(line of small dots) absorbing at 808 nm. The measured in vivo
absorption spectra are shown as lines made up of large dots. The

LH4 peptides is controlled by the PpsR proteins (see the computed area of each LH complex peak is given in the bokes.
Supporting Information). This could be a biologically is the absorbance; n.d. means the value was below the limit of

significant result; however, plausible, closely spaced PpsR detection.

binding motif repeats were not found &f these genes, and  spectra indicates a high degree of confidence. On the basis
we cannot rule out the possibility that there was cross of these results (Figure 7), the parental strain CGA009
hybridization ofpuccDNAs in the microarray experiments. produced LH1 and LH2, with no contribution from LHA4.
The fivepucoperons have very similar nucleotide sequences The ppsR1mutation increased the amount of LH1, with a
(1), so thepucgene segments represented by oligonucleotide slight increase in the amounts of LH2 and LH4. TpsR2
probes had a level of sequence identity>d30% between  mutation resulted in a relatively great increase in the amounts
pucAorthologues and80% betweerpucB orthologues. of LH1 and LH2, and an increase in the amount of LH4.
The absorption spectra (Figure 2 and Table 2) clearly show However, the observed effects ppsR mutations on the
that PpsR1 and PpsR2 repress the formation of LH com- amounts of LH complexes may reflect a combination of
plexes, but because the peaks of LH1, LH2, and LH4 direct, PpsR-mediated effects on the transcription of genes
complexes overlap, it is difficult to make quantitative encoding LH protein components and indirect effects through
assignments of absorption at specific wavelengths to specificother factors that affect LH complex levels (see below).
LH complexes. Therefore, we used published information Indirect effects such as PpsR regulation of a gene that in
about the absorption spectra of LH1, LH2, and LH4 turn affects expression of LH4 may explain the changes in
complexes §, 17, 39) in mathematical analyses to quanti- the small amounts of LH4, encoded by theeGBA genes
tatively “deconvolute” the overlapping LH peaks of cells that lack a closely spaced PpsR binding motif repeat.
grown with high aeration (Figure 7). The similarity of the However, the peak attributed to LH4 could include RC
sum of the computed peaks to the measured absorptionabsorbance. Since the RC contributes less than 10% to the
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in vivo absorption spectra, we used a Western blot approach
to evaluate the RC M protein levels i palustrisCGA009

and the PpsR mutant strains. The 1.9-fold (PPSRMhd 3.4-

fold (PPSR2) increases in RC M production are in line with

our transcriptional data (Figure 5 and Table 3) and suggest 3.

that inactivation ofpppsR1andppsR2derepresses the expres-
sion of thepuf operon.

A Model for PpsR1 and PpsR2 Functidi'e use the data 4.

presented here and in other publications to propose a model
for PpsR1 and PpsR2 function R palustrisCGAQ009 that 5
differs from previous proposalsl{, 14) described in the
introductory section, as follows. Each of the two PpsR
proteins represses the transcription of photosynthesis genes
during dark aerobic growth. Upon exposure of cells to far-
red light, BphP undergoes a conformational change that,
perhaps by direct interaction with one or both PpsR proteins,
decreases the affinity of PpsR(s) for binding sites located 5
of photosynthesis genes so that transcription of these genes
is derepressed. In the absence of a functional BphP, g8
PpsR(s) is light-insensitive and represses transcription in
response to @regardless of far-red illumination. This is the
phenotype oR. palustrisCGA009 (which is dophPmutant).

Maximal derepression of photosynthesis genes during 9.

growth with high aeration occurred in thpsR2mutant,
whereas theppsR1mutation resulted in a lower level of
derepression. These phenotypic differences may reflect

different affinities of PpsR1 and PpsR2 for PpsR binding 10.

sites, as well as the activities of other regulatory factors. The
R. palustrisgenome encodes homologuesrefjA regB,

aerR andtspOgenes 1), all of which have been implicated 11.

in the regulation of photosynthesis gene expression in
response to culture aerationRiodobactespecies?). Thus,
there is the potential for superimposition of multiple-O

dependent regulatory processegfirpalustris Furthermore, 12.

the genome sequencelRf palustrisindicates the production

of several bacteriophytochromes),(some of which have
been shown to regulate photosynthesis gene expression in
response to illumination (ref$6—18 and our unpublished
work). These findings and the data presented in this paper
indicate a complexity of photosynthesis gene regulation in
R. palustristhat differs significantly from that of other species

of purple non-sulfur phototrophic bacteria.
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