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In the photosynthetic bacterium Rhodobacter sphaeroides, a chromosomal gene, rdx4, which encodes a
52-kDa protein, was found to be homologous tofixG, the first gene of a Rhizobium melilot nitrogen fixation
operon on the pSym plasmid (D. Kahn, M. David, 0. Domergue, M.-L. Daveran, J. Ghai, P. R. Hirsch, and
J. Batut, J. Bacteriol. 171:929-939, 1989). The deduced amino acid sequences of RdxA and FixG are 53%
identical and 73% similar, sequence analyses suggested that each has five transmembrane helices and a central
region resembling bacterial-type ferredoxins. Translational fusion proteins with an alkaline phosphatase
reporter group were expressed in both R. sphaeroides and Escherichia coli and were used to assess the
membrane topology of RdxA. Its ferredoxinlike sequence, which may bind two [4Fe-4S] centers, was found to
be cytoplasmically located. Genetic disruptions showed that rdxA is not essential for nitrogen fixation in R.
sphaeroides. Immediately downstream ofrdxA, an open reading frame (ORFT2) that encoded a 48-kDa protein
was found. This DNA sequence was not homologous to any region of the R. melilotipxG operon. The N-terminal
sequence of the ORFT2 gene product resembled amino acid sequences found in members of the GntR family
of regulatory proteins (D. J. Haydon and J. R. Guest, FEMS Microbiol. Lett. 79:291-296, 1991). The rdxA
gene was localized to the smaller of two R. sphaeroides chromosomes, upstream of and divergently transcribed
from hemT, which encodes one of two 5-aminolevulinate synthase isozymes. The rdrA and hemT genes may
share a transcriptional regulatory region. Southern hybridization analysis demonstrated the presence of an
rdxA homolog on the R. sphaeroides large chromosome. The functions of this homolog, like those of rdx4,
remain to be determined, but roles in oxidation-reduction processes are likely.

Rhodobacter sphaeroides is an a-purple nonsulfur eubac-
terium with diverse metabolic capabilities including the
ability to grow aerobically, anaerobically, photosyntheti-
cally, and diazotrophically. Studies in our laboratory of
5-aminolevulinate (ALA) formation, the first and rate-limit-
ing step in tetrapyrrole biosynthesis, led to the identification
of an R. sphaeroides genetic homolog to fixG, a gene
previously suggested to be involved in symbiotic nitrogen
fixation by Rhizobium meliloti (35). The R sphaeroides
homolog, designated rdx4 for redox, was found upstream of
and divergently transcribed from the hemT gene, which
encodes one of two ALA synthase isozymes (53, 68). The
aim of this study was to determine the expression and
function of rdA4 in R. sphaeroides.
The specific role of fixG in R. meliloti has not yet been

determined. The fixGHI(S) operon is located on the R
meliloti pSym plasmid;fixG is the first gene transcribed (35).
Transposon TnS insertions throughout the operon result in
mutants that are unable to fix nitrogen. Hybridization studies
with a probe containing part offixG and the entire fixH and
fixI genes have suggested strong conservation of these genes
among rhizobia, although the region(s) of the probe respon-
sible for hybridization was not localized among the three
genes. FixI was predicted to be the catalytic subunit of a
cation pump based on sequence similarities to ATPases (35).
FixG, predicted to have five transmembrane regions, was
found to have amino acid sequences that might coordinate
iron-sulfur centers. FixG was predicted to be involved in an
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oxidation-reduction (redox) process, perhaps coupled to the
FixI cation pump in a function specific for symbiotic nitro-
gen fixation (35).
As discussed below, the deduced amino acid sequence of

RdxA would also suggest it to be a membrane protein
involved in a redox process, although in free-living R
sphaeroides this process would not be specific for a symbi-
otic function. To determine the expression, localization, and
topology of RdxA, translational fusions were made with an
Escherichia coli phoA structural gene encoding alkaline
phosphatase but lacking any signal sequences for protein
export (44). Measurable PhoA activity results only from
recombinant proteins in which an N-terminal R. sphaeroides
peptide region can properly direct the C-terminal alkaline
phosphatase moiety to the periplasm (70). In this study we
constructed and examined the expression of RdxA::PhoA
fusions in both E. coli and R. sphaeroides. In addition we
studied the effects of an rdxr4 chromosomal disruption and
the genomic environment of the wild-type locus to determine
the function of this novel gene.

(Part of this work was presented at the 91st Annual
Meeting of the American Society for Microbiology, Dallas,
Texas, 1991.)

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacte-
rial strains and plasmids are listed in Table 1.R sphaeroides
strains were grown with Sistrom's succinic acid minimal
medium (41) supplemented as needed with antibiotics at the
following concentrations: tetracycline, 1 p,g/ml; streptomy-
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics Reference or source

E. coli
JM101 supE thi A(Iac-proAB) F' traD36proAB lacIqZAM15 47
S17-1 C600::RP-4 2-(Tc::Mu) (Km::Tn7) thi pro hsdR hsdM+ recA 63
DH5a supE44 AlacU169 (d480 lacZ AM15) hsdR17 recAl endAl gyrA96 thi-I relAl 3

R. sphaeroides
2.4.1 Wild type 69
HemTl 2.4.1 derivative, hemT::Q. Smt Sp' 53
RdxAl 2.4.1 derivative, rdxA4::fk Sm' Sp' This study

Plasmids
pUC19 Apr 71, 72
pBS Apr, with T3 and T7 promoters Stratagene
pSUP202 pBR325 derivative, Mob' Apr Cmr Tcr 63
pRK415 Tcr 36
pHP45fQ Source of Spr Smr cassette 56
pUI320 pUC19 derivative, phoA gene and restriction sites for makingphoA translational fusions 70
pUI322 pRK415 derivative, polylinker upstream ofphoA 70
pUI551 3.1-kb hemT SalI fragment in pUC19, DNA insert in the same orientation as lac promoter 68
pUI552 3.1-kb fragment of pUI551, opposite orientation 68
pUI1023 pUI320 derivative, rdxA::phoA, 395 rdxr4 codons This study (Fig. 1)
pUI1024 DNA rdx.4::phoA fragment of pUI1023 in pRK415 This study (Fig. 1)
pUI1026 pUI320 derivative, rdxA::phoA, 258 rdx4 codons This study (Fig. 1)
pUI1027 DNA rdxA::phoA fragment of pUI1026 in pRK415 This study (Fig. 1)
pUI1029 pSUP202 derivative, rdxA::fl Smr Spr, 573-bp deletion in rdxA This study (Fig. 1)
pUI1030 pUC19 derivative, hemT::fl Smr Spr with 3.5 kb of DNA upstream of hemT, includes This study (Fig. 1)

rdxA and ORFT2
pUI1032 pBS derivative, 1.1-kb Sall-BamHI rdxA fragment This study (Fig. 1)

cin, 50 ,g/ml; and spectinomycin, 50 ,ug/ml. R sphaeroides
cultures were grown aerobically at 30°C on a rotary shaker
or sparged with 30% 02-69% N2-1% CO2. Photosynthetic
cultures were grown photoheterotrophically in the light (10
W/m2) in completely filled screw-cap tubes or sparged with
95% N2-5% CO2. A modified Sistrom's medium containing
no source of reduced nitrogen was used for diazotrophic
growth; K2SO4 was substituted for (NH4)2SO4, Na2MoO4
was substituted for (NH4)6Mo702, and neither glutamate
nor aspartate was added to the modified medium. Diaz-
otrophically grown cells were sparged with 98% N2-2% CO2
and grown in light at an incident intensity of 10 W/m2.

E. coli strains were grown at 37°C with Luria broth (43)
supplemented as needed with antibiotics at the following
concentrations: tetracycline, 10 p,g/ml; streptomycin, 25
p,g/ml; spectinomycin, 50 p,g/ml; and ampicillin, 50 p,g/ml.
Isopropyl-o-D-thiogalactoside (40 ,uM) and 5-bromo-4-
chloro-3-indolyl-3-D-galactoside (30 Fg/ml) were used to
monitor ,B-galactosidase activity in the construction of plas-
mids (71). Bacterial cell growth was monitored turbidomet-
rically with a Klett-Summerson colorimeter with a no. 66
filter (1 Klett unit is equal to approximately 107 cells per ml).
DNA isolations, manipulations, and Southern hybridization

techniques. Plasmids and DNA fragments were isolated,
treated with modifying enzymes, and electrophoretically
analyzed by standard techniques (43). Chromosomal DNA
was isolated as previously described (19). Southern hybrid-
izations (2 ,g of DNA per lane) were carried out by using
capillary transfer of the DNA to nitrocellulose or nylon
membranes (43). Modifications for the transfer of high-
molecular-weight DNA from pulsed-field electrophoresis
gels were as described previously (65). Radioactive DNA or
RNA probes with 32P-labeled dCTP or CTP (Amersham
Corp., Arlington Heights, Ill.) were made and utilized ac-
cording to the manufacturers' instructions with nick trans-

lation systems (Bethesda Research Laboratories, Gaithers-
burg, Md.), random-primed DNA labeling kits (Boehringer
Mannheim Biochemicals, Indianapolis, Ind.), or RNA tran-
scription kits (Stratagene, La Jolla, Calif.). High-stringency
conditions were used with hybridizations done at 42°C and
final wash temperatures of 55°C. Radioactive signals were
quantitated with a Betascope 603 blot analyzer (Betagen
Corp., Waltham, Mass.).

Construction of a chromosomal gene disruption by omega
cartridge interposon mutagenesis. The Qi Smt Spr DNA
fragment of pHP45 (56) was used in the construction of a
pSUP202 (63)-derived plasmid, pUI1029, carrying specifi-
cally modified R sphaeroides DNA. Plasmid pUI1029 was
introduced into R sphaeroides wild-type strain 2.4.1, in
which it cannot replicate, by previously described conjuga-
tion techniques (68). Transconjugants in which all or por-
tions of pUI1029 had been chromosomally integrated by
homologous recombination were selected for Smr spr. These
colonies were checked for Tcs; of 200 Smr Spr R. sphaeroi-
des isolates screened, 4 were found to be Tcs. One of these
was designated RdxAl after Southern hybridization analy-
sis.

Generation, deletion, and DNA sequence determination of
subclones. DNA fragments of 0.1 to 2.5 kb were cloned into
M13mpl8 and M13mpl9 vectors (71, 72). Nested deletion
derivatives of the larger fragments were generated by using
the Cyclone I Biosystem of International Biotechnologies,
Inc. (New Haven, Conn.). The single-stranded ends of
cloned DNA fragments were progressively digested by T4
DNA polymerase according to the manufacturer's instruc-
tions, and overlapping clones entirely covering both strands
of the rdx.4 region were isolated. M13 bacteriophages were
isolated, propagated, and used for the generation of single-
stranded DNA sequencing templates (4). The DNA se-
quence was determined by the dideoxy-chain termination
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FIG. 1. Organization of the 5-kb rdx4 chromosomal region ofR sphaeroides. The locations of three coding regions are shown above a
map indicating the positions of sites recognized by restriction endonucleases Sall (S), BamHI (B), PstI (P), BglIl (Bg) and EcoRI (E). The
sizes of each coding region and corresponding gene products and the direction of transcription are indicated for rdxA, hemT, and ORFI2. A
potential stem-loop structure between rdxA and ORFT2 is depicted. Horizontal lines represent DNA fragments that were inserted into
vectors, forming the plasmids indicated to the right. Insertion of the omega cartridge antibiotic resistance fragment Smr Spr (56) is marked.
Letters A through K indicate fragments were used to determine the DNA sequence.

method (58) with commercial kits from U.S. Biochemical
Corp. (Cleveland, Ohio) with the sequencing primer pro-
vided. a-35S-dATP (>1,000 Ci/mmol) was purchased from
the Amersham Corp. Sequencing reaction mixtures were
electrophoretically separated on 8% polyacrylamide gels
with 42% urea in Tris-borate-EDTA buffer, and then the gels
were vacuum dried and autoradiographed.
DNA sequence analysis. Computer-assisted sequence anal-

ysis was done with PC/GENE software packages (IntelleGe-
netics, Inc., Mountainview, Calif.) and the University of
Wisconsin Genetics Computer Group program (15). The
GenEMBL and SwissProt data bases were screened for
sequence similarities with algorithms based on that of Lip-
man and Pearson (42).

Alkaline phosphatase assays. R sphaeroides and E. coli
cells were fractionated, and alkaline phosphatase was mea-
sured in arbitrary units (8) as previously described (70).
5-Bromo-4-chloro-3-indolyl phosphate (XP; Sigma Chemical
Co., St. Louis, Mo.) was used as a color indicator of alkaline
phosphatase activity on bacterial agar plates at a concentra-
tion of 40 ,ug/ml.

Pulsed-field agarose gel electrophoresis. Genomic DNA
was prepared and separated with a transverse alternating-
field electrophoresis gel apparatus (Beckman Instruments,
Inc., Fullerton, Calif.) as previously described (65).

Nucleotide sequence accession number. The 3,483-nucleo-

tide sequence described in this report has been deposited
with GenBank under accession number M94725.

RESULTS

Identification, isolation, and sequencing of rdx4 DNA.
Plasmids pUI551 and pUI552 (Fig. 1) each carry the hemT
gene, which encodes one of two R sphaeroides ALA
synthase isozymes (68). Restriction endonucleases SaIl,
EcoRI, BamHI, and PstI were used to generate DNA
fragments (A, C, D, G, H, J, K; Fig. 1) for the DNA
sequence determination of both strands of the 3,063-base
SalI insert of pUI551 and pUI552. Analysis revealed rdMM
and indicated that additional chromosomal DNA was neces-
sary to completely characterize this gene.
Chromosomal DNA was isolated from strain HemTl, an

R sphaeroides 2.4.1 derivative in which an omega cartridge
Smr Spr marker disrupts the hemT gene (53). HemTl DNA
was completely digested with restriction endonuclease PstI,
ligated to pUC19, and used to transform E. coli JM101.
Plasmid pUI1030 (Fig. 1) was selected for Apr Sm' sp'.
Southern hybridization analysis confirmed that the patterns
of restriction endonuclease digestion of the newly isolated
DNA matched those of wild-type chromosomal DNA in the
region adjacent to hemT (data not shown). Restriction endo-
nucleases EcoRI, BamHI, SalI, and PstI generated DNA

P

pUI1030

pUIl 023/pUI024

J. BAcTERiOL.

I wax. M. I c; r-^ rd% roo I
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4-
(GTA)
CATGGGGATC ACCTTCTGTT GGAGCGACAC GCATCGCGGC AGGCATTGCC GAGCCGCCTA TCGGCCATTT GTATGGCTTA CAATCTGGAT GAATCAACGG ACATTTTGCC GCTGACACTC CTGACGCACG CGTGATGCGC GGCGAAACGT 150
GCCGACACTT CCCTGGACAT TGTTAGAGAA TAGGGGGCCA CCCTTCTTCC CCACGAAGAC ATGAACCATA CATTGAACAG AGATTTGTAT GGGTGTAGGT ACGGCGCGTG CCGTGAGTCT CTGTTCAACC TGACGCGCTC GATGGGCCAG 300

TCTTCCCTTG CGTCCGGTCT CCGTTCCCGA TGCGCCGTCT CTTCTGGCGT GGCACCCGAT CCTCCGCCGG CGTTCCGAAC GATCCGGCCG CACCGAGAAGCGAACC ATGAGCGAGCCCCTCTACGCCCCGCGAACACCCATCTTTCCGCG 450
: jl l BamNI N S E P L Y A P R T P I F P R
: CCAGATCTCCGGCGCCTTCCGAACGGCCAAMTGGTGGAT_CCTGGCGGTCAGCCTTGGGATCTACCTCCTCACGCCCTGGCTGCGCTGGGACAGGGGCCCGAACCTTCCCGACCAGGCGGTGCTGATCGACATTGCCGGCCGACGCTTCTT 600

:16 Q I S G A F R T A K W W I L A V S L G I Y L L T P W L R W D R G P N L P D Q A V L I D I A G R R F F
: Bs~~ml ll £R
: CCTCTTCGGAATCCAGATCTGGCCGCATGAATTCTACTTCGTCGCCGGGTTGCTGATCATGGCCGGCCTCGGGCTGTTCCTGTTCACCTCGGCCGCCGGGCGCGTCTGGTGCGGCTATGCCTGCCCGCAGACGGTGTGGACCGACCTCTT 750

:66 L F G I Q I W P H E F Y F V A G L L I N A G L G L F L F T S A A G R V W C G Y A C P Q T V W T D L F
: CCTGCTCGTCGAACGCCGCATCGAGGGCGACCGGAACGCCCAGATCCGGCTGCATCGGCAGGCATGGACCGCCGAGAAGGTCTGGAAGCGCCTTCTGMAGTGGAGTGTCTGGGCCGCGATCTCGCTGCTGACCGGCGGCGCCTGGGTCTT 900
:116 L L V E R R I E G D R N A Q I 'R L H R Q A W T A E K V W K R L L K W S V W A A I S L L T G G A W V F

CTACTTTGCCGATGCACCGACACTGCTGAACGGCCTCGTGACCCTGACGGCGCATCCCGTCGCCTGGATCACCATTTTCGTCCTGACGGCCACGACCTTTGTCTTTGCCGGTTTCATGCGCGAGCAGATCTGCATCTACGCCTGTCCCTG 1050
:166 Y F A D A P T L L N G L V T L T A H P V A W I T I F V L T A T T F V F A G F N R E Q I C I Y A C P U
: GCCGCGCATTCAGGCAGCGCTGATGGACGAGGAAACGATCACCGTCGCCTATCGGGACTGGCGCGGGGAGCCGAGAGGCAAGCGCAGCGAGACAGGGCGCGGGGACTGCATAGACTGCATGGCCTGCGTCAACGTCTGCCCCATGGGCAT 1200

RdxA :216 P R I Q A A L N D E E T I T V A Y R D 1fR G E P R G K R S E T G R G D C I D C N A C V N V C P N G I
: CGACATCCGCGAGGGCCAGCAGATGGCCTGCATCACCTGCGGCCTGTGCATCGACGCCTGCGACGACACGATGGACAGGATCGGGCGGCCCCGCGGGCTGATCGGCTATCTCGCCCTGAGCGACGAGCATCTGGAGCGGGCGGGTGACAC 1350
:266 D I R E G 6 6 N A C I T C G L C I D A C D D T N D R I G R P R G L I G Y L A L S D E H L E R A G D T
: CCCGAAACCCGCCTGGAGGCGGCTCTTCCGCTTGCGGACGTCGCTTTATGCGGTGCTCTGGGCAGGGGTCGGGGTGACGTTGATCGCGGCGCTGCTGCTCCGCCCCGCCGTGGATCTCGCCGTCACTCCGGTGCGCAACCCCCTCTTCGT 1500
:316 P K P A W R R L F R L R T S L Y A V L W A G V G V T L I A A L L L R P A V D L A V T P V R N P L F V

Sall
: AACCCTGTCCGACGGCAGCATCCGCAATGCCTACGAGCTGCGGCTGCGCAACATGAGCGGCGAGGATCGCCGGTTCCGGCTGGCCGTCGACGGGAGCGCAGGGCTTCGGCCCAGCATCGAAGGCAGCGCCGGGCTGGATGTGCCCGTTGC 1650

:366 T L S D G S I R N A Y E L R L R N N S G E D R R F R L A V D G S A G L R P S I E G S A G L D V P V A
: Pa~~~~~~~~~~~~~~~~~~~~~~~~~~lmHI
: GGCCAACGCCACCGGGCTGGTGCGGCTCTACCTCACCGCACCGCAGGGATCGGACCCGGCAACGGGCGCGCTGACGGATCTCCGGATCCGGCTGGATGACGCCGGAGGCCCGGAGGGCGGTCCGGTCGCCGCCGTGAAGGCCGCGTTCCA 1800

:416 A N A T G L V R L Y L T A P Q G S D P A T G A L T D L R I R L D D A G G P E G G P V A A V K A A F H
: CGGCGCCCGATCCTGA TGCCTCGCGCGC GCGGACGGGCAG CCC CTGCCCGTCCGC CCCTGCGGCGCTGCGGCATCCCGGCACCGGATTGCCCGACATCCGGCTTAGGGCGTAGGGTCGATCACCCGACAACAGGAGGCGCACATG 1946
:466 G A R S - N:

SalI
TGGCGGCCGCATCTCGTCGACACGGCGCGACTGAATATCTCGGCATCGTCGATGCGCTCGAGGCCGACATCCGCGCCGGACGGGTGACGCCGGGCGAGAGGCTTCCACCCCAGCGCGCCATTGCCGAGGCCCTGGGCGTGGACCTGACC 20296

2 W R P H L V D T A R L K Y L G I V D A L E A D I R A G R V T P G E R L P P Q R A I A E A L G V D L T
ACGGTCACGAGAGCCCTCAACGAGGCGCAGCGCCGCGGGCTCGTCTCGGCGCAGGTCGGCCGCGGGACCTTCGTACGCGACGAACCCGCCGGCGACGAGGGCGGCGGCACTCCTCTCGATCTCAGCATGAACATTCCGCCGCAGCCCGCC

52 T V T R A L N E A Q R R G L V S A 6 V G R G T F V R D E P A G D E G G G T P L D L S N N I P P Q P A
BamH I

'2246 -

GAGCCCGATCTGAGGCGGATCCTGCCTCAGGGCATCGCATCCATCCTGACGAGCCCGCGCGGCACGCTCGCCATGCACTATCAGG1AGCACCGGCGCGCCCGCGGATCGCACGGCCGCCGCCTCCTGGCTGGCCGGACGCGTGGCCGGA 2396:
102 E P D L R R I L P 6 G I A S I L T S P R G T L A N N Y Q E S T G A P A D R T A A A S W L A G R V A G :

GCCTCGGCCGACAGGATCGTCGTGACCAGCGGCGCGCAGGCCGCACTCTTCGCCCTCTGCGCGCTGCTGCTCGGGCGCGGCGATGTCGTGGCGGCCGGGGCCGTGACCTATCCCGGCCTGMAGGCGGTCGCGGCGCAGCAGCACCTCGAG 2546:
152 A S A D R I V V T S G A Q A A L F A L C A L L L G R G D V V A A G A V T Y P G L K A V A A Q Q H L E :

CTGGCGCCGGTGGCGATGGACGAACAGGGCATCCTCCCCGAGGCGTTCGAGGCGGTCTGCCGCGAGCGGGCGCCGAAGCTCCTCTATCTCATCCCGTCGATCGACAATCCGACGACAGCGACCTTGCCGGCCGACCGTCGCCGGGAGGTT 2696:
202 L A P V A N D E Q G I L P E A F E A V C R E R A P K L L Y L I P S I D N P T T A T L P A D R R R E V :ORFT2

GCCGCCGTGGCCCGCCGCCACGGTGTCCTGCTGATCGAGGACGACCCCTACGCACCGCTGCGCTCCGMACGCCTTCCGGCTCTGGCGGAGCTGGCGCCGGAGCTGACATGGCATATCGCCACCCTCTCGAAATGCTCCACGCCGGCGCTG 2846:
252 A A V A R R N G V L L I E D D P Y A P L R S E R L P A L A E L A P E L T W H I A T L S K C S T P A L :

CGCATCGCTTATGTCCTTGCGCCCAATGCCGCGGCCGCCGTCCGGCTGGCGACGGTCCTGCGGTCGAGCGTGCTGATGGCGCCGCCGATCTTCGCGGCCCTCGCCACCCGCTGGAT1CACGGACGGACGCTGACGGCTCTTGCCTCTGCG 2996:
302 R I A Y V L A P N A A A A V R L A T V L R S S V L N A P P I F A A L A T R W I T 0 G T L T A L A S A :

ATCCGCGCCGAAAACCGCCAGCGCCAGAGCTCCGCCGCGTCGATCTTCTCGGGGCTCGATTTTGrCGCCGCCGATCCTGACGGGCACCACCTCTGGCTGCACCTGCCCCAGCGCTGGCGCGCCGCCGAATTTGCCGACCACGCCGAGCGGGCG 3146:
352 I R A E N R Q R Q S S A A S I F S G L D F A A D P D G H H L W L H L P 6 R W R A A E F A D N A E R A :

GGCCTCGCCATCGTCCCGGCCTCGGCCTTCGCCGTCTCCCCTCACCCGGCCGAGGCCGTTCGGATCTCTCTCGGCATCGCCCCGGACCGCGGGATGCTCGAGGAAGGGCTTACGCAGCTCTCGGGTCTTCTCACCCAGCCGGCGGTCGGG 3296:
402 G L A I V P A S A F A V S P H P A E A V R I S L G I A P D R G N L E E G L T Q L S G L L T 6 P A V G :

TCCCGGGCCGTCGTCTGA CCTCTCTCGCGG AGGGTTCCGC ACCCCGGCCG AACGGCGCAG TTGCGGGGCC GGTCGCCACC GGGAGGCGAG GACGGCCGAG CGCGGCACGA AACTGGCGAT CGTTCCTGCC TGCGGGTTCT GCAACGCCAC 3446
452 S R A V V - Pt I

TCTGCCCGCC CGCCAAGAGG GCCTGGCCAA TCTGCAG 3483

FIG. 2. DNA sequence of the rdxA region. The nucleotide sequence extends from immediately upstream of the hemT structural gene to
the Pstl recognition site downstream of ORFT2 (Fig. 1). (GTA) indicates the oppositely transcribed hemT initiator codon. Deduced amino
acid sequences are indicated immediately below the coding sequences of rdx14 and ORFT2. Nucleotide and amino acid sequence positions
are indicated to the right and left of adjacent bases and amino acid residues, respectively. Recognition sequences for several restriction
endonucleases are underlined and indicated above the nucleotide sequence. Potential Shine-Dalgarno sequences (62) are indicated in boldface
type and underlined. The arrows indicate an inverted repeat between rdx.4 and ORFT2.

fragments (B, E, F, I; Fig. 1) that were used to determine the
complete nucleotide sequence of both strands of the DNA
region shown in Fig. 1.
Open reading frame analysis and mol% G+C. In Fig. 2,

3,483 nucleotides of the DNA sequence from immediately
upstream of the hemT structural gene to the PstI recognition
sequence of pUI1030 are presented. The hemT sequence (53)
will be presented elsewhere. Computer analysis by two
different methods (22, 39) suggested that two open reading
frames transcribed in a direction opposite to that of hemT,
designated rdx4 and ORFI2, would be likely to encode
proteins. The 1,410-base rdxA could encode a 469-amino-
acid 52-kDa protein. The 1,371-base open reading frame,
ORFT2, could encode a 456-amino-acid 48-kDa protein.
Potential ATG-methionine initiation codons, preceded by
possible ribosome-binding Shine-Dalgarno sequences (62),
are indicated in Fig. 2.
The G+C content of the entire sequence shown in Fig. 2

was 69%, consistent with the high G+C content of R
sphaeroides DNA. The coding regions of rdxA and ORFTl
had G+C contents of 68 and 72%, respectively, whereas the
sequence between hemT and rdr4 was relatively A+T rich,
with a G+C content of 59%. In the 127-nucleotide region
separating rdx4 and ORFT2, a region of dyad symmetry was
found. This inverted repeat is shown in Fig. 2; the AG of a

stem-loop formed by these 24 paired nucleotides was esti-
mated to be -32 kcal (ca. -134 kJ).
Throughout rdx4 and ORFI2, a relatively low second-

position-codon G+C content and a relatively high third-
position-codon G+C content were found, consistent with
these being coding regions (5). The intervening DNA be-
tween the two genes had a uniform G+C distribution. The
codon usages in rdxA4 and ORFI2 were compared with those
of 15 previously studied R sphaeroides genes. The codon
usages in all genes were similar.

Sequence similarities to RdxA Computer-assisted searches
of the GenEMBL and Swiss-Prot data bases revealed signif-
icant homology between RdxA and FixG, encoded by a
pSym-plasmid gene of R. meliloti (35). An alignment of the
RdxA and FixG deduced amino acid sequences is shown in
Fig. 3; 53% of the aligned residues are identical, and 73% of
the aligned residues are similar or identical.

Similarities between a central region of RdxA and those of
bacterial-type ferredoxins were also detected. The highly
conserved pattern -Cys-Xl-X2-Cys-X3-X4-Cys-X5-X6-X7-
Cys-(Pro) has been shown to be associated with the binding
of a [4Fe-4S] cluster (2). Two such patterns of cysteine
residues were found in RdxA at positions 251 and 275 (Fig.
3 and 4), although no proline was found in the pattern
initiating with Cys-275. Homologies in these regions be-
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RdxA 1 .MSEPLYAPRTPIFPRQISGAFRTA KWW 27
* .1 1 I II. I II II -

FixG 1 MLHQPKTKATVGRLDAETVNAARVRGPLYEKRRKIFPKRAEGRFRRFKWL 50

RdxA 28 ILAVSLGIYLLTPWLRWDRGPNLPDQAVLIDIAGRRFFLFGIQIWPHEZX 77
,,,, ,,,,III.,,,, I,,,,,,,.,I.III|. .II 1. I II * 1

FixG 51 VNLVTLGIYYLTPWIRWDRGAHAPDQAVLIDLASRRFYFFFIEIWPQEFF 100

RdxA 78 FVGLLINAGLGLFLFTSAAGRVW C GYA C PQTVWTDLFLLVERRIEGDRN 127
IIII. I, ,, , , , ll ,,,I ,,I,,11 1 1.11, II I II

FixG 101 FVAGLLVMAGFGLFLVTSAVGRAW C GYA C PQTVWVDLFLVVERFIEGDRN 150

RdxA 128 AQIRLHRQAWTAEKVWKRLLKWSVWAAISLLTGGAWVFYFADAPTLLNGL 177
.,1 ., .,I..II . ., ,, .. ,,,,,I.,,Il,,,I I . .,

FixG 151 ARMRLDAGPWSLDKIRKRVAKHAIWVAIGVATGGAWIFYFADAPSLMSSL 200

RdxA 178 VTLTAHPVAWITIFVLTATTFVFAGFMREQI C IYA C PWPRIQAALMDEET 227
,,I,., .,,,,I,.,I,.,.,,,,. ,,,,i.i1

FixG 201 VALDAPPVAYTTIGILTATTYVFGGLMREQV C TYM C PWPRIQAAMLDENS 250

RdxA 228 ITVAYRDWRGEPRGKRSETG......RGD ID CMA Wi V V C PMGIDIREGQ 271
.,,,IlII,... . ,,1l1.,1111 l l,,,,.,

FixG 251 LVVTYNDWRGEPRSRHAKKAAAAGEvvGD C VD C NA C V A V C PMGIDIRDGQ 300

RdxA 272 QMA C IT C GL C IDA _ DDTMDRIGRPRGLIGYLALSD..EHLERAGDTPKPA 319

FixG 301 QLE C IT 5 AL C IDA C DGVMDKLGRERGLISYATLSDYAANMALATSGGTAA 350

RdxA 320 .WRRLFRLRTSLYAVLWAGVGVTLIAALLL 348
,, .1 ., .,, ,, , . .,,
,, .,, . ., ..,., . .3.,

FixG 351 IDPSRVRNAHGAFRDKVRHLNWRIVFRPRVLVYFGVWATVGFGLLFGLLA 400

RdXA 349 RPAVDLAVTPVRNPLFVTLSDGSIRNAYELRLRNMSGEDRRFRLAV © G.. 396
.., ,,, ,, ,,,, .1l,., .., ,, , . .,

FixG 401 RDRLELNVLHDRNPQFVVESDGSVRNGYMVKLLNMIPEQRTISLTI E GMP 450

RdxA 397 SAGLRPSIEGSAG... LDVPVAANATGLVRLYLTAPQGSDPATGALTDLR 443
..I... I.... ...........* 1

FixG 451 AATMRVAGQATGDGRRVTIGVEPDKVTPLKVFVTLPKG..RFAEAEEGFS 498

RdxA 444 IRLDDAGGPEGGPVAAVKAAFHGARS. 469
.1I. .. . . II

FiXG 499 LIAEDPSSHERDVYQA.NFNLPGAAGR 524

FIG. 3. Alignment of RdxA and FixG deduced amino acid sequences. Gaps (...) were introduced where necessary to optimize the
alignment of similar (.:) and identical (I) residues. Regions predicted to be transmembrane helices by the method of Eisenberg et al. (20)
are indicated in boldface type and underlined. Cysteine residues that may be involved in iron-sulfur cluster binding are enclosed in boxes.
RdxA residues at the junctions of RdxA::PhoA fusions are circled and shown in italics at positions 258 and 395.

tween RdxA and numerous ferredoxins and iron-sulfur pro-
teins were detected. Alignments with some of these proteins
are shown in Fig. 4.
With the Swiss-Prot data base (release 21.0), 11 of the 40

best protein sequence matches with RdxA were cytochrome
b sequences from a variety of mammals (33). In pairwise
comparisons of each cytochrome b sequence with RdxA,
approximately 27% of aligned residues were identical over a
37-amino-acid stretch at the N-terminal portion of the pro-
teins. An examination of the 40 best data bank sequence
matches with either RdxA or FixG revealed similarity with
numerous oxygenases and oxidoreductases in limited re-
gions throughout the length of the amino acid sequences
(Table 2).

Sequence similarities to ORFT2. Computer-assisted
searches detected sequence similarities between the N-ter-
minal region of ORFT2 and five proteins known or proposed
to be regulatory proteins (Fig. 5) (10, 17, 23, 37, 64). Pairwise
comparisons of the N-terminal sequences revealed approxi-
mately 20% identity between aligned amino acid residues.
No homologies were detected between the C-terminal region
of ORFIT2 and other data base sequences.

Structure predictions based on deduced amino acid se-
quences. Analyses based on three different methods pre-
dicted RdxA to be a membrane protein. The method of
Eisenberg et al. (20) predicted RdxA to have five membrane-

spanning helices (underlined in Fig. 3). The method of Rao
and Argos (57) predicted three transmembrane helices in
RdxA at positions 76 through 103, 151 through 204, and 330
through 352. The method of Klein et al. (38) predicted three
membrane-spanning segments at positions 78 through 94,
184 through 204, and 328 through 350.
The ORFT2 gene product was also examined. The method

of Eisenberg et al. (20) detected no membrane associated
helices. The method of Rao and Argos (57) predicted two
transmembrane helices at amino acid positions 157 through
188 and 300 through 341. The method of Klein et al. (38) also
predicted ORFT2 to encode an integral membrane protein.
Two transmembrane segments were found at amino acid
positions 157 through 176 and positions 320 through 336.
Secondary structure predictions by the method of Gamier

et al. (27) suggested the N-terminal region of the ORFT2
protein to have an a-helix-,-tum--a-helix configuration com-
mon in regulatory proteins. A program in the PC/Gene
software predicted the N-terminal region of the ORFT2 gene
product to be a negative regulatory (repressor) protein. A
helix-turn-helix region would also be suggested by alignment
with a consensus sequence (Fig. 5) (18, 31).

Construction and analysis ofphoA fusions. Fusion proteins
were used to test the hypothesis that RdxA is a membrane
protein. A transmembrane helix was predicted at approxi-
mately amino acid positions 329 through 348. RdxA::PhoA
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PM RdxA

PV Sulfolobus acidocaldarlus ferredoxin (48)

PV Clostridlum thermocellum ferredoxin (9)

PV Desulfovibrio desulfurlcans ferredoxin II (29)

PS Escherichia coli formate hydrogenase (7)

PV Rhodospirillum rubrum ferredoxin (46)

PV Clostrldium perfringens ferredoxin (61)

RdxA

Entamoeba histolytlca ferredoxin (32)

Clostridlum thernoacetlcum ferredoxin (21)

Bacillus subtills succinate dehydrogenase (55)

Proteus vulgaris fumarate reductase (11)

Thermus aquaticus ferredoxin (59)

Methanosarcina barkeri ferredoxin (30)

FIG. 4. Cysteine residues conserved in RdxA, ferredoxins, and
other iron-sulfur proteins. Residues identical (*) and similar (:) to
those of RdxA are indicated above the homologoes protein se-
quence. Numbers indicate the positions of the adjacent residues in
the protein sequences, and references for the iron-sulfur proteins are
shown within parentheses. The spacing of the cysteines matches
that found for bacterial ferredoxins that bind [4Fe-4S] clusters (2).

(alkaline phosphatase) hybrid proteins with fusion junctions
before and after this helix at RdxA amino acid positions 258
and 395 were constructed. The 2,538-nucleotide PstI-SalI
fragment of pUI552 was inserted into phoA fusion vector
pUI320 to form pUI1023 (Fig. 1). The in-frame fusion
between rdxA andphoA on pUI1023 was confirmed by DNA
sequence determination. A fragment of pUI1023 including
the recombinant rdx4-phoA DNA was transferred to
pRK415 to form pUI1024 (Fig. 1). In pUI1023 and pUI1024,
395 codons of rdxA precede the phoA gene.
A 2,127-nucleotide PstI-HincII fragment of pUI552 was

joined to pUI320, forming an in-frame rdxA-phoA fusion
(pUI1026, Fig. 1). The DNA sequence of the junction was
confirmed. The recombinant rdxA-phoA DNA fragment was
inserted into pRK415 to form pUI1027 (Fig. 1). Plasmids
pUI1026 and pUI1027 each carry 258 rdxA codons joined to
phoA.

Alkaline phosphatase was measured in strains 2.4.1

(pUI1024), 2.4.1(pUI1027), and 2.4.1(pUI322) grown aerobi-
cally and photoheterotrophically. Enzyme levels were also
determined in E. coli DH5a(pUI1023), DH5a(pUI1026), and
DH5a(pUI320). The phoA vectors pUI322 and pUI320
served as controls. Alkaline phosphatase activity was found
only in strains 2.4.1(pUI1024), grown either aerobically or

photosynthetically, and DH5a(pUI1023). Enzyme levels
found in periplasmic, cytoplasmic, and membranous cell
fractions are shown in Table 3; the results represent aver-
ages of at least three experimental repetitions. As expected
(44), the majority of the pUI1024-encoded enzyme activity
was found in the periplasm.

Strains 2.4.1(pUI1024), 2.4.1(pUI1027), 2.4.1(pUI322),
DH5a(pUI1023), DH5a(pUI1026), and DH5a(pUI320) were
grown with XP, which generates a blue product when
cleaved by alkaline phosphatase. On XP-agar plates, 2.4.1
(pUI1024) and DH5a(pUI1023) led to a detectable blue
color, whereas the other strains did not. The alkaline phos-
phatase activities in strains carrying pUI1023 or pUI1024
suggest that the region of the RdxA-PhoA junctions in the
proteins encoded by these plasmids, at RdxA amino acid
395, is periplasmically located. In contrast, the region of the
RdxA-PhoA junctions of the proteins encoded by pUI1026
and pUI1027, at RdxA amino acid 258, would appear to be
cytoplasmically located. A topological model of RdxA based
on these results and the prediction of membrane-spanning
regions by the method of Eisenberg et al. (20) is shown in
Fig. 6.

Construction and characterization of mutant strain RdxAl.
At the 5' region of rdxA, a 573-nucleotide deletion between
BglII restriction endonuclease recognition sites (Fig. 2,
positions 453 and 1026) was made, and the fQ Smr Spr
cartridge (56) was inserted at this site. This disrupted rdx4
gene carried on plasmid pSUP202-derived pUI1029 (Fig. 1)
was introduced into wild-type strain 2.4.1. A mutant strain,
RdxAl, in which the specifically disrupted rdx4 replaced the
chromosomal wild-type gene, was isolated. The chromo-
somal configuration of the rMM locus of RdxAl was con-

firmed by Southern hybridization analysis (data not shown).
Growth rates of RdxAl under various physiological con-

ditions were determined (Table 4). To ensure that no re-

duced nitrogen source was present in the medium utilized for
diazotrophic growth, cells were inoculated and sparged with
argon rather than nitrogen gas. In the absence of N2 gas, no

TABLE 2. Oxygenases and oxidoreductases similar to RdxA or FixG

Enzyme (Swiss-Prot data base identifier) RdxA or FixG amino % Identity of No. of amino acids
(reference) acid at region start aligned residues in region compared

Cytochrome c oxidase (Sw:Cox3_Leita) (14) FixG 361 39 36
Cytochrome P450 lauric acid hydroxylase FixG 79 23 57
(Sw:Cp47_RABIT) (34)
(Sw:Cp45_RABIT) (34) FixG 105 29 31

NADH-ubiquinone oxidoreductase
chain 4 (Sw:Nu4m_Ascsu) (54) FixG 44 14 78
chain 1 (Sw:Nulm-Drome) (26) FixG 79 24 29
chain 5 (Sw:Nu5m_Mouse) (6) FixG 482 60 10

(Sw:Nu5m.Rat) (25) RdxA 362 37 19
Pyruvate-flavodoxin oxidoreductase (Sw:Nifj_Klepn) (1) FixG 232 23 60

RdxA 179 24 91
Cytochrome P450 steroid 11-,B-hydroxylase RdxA 137 50 14

(Sw:Cpnl_Human) (51)
Luciferin 4-monooxygenase (Sw:Luci_Luccr) (45) RdxA 358 32 22
Arachidonate-12-lipoxygenase (Sw:Lox2_Human) (24) RdxA 367 32 34
Superoxide dismutase (Sw:Sodp_Pea) (60) RdxA 362 22 65
Urate oxidase (Sw:Uric_Rabit) (52) FixG 424 35 17

VOL. 174, 1992
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FIG. 5. Alignment of the N-terminal amino acid sequences of the ORFT2 gene product and bacterial regulators. The known or putative
bacterial regulatory proteins are Streptomyces lividans KorA (37), E. coli A (GenA) (64), P30 (10), and FadR (17), and B. subtilis GntR (23).
Residues identical to those encoded by ORFT2 are enclosed in boxes; identical aligned residues in two or more of the regulator sequences
are underlined or indicated in boldface type. A consensus helix-turn-helix sequence (18, 31) is shown above the ORFI`2 sequence in a region
with nine residues identical to those of the consensus (*).

growth occurred. Under the aerobic, photoheterotrophic,
and diazotrophic conditions tested, RdxAl grew at a rate
comparable to that of wild-type strain 2.4.1.
Chromosomal localization of rdx4. The RdxAl fl Smr Spr

cartridge introduced two recognition sequences for restric-
tion endonuclease AseI, allowing precise chromosomal lo-
calization of the disrupted locus. The locations of wild-type
chromosomal AseI recognition sites were determined previ-
ously (66). Pulsed-field agarose gel electrophoresis and
Southern hybridization analysis with rdx4-specific probes
allowed the localization of rdxA4 on a 340-kb AseI-generated
DNA fragment on the smaller of two R. sphaeroides chro-
mosomes (data not shown). The rdxA gene was found to be
17 kb from a reference AseI recognition site, and it was
found to be transcribed in a counterclockwise direction as
depicted in Fig. 7C.

Identification and localization of an R. sphaeroides rdx4
homolog. A 1.1-kb DNA fragment within rdx4 was inserted
into the pBS vector, forming pUI1032 (Fig. 1). Radioisotop-
ically labeled rdxA RNA probes were generated from
pUI1032 and used in Southern hybridization analysis of
genomic 2.4.1 wild-type DNA digested with restriction en-
donucleases AseI, AseI and Dral, and SnaBI and DraI.
After pulsed-field agarose gel electrophoresis, Southern hy-
bridization, and autoradiography, two distinct bands were
detected in each genomic digest even under stringent condi-
tions (Fig. 7B). The stronger signal corresponded to the rdx4
gene located on chromosome II. The weaker signal corre-
sponded to hybridization between the rdxA probe and a

TABLE 3. Alkaline phosphatase activity of RdxA::PhoA fusions
in R. sphaeroides 2.4.1 and E. coli DH5a

Alkaline phosphatase activity
Growth (U/min/mg of protein)Straina conditions in the following cell fraction:

Periplasm Cytoplasm Membrane

2.4.1(pUI1024) Aerobic 6,583 ± 690 152 + 84 570 + 53
2.4.1(pUI1024) Photosynthetic 2,883 ± 460 107 ± 21 545 ± 179
DH5a(pUI1023) Aerobic 536 ± 49 74 + 25 481 + 87

a Strains 2.4.1(pUI1027), 2.4.1(pUI322), DH5a(pUI1026), and DHSa
(pUI320) were also assayed, but specific alkaline phosphatase activity was
less than 60 U/min/mg of protein in all fractions.

region of chromosome I. The region of hybridization could
be localized to a 190-kb SnaBI-Dral chromosomal fragment
(Fig. 7C).

Southern hybridization analysis of strain 2.4.1 DNA di-
gested with restriction endonuclease SalI and the pUI1032-
generated probe led to the identification of the 3.1-kb rdxA-
containing DNA fragment as well as to a weaker signal
corresponding to a 4.2-kb DNA SalI fragment (data not
shown). Similar Southern hybridization analysis was done
with the entire 3.1-kb Sail fragment that carries both rdxA
and hemT as a probe (Fig. 1). Signals to the 3.1- and 4.2-kb
SalI fragments were detected; in addition, a weak signal
corresponding to the 7.2-kb SalI DNA fragment carrying the
hemT homolog hemA was detected (data not shown). Quan-
titation of the radioactive signals indicated that hybridization
to the 4.2-kb SalI fragment containing the rdAA-like se-
quence was at least 1.4-fold stronger than that to the 7.2-kb
Sail fragment containing hemA. The DNA sequences of the
hemT and hemnA genes have been determined; at the nucle-
otide level, the aligned sequences are 65% identical (53).
These results suggest that the 4.2-kb SalI DNA fragment
identified by hybridization to rdAA carries a homolog of this
gene and that the rdxA homolog resides on chromosome I
(Fig. 7).

Southern hybridization analysis with probes from the
ORF`IT2 region showed homologous ORFT2 signals, but
under high-stringency conditions no additional chromosomal
hybridization signals were revealed. A weak hybridization
signal to the ORFT2 probe was detected, however, on the
largest of the fiveR sphaeroides endogenous plasmids (data
not shown).

DISCUSSION

The rdx4 gene encodes a membrane protein. In this report
we describe the identification and isolation of a novel R
sphaeroides gene, rdx,A, which is a homolog of R meliloti
fixG. Little is known about the expression or function of
fixG, although it has been predicted to encode a membrane
protein (35). In this study, alkaline phosphatase (PhoA)
fusions were used to demonstrate that rdx4 encodes an
integral membrane protein in R sphaeroides. The results of
alkaline phosphatase measurements and computer-assisted

J. BACTERIOL.
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FIG. 6. Schematic representation of RdxA topology. Assignment of cellular localization is based on levels of alkaline phosphatase activity
in strains carrying RdxA::PhoA fusions with junctions at residues N-258 and D-395, both encircled, and on predictions of transmembrane
helices by the method of Eisenberg et al. (20). Potential iron-sulfur cluster binding to conserved cysteine residues is depicted. Additional
cysteines that may be involved in iron-sulfur center coordination are encircled.

analyses of the RdxA sequence were used to assess mem-
brane topology.

Periplasmic location was inferred for the site of the
pUI1024-encoded hybrid protein junction, RdxA amino acid
395. The large, 121-amino-acid, C-terminal domain of RdxA
would also be predicted normally to reside in the periplasm.
In contrast, the site of the pUI1027-encoded hybrid protein
junction, RdxA amino acid 258, in the region of conserved
cysteines was inferred to be cytoplasmic. The entire 124-
amino-acid domain between residues 204 and 328 of RdxA
would also be predicted to be cytoplasmically located.
Additional fusions are needed to confirm the topology of the
N-terminal region of RdxA, but a model consistent with
sequence analysis by the method of Eisenberg et al. (20) is
presented in Fig. 6.

TABLE 4. Growth rates of RdxA1 and wild-type 2.4.1

Generation timea (h) in strain:
Growth conditions

2.4.1 RdxAl

Aerobic 2.8 ± 0.3 3.4 ± 0.8
Photoheterotrophicb 3.0 ± 0.4 3.2 ± 0.2
Diazotrophicc 7.5 ± 1.9 6.2 ± 0.8

a Averages of three or more independent determinations of doubling times.
b Incident light intensity of 10 W/m2.
C No reduced nitrogen in medium. Cells were sparged with 98% Nz-2% CO2

and grown in light with an incident intensity of 10 W/m2.

Alkaline phosphatase activity in DH5a(pUI1023) but not
DH5a(pUI1026) suggests that the rdxA gene can be ex-
pressed in E. coli with integration of the gene product in the
same membrane orientation as that in R sphaeroides. In
plasmids pUI1023, pUI1024, pUI1026, and pUI1027, the
rdxA initiation codon is separated from the lac promoter of
the vector by approximately 1.4 kb of DNA. The lower
enzyme levels of DH5a(pUI1023) than 2.4.1(pUI1024) may
result from transcriptional dependence in E. coli on a distal
vector promoter. It is also possible that in E. coli there is
reduced stability or reduced membrane insertion of the
hybrid protein. The observation of almost equal alkaline
phosphatase activity in the periplasmic and membrane frac-
tions of DH5a(pUI1023) could result from membrane local-
ization of the fusion protein that is more stable than that in
R sphaeroides, or it could result from inefficient cell frac-
tionation.
RdxA appears to be an iron-sulfur protein. The pattern of

conserved cysteines in RdxA is that found for bacterial-type
ferredoxins that bind two [4Fe-4S] clusters (2). This type of
Fe-S cluster binding is found in many of the low-molecular-
weight ferredoxins and in a variety of complex and multi-
component electron transfer proteins (2) (Fig. 4). The RdxA
and FixG proteins may each bind two [4Fe-4S] centers,
despite the aspartate residues rather than the usual prolines
at positions 286 in RdxA and 315 in FixG.
Four additional cysteine residues, predicted to be cyto-

plasmically located, could be involved in iron-sulfur cluster
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FIG. 7. Precise chromosomal localization of rdxA on chromo-
some II and regional localization of the rdxA homolog on chromo-
some I. (A) Ethidium bromide-stained pulsed-field electrophoresis
gel of wild-type strain 2.4.1 genomic DNA digested with restriction
endonucleases AseI, DraI, and SnaBI as labeled. (B) Autoradio-
gram of panel A after hybridization to an rdx4 probe internal to the
gene. Sizes of the DNA fragments corresponding to hybridization
signals are indicated. (C) Depiction of the two R sphaeroides
chromosomes (not drawn to scale). The rdx4 and hemT genes were

located on chromosome II on a 340-kbAsel fragment 17 kb from the
reference AseI site. Arrows indicate the direction of transcription
for each gene. There are no SnaBI sites internal to the 675-kb DraI
fragment of chromosome II. Weak hybridization signals corre-

sponded to an rdxA homolog on chromosome I, localized to a 190-kb
SnaBI-DraI fragment. The nifHDK genes are the only known R
sphaeroides genes involved in nitrogen fixation that have been
localized. They were previously mapped to the 250-kb AseI-DraI
fragment of chromosome I (65, 66), as shown.

binding. At RdxA positions 102 and 209, two cysteines
match a portion of the pattern associated with iron-sulfur
coordination, Cys-X-X-X-Cys-Pro (Fig. 3 and 6). These
cysteines were conserved between RdxA and FixG.

Expression of rdx4. A 2.3-fold increase in alkaline phos-
phatase activity was found in strain 2.4.1(pUI1024) grown

aerobically relative to that in the same strain grown photo-
synthetically. In R sphaeroides, RdxA may be formed
under both aerobic and photoheterotrophic conditions. Al-
though expression of the native and heterologous phoA
genes or proteins may differ, it does not appear that the
RdxA membrane protein is specifically targeted to the spe-

cialized photosynthetic intracytoplasmic membrane.

The approximately 400 nucleotides that separate rdx.4 and
hemT in R sphaeroides are extremely rich in A+T nucleo-
tides, perhaps indicating a regulatory region. We are cur-
rently exploring the role of this region in hemT regulation
(53) and the possibility that this is a region of bent DNA (13).
A consensus sequence upstream of fixG in R meliloti
suggests that its transcription is regulated by FixK, an
Fnr-like regulator (12). No such consensus sequence was
found upstream of rdxA, although this consensus sequence
was found upstream of pucBA (40) and hemA (53) in R
sphaeroides.
The genetic organizations of R. meliloti fixG and R

sphaeroides rdxA differ. There appears to be translational
coupling between the overlapping fixG and fixH genes (35).
There are, however, 126 nucleotides separating rdx,A and
ORFIT2, and in this region lies a potentially strong stem-loop
(AG = -32 kcal) that could act to stop transcription. No
homology between ORFT2 and any otherfix gene region was
detected; the fixGHI(S) operon does not appear to corre-
spond to an rdx4 operon.

Possible roles of RdxA and its homolog in R. sphaeroides.
The possibility that RdxA plays a role in an oxidation-
reduction process is consistent with the similarities found
between RdxA and ferredoxins (Fig. 4), oxidoreductases
(Table 2), and cytochromes. This possibility is also consis-
tent with the finding that the RdxA1 mutant is impaired in its
ability to reduce tellurite to tellurium metal, particularly
under aerobic conditions (49, 50). As discussed above, the
RdxA levels under aerobic conditions may be higher than
those under photoheterotrophic conditions. The RdxA1 phe-
notype may result from rdxA playing a direct role in tellurite
reduction or an indirect role affecting the redox state of the
cell.
rdxA was not found to be essential for nitrogen fixation in

R sphaeroides. In addition, high levels of RdxA::PhoA
expression were found under aerobic conditions, although
nitrogen fixation is strictly anaerobic in K sphaeroides. A
role for rdxcA in nitrogen fixation, however, cannot be
excluded. The presence of an rdxcA homolog may mask
phenotypic effects of the rdx4 disruption. The presence of a
homolog also emphasizes utilization of partial diploidy by R.
sphaeroides (67). The hybridization intensity suggests that
rdx4 and its homolog are more similar than hemA and hemT,
which at the nucleotide level are 65% identical (53).
The location of rdxA upstream of the divergently tran-

scribed hemT suggests interdependent roles for the two
genes. In R meliloti, ALA formation plays a role in symbi-
otic nitrogen fixation; ALA- mutants are unable to fix
nitrogen. Bacterial ALA may be used in the heme moiety of
the plant leghemoglobin apoprotein and/or it may affect
nodule development (16). In addition, ALA is needed for the
heme moiety of the R meliloti FixLJ two-component regu-
latory system that responds to oxygen and controls the
expression of nitrogen fixation genes (28). Similarly, possible
joint roles in ALA formation and any redox process can be
linked by the oxygen binding capacity of hemes and the
electron transfer roles of cytochromes. Possible related
functions of rMM and hemT in R sphaeroides need to be
examined.

Identification and analysis of ORFT2. The N-terminal
region of the ORFT2 gene product was found to resemble
those of bacterial regulators (Fig. 5). KorA of Streptomyces
lividans regulates plasmid transfer and replication (37). FadR
is a transcriptional repressor of fatty acid degradation in E.
coli (17). GntR represses the gluconate operon of Bacillus
subtilis (23). The P30 and GenA proteins of E. coli may be
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transcriptional regulators of genes encoding the a-ketoglu-
tarate (64) and pyruvate dehydrogenase (10) complexes,
respectively. The KorA, FadR, GntR, P30, and GenA regu-
lators have been shown to belong to a family of bacterial
regulators that also includes a histidine utilization regulator,
HutC, of Pseudomonas putida and Kiebsiella aerogenes,
and PhnF, an E. coli protein of unknown function encoded in
the phn locus, which determines alklyphosphonate uptake
and carbon-phosphorus lyase activity (31).

All of these proteins have been found to have a DNA-
binding helix-turn-helix motif in the N-terminal regions of
their deduced amino acid sequences (Fig. 5) (31). With the
exception of the 456-amino-acid ORFI2, the regulators are
of similar sizes (236 to 248 amino acids). Even among the
similarly sized proteins, however, the region of shared
homology is limited to the N-terminal region depicted in Fig.
5 (31). Three computer programs used to analyze the ORFT2
sequence led to contradictory predictions of potential mem-
brane-spanning helices. Further work is needed to determine
a regulatory role for the ORFT12 gene product, to confirm the
size and structure of the protein, and to determine the target
region of its action.
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