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An electron transport regulatory gene, etrd, has been isolated and characterized from the obligate
respiratory bacterium Shewanella putrefaciens MR-1. The deduced amino acid sequence of efr4 (EtrA) shows a
high degree of identity to both the Fnr of Escherichia coli (73.6%) and the analogous protein (ANR) of
Pseudomonas aeruginosa (50.8%). The four active cysteine residues of Fnr are conserved in EtrA, and the amino
acid sequence of the DNA-binding domains of the two proteins are identical. Further, S. putrefaciens etrA is able
to complement an frr mutant of E. coli. In contrast to fnr, there is no recognizable Fnr box upstream of the etr4
sequence. Gene replacement etr4 mutants of MR-1 were deficient in growth on nitrite, thiosulfate, sulfite,
trimethylamine-N-oxide, dimethyl sulfoxide, Fe(III), and fumarate, suggesting that EtrA is involved in the
regulation of the corresponding reductase genes. However, the mutants were all positive for reduction of and
growth on nitrate and Mn(IV), indicating that EtrA is not involved in the regulation of these two systems.
Southern blots of S. putrefaciens DNA with use of etrA as a probe revealed the expected efr4 bands and a second
set of hybridization signals whose genetic and functional properties remain to be determined.

Shewanella putrefaciens is a gram-negative bacterium capa-
ble of both aerobic or anaerobic respiration but not fermen-
tation. Anaerobic growth can be coupled to a wide variety of
electron acceptors, including Mn(IV), Fe(IlI), fumarate, ni-
trate, nitrite, trimethylamine-N-oxide (TMAO), dimethyl sul-
foxide (DMSO), thiosulfate, and sulfite (22, 23, 26), as well as
elemental sulfur (24, 27) and Mn(III) (23a). This extreme
metabolic versatility makes of S. putrefaciens MR-1 unusual,
perhaps unique, among respiratory organisms. To our knowl-
edge, this is the only facultative aerobe capable of reduction of,
and growth on, thiosulfate, sulfite, and elemental sulfur (27).
The electron acceptors utilized by S. putrefaciens span the
range of electron potentials from highly electropositive com-
pounds like oxygen to more electronegative ones like sulfite.
An interesting question thus arises as to how an organism of
such respiratory versatility regulates the synthesis and activity
of its complex electron transport networks. In an attempt to
address this question, our laboratory initiated an investigation
of the regulatory mechanisms by which the various terminal
reductases are controlled.

In recent years, it has become apparent that the control of
anaerobic respiration is quite complex and highly regulated
(14, 17, 39). In Escherichia coli, a facultative anaerobe, at least
two transcriptional regulators control gene expression in re-
sponse to anoxia. One, the ArcB-A sensor-regulator system,
represses the expression of aerobic genes such as the tricar-
boxylic acid cycle enzymes and the aerobic electron transport
chain (14, 16, 17). Another, the fur product (Fnr), positively
regulates the terminal reductase genes such as the fumarate
and nitrate reductase operons in the absence of oxygen (13,
14). The N terminus of Fnr contains a four-cysteine cluster
which under anaerobic conditions is thought to bind reduced
iron, thus activating the protein (12, 38). This cysteine cluster
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appears to be a property of enzymes that regulate gene
expression in response to anoxia (34). The DNA-binding
domain is located near the C terminus and has the character-
istic helix-turn-helix motif. In genes regulated by Fnr, a
palindromic consensus sequence, the Fnr box, is found up-
stream of the promoter region to which the protein binds and
activates gene expression (9, 35). This consensus sequence
is also found in the promoter region of fnr, which nega-
tively regulates its own expression under anaerobic conditions
(35).

Analogous genes have been identified in a variety of organ-
isms, such as oxrA of Salmonella typhimurium, which is similar
in function to fnr except that mutants in this gene retain their
ability to use TMAO and fumarate as terminal electron
acceptors (37). In Pseudomonas aeruginosa, the product of anr
(ANR) regulates nitrate reduction, HCN production, and the
arginine deiminase pathway (11, 40). AlyX, a gene very similar
in sequence to far, has been isolated from Actinobacillus
pleuropneumoniae and shown to be involved in hemolytic
activity in this organism (21). Similar genes encoding regula-
tory proteins involved in nitrogen fixation have also been
isolated from Rhizobium meliloti and R. leguminosarum (3, 4).

In S. putrefaciens, metabolic inhibitors and competition
experiments have suggested that regulation occurs at the levels
of both synthesis (7, 22, 23, 28) and activity (1, 2, 6, 8, 22-25)
of various components, but no detailed studies of gene regu-
lation have been reported. We now report the isolation and
characterization of a similar regulatory gene, etr4 (electron
transport regulator A), the deduced amino acid sequence of
which is 73.6% identical to that of Fnr. The phenotype of etrA
mutants suggest that this gene is involved in the anaerobic
regulation of some, but not all, of the terminal reductase genes
in S. putrefaciens. In addition, our results suggest that MR-1
has a second etr4 analog, the structure and function of which
are still to be determined.
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or

. Description Source and/or reference
plasmid
E. coli
RZ7350 MG1655 but lacZ and narG 234:Mud1734 P. Kiley (18)
RZ8480 RZ7350 but frr::Sp" Sm" (omega interposon) P. Kiley
S. putrefaciens
MR-1 Lake Oneida isolate 22
METR-1 MR-1 but etr4:pACYC184 Tc" This work
Plasmids
pACYC184 Cloning vector, Tc" Cm" New England Biolabs
pSPORT1 Cloning and sequencing vector, Amp” BRL
pUC19 Cloning and sequencing vector, Amp" BRL
pRZ7301 pCU19 containing the functional E. coli fnr P. Kiley
pSETR1 pSPORT!1 with the etrA-containing 2.3-kb HindIII-SstI fragment This work
pSETR2 pSPORT1 with the etr4-containing 1.5-kb PstI-SstI fragment This work
pSETR3 pACYC184 containing the 165-bp Dral-Ncol fragment of etr4 Tc' This work

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and
plasmids used in this study are described in Table 1.

Media and growth conditions. LB (29) was routinely used
for aerobic growth of MR-1 and E. coli strains. Anaerobic
cultures of MR-1 strains were grown in M1 defined medium
described previously (22) containing 30 mM lactate but with
pH adjusted to 7.9, which gives better growth yields and more
reproducible results (6a). Terminal electron acceptors were
added to a final concentration of 2 mM. Cultures were
incubated in a Coy anaerobic chamber for up to 7 days.
Streptomycin, chloramphenicol, tetracycline, and ampicillin
were added as needed to final concentrations of 50, 30, 17, and
100 pg/ml, respectively. Mutants that have pACYC184 inte-
grated into the chromosome were grown in the presence of 8
wg of tetracycline per ml.

DNA manipulations. Genomic and plasmid DNA isolation,
restriction digestion, ligation, and Southern transfers were
performed by using standard techniques (29).

Screening of genomic library with the E. coli fnr. Total MR-1
DNA was partially digested with Sau3A1, and the purified 15-
to 20-kb fragments were used to construct a genomic library in
A-Gem11 (\-Gem11 BamHI arms; Promega). The library was
screened by using the E. coli far as a probe. The probe was
radiolabelled by using a random priming kit (Bethesda Re-
search Laboratories [BRL]) and hybridized to the filters at
37°C. The filters were then washed in 0.2% sodium dodecyl
sulfate-0.2Xx SSC (1x SSC is 0.15 M NaCl plus 0.015 M
sodium citrate) at 40°C. Plaques that resulted in hybridization
signals were rescreened twice, using the same probe. One
clone, \Mn-11, was chosen for further analyses. Phage DNA
from Afn-11 was purified by using A-Sorb (Promega), and a
restriction map of the insert was obtained by using the A-Map
system (Promega) according to the manufacturer’s instruc-
tions.

DNA sequencing. Southern transfer experiments using
An-11 DNA digested with several enzymes and hybridization
to radiolabelled fnr indicated that the S. putrefaciens analog is
located on a 2.3-kb HindIII-SstI fragment. This DNA fragment
was purified from agarose gels and subcloned into pSPORT1
and M13mp19 (BRL). Both plasmid and phage DNA were
used for sequencing. DNA sequencing was performed by the
chain termination procedure (30), using the Klenow fragment
of the E. coli polymerase (BRL). The sequencing reactions
were run on either 6% acrylamide or 5% Hydrolink (AT
Biochem, Malvern, Pa.) gels. Primers for DNA sequencing

were synthesized on an Applied Biosystems 38A automated
DNA synthesizer by using phosphoramidite chemistry as rec-
ommended by the manufacturers. Primers were purified on
Poly-pak cartridges (Glen Research Corp.), lyophilized in a
Savant Speed-Vac concentrator, and suspended in distilled
water.

Primer extension reactions. MR-1 was grown aerobically in
LB, and total RNA was extracted by previously described
methods (15, 32). To determine the 5’ end of the mRNA,
primer extension analysis was done by a modification of the
method described by Sawers (31), using an oligonucleotide
complementary to nucleotides 725 to 742 of the etr4 coding
region. The primer extension reaction was performed by
annealing 4 ng of oligonucleotide to 7 pg of total RNA. The
extension reaction was carried out at 37°C for 30 min following
the addition of 5 U of avian myeloblastosis virus reverse
transcriptase (Seikagaku America, Inc., Rockville, Md.), 10
nCi of [a-*?P]ATP, and 2 mM of each dCTP, dGTP, and
dTTP. The resulting DNA-RNA hybrids were denatured at
90°C before being run on 6% acrylamide gels. The same
oligonucleotide primer was used to generate a sequence ladder
complementary to the mRNA sequence, using pPSETR1 DNA.

Complementation of an E. coli fnr mutant. RZ8480, an E.
coli Fnr~ strain (Table 1) that contains a narG-lacZ transcrip-
tional fusion, was transformed with pSETR1, pSETR2, and
pSPORT1 containing a random 1.5-kb PstI fragment of MR-1.
Since narG is controlled by both Fnr and nitrate, only cells with
a functional frr or homolog exhibit B-galactosidase activity. E.
coli RZ7350, which is similar to RZ8480 except that it has a
functional fnr, was used as a positive control. The cultures were
grown anaerobically in M9 medium with 20 mM glucose and 2
mM nitrate and assayed for B-galactosidase activity as de-
scribed previously (18).

Construction of an efr4 mutant by gene replacement. Mu-
tagenesis of wild-type etr4 by gene replacement was essentially
performed as described by Zimmerman et al. (40). A 165-bp
Dral-Ncol fragment at the 5’ end of the etr4 gene was cloned
into the Tc" gene of pACYC184 (New England Biolabs). The
resulting plasmid DNA was introduced into MR-1 cells by
electroporation, using a Bio-Rad Gene Pulser apparatus at
5,500 V/cm as instructed by the manufacturer. The cells were
plated on LB agar supplemented with tetracycline at 8 pg/ml.
Six colonies were obtained and tested for the ability to use the
various terminal electron acceptors anaerobically on M1 agar
plates (pH 7.9) containing 2 mM the terminal electron ac-
ceptors, 30 mM lactate, and 8 pg of tetracycline per ml to
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FIG. 1. (A) Restriction map of Mn-11. Abbreviations: B, Bg/lI; E, EcoRI; H, HindIll; S, Sall; Ss, Sst1. The positions of etr4 and ORF1 and the
direction of transcription of each are shown. (B) Primer extension analysis of the transcription initiation site of ez4. The order of sequencing lanes

and extension product (arrow) are indicated.

maintain the presence of pACYC184. To determine whether
pACYC184 was inserted into etr4, chromosomal DNA was
isolated from one of the mutants, and Southern transfers of the
digested DNA were hybridized with the 1.5-kb PstI-SstI frag-
ment.

Chemical measurements. Both wild-type and mutant strains
were grown in M1 (pH 7.9) containing 2 mM ferric citrate as
the source of Fe(I1I). Tetracycline was added to the cultures of
the mutant strains. Samples were taken every 24 h and filtered
through Nuclepore filters (0.2-pm pore size), and the amount
of Fe(II) present was measured by the ferrozine assay as
described previously (23). Nitrate reduction was assayed by
testing for the production of nitrite, using sulfanilamide and
N-1 (1-naphthyl) ethelyenediamine hydrochloride as described
previously (19). The presence of a red color, which indicates
nitrate reduction, also means that nitrite was not reduced by
the mutant strains. Wild-type MR-1, when grown on nitrate
broth, reduces nitrate and nitrite, and the red color is not
detected. Growth and the characteristic odor of the end
products (trimethylamine, dimethyl sulfate, and H,S) were
used to score the ability of the culture to utilize TMAO,
DMSO, and thiosulfate, respectively, as terminal electron
acceptors in a defined medium.

Sequence analysis. Sequences were analyzed by a computer-
assisted search of sequences on deposit in GenBank/EMBL,
using the software package (version 7.2, October 1992) from
the Genetics Computer Group (5) and using LaserGene by
DNASTAR (GenBank release 74, EMBL release 33, and
NBRF-PIR release 34, January 1993). Amino acid sequence
alignments were obtained with the progressive alignment
algorithm of Feng and Doolittle (10).

Nucleotide sequence accession number. The sequence
shown in Fig. 2 will appear in GenBank under accession
number L13868.

RESULTS

Isolation of the S. putrefaciens fnr analog. A genomic clone,
AMn-11, was isolated by using the E. coli fnr as a probe at
moderate stringency. The purified recombinant phage DNA
was analyzed by restriction enzyme digestion and was found to
contain a 15-kb insert, the restriction map of which is shown in
Fig. 1A. The far analog was localized to the 2.3-kb HindIII-Sst1
fragment (Fig. 1A). This fragment was cloned into plasmid
pSPORTT1, and the resulting plasmid, pSETR1, was used for
sequencing.

Sequence analysis of ezr4. The DNA sequence of the 2.3-kb
HindlIII-SstI fragment is shown in Fig. 2. It contains a 750-bp
open reading frame, designated etr4, the deduced amino acid
sequence of which shares a high degree of similarity with the
sequence of Fnr. The protein encoded by efrA4 has a calculated
molecular weight of 27,864. The transcription initiation site
was determined by primer extension to lie 114 bp upstream of
the AUG codon (Fig. 1B). The —10 element of the promoter
(575-GATTAT) matches the E. coli consensus sequence
(TATAAT) at four of six positions, while the —35 element
(552-TTGGGT) matches the consensus (TTGACA) at three
of six positions (19a). The —10 and — 35 regions have a 17-bp
spacing and are in the right position relative to the transcrip-
tion start. The similarity between the E. coli and S. putrefaciens
promoters is not surprising given the close phylogenetic group-
ing of the two organisms. The 3’ end of efrA4 contains a region
of dyad symmetry that may act as a termination signal. In
contrast to the far sequence, the etr4 upstream region does not
contain an Fnr-binding site. This is similar to the finding that
the anr upstream region also lacks this sequence (11). Another
open reading frame, ORF1, located downstream of etr4, is 615
bp in length and is transcribed from the complementary DNA
strand. Comparison of both the nucleotide and inferred amino
acid sequences of ORF1 with sequences in GenBank and
protein data bases yielded no significant similarities. Another
OREF was also found upstream of etr4 (nucleotides 1 to 645);
this ORF also lacked similarity with known sequences.

Comparison of EtrA with other regulatory proteins. Com-
parison of the inferred amino acid sequence of EtrA to the
others revealed 73.6, 50.8, and 67% identity and 84.4, 71, and
82.5% similarity to the sequences of Fnr, ANR, and HlyX,
respectively. However, the nucleotide sequences of fnr and etrA
are only 69% similar, which may be due to the difference in GC
content of E. coli (49.3%) and S. putrefaciens (43%) (20). The
five cysteine residues found in Fnr, four of which are essential
for protein activity, are also found in EtrA (Fig. 3). In addition,
the amino acid sequence of the helix-turn-helix motif was seen
to be identical in Fnr and EtrA, suggesting that the two
proteins bind to similar DNA sequences.

Complementation of ‘an fnr mutant. To demonstrate a
functional connection between the HindIII-SstI fragment and
the fnr probe, two strains of E. coli, RZ7350 and RZ8480, were
used. Both strains contain lacZ fused to the narG promoter,
which requires both functional Fnr and nitrate for expression
(18). Therefore, RZ7350, which contains a functional fur,
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HindIII

AAGCTTGCCGCAGTATCGGCGAGTAATTTGTCGAAGTTTCCCCGTTGCACTTGGAARGGTTGTCCCCGGT 69
CCTGGGGTAAATTTGTCGGTAAAGTCGAAGGTGGTATACACCCCGTTACGGCGGAAGGCTGCACCATTT 138
TTATATTGGAATCCCGCGGCATTCAGCGCCTCTAACATGCCAGCTTCTTCAATARATTGCATACAGCAG 207
GGCAGCAAACTCTCACCGATCTTCGCAGGCATCATGATGATCGCGACAGGTTTATACATTGCTAAAATT 276
TGGGTCGGAATAGTACAAATTGAACGCCTCGGCCAAGTGTTGTGGCGTTATTTAAAACCCATAGCCCAG 345
CGTCTTGTGCCGATCACCACGCCAATGCAAGCCATCACCGCTGGATTGATATGGGGATGGCTGCCCTGT 414
GGACTGGTATATAGCACCTTAACTTGGTCTGTGGCGGCAGGTTCTGCCAGCCAAGGCGCCTTGATTATG 483
CTCGCCTTTGGTTTAGGGACTCTCCCGGCGCTACTTAGTGCTGGCGTGGCAGCAAAGCGTTTAGCCAAT 552

+1
TGGGTACAACAAAAAACCGTTAGATTATTGAGTGGCTTACTATTAATCGTCTTTGGTGGCCAAACTTTA 621
PstI
TATATCGCCCTGTCGCAGCTAAACTAGCCCAAGCGAATGAATTGGTTTAACATGGCTGCAGTGGATTAA 690

E Q N K N R R A I H
CTTGAGAACCGACATGACMTAGAGCAGMTAMAACCGTCGTTCCGCCGCTAGTGGGTGTGCMTTCA 759

C S M 6 T L CMUPUFTTULN Q L
TTGTCACGATTGCAGTATGCGMCCCTTTGTATGCCGTTCACCCTCMTGCTAATGMCTCGATCAGCT 828

I ER KK P I Q
CGACGACATTATTGAGCGTMGAAGCCCATTCAMAAGGCGAACAGATTTTTAMTCGGGTGACCTTTT 897

K S L F A I P S G T I K S Q G D E
AAMTCACTCTTTGCGATCCCGTCAGGCACCATAMMGTTACACCATCACCGAACMGGTGATGAACA 966

I T G F HL AGU DV I G D G I HA Q S H
GATCACAGGCTTTCATTTAGCAGGTGATGTTA’!‘TGGTTTTGATGGTATTCATGCCCAATCGCATCAAAG 1035

NcoI
Q S M v ¢Cc E I P F N I L D E L
TTTTGCACAAGCCTTAGAMCCTCCATGGTATGTGAAATCCCCTTTMCATCCTCGACGMCTTTCAGG 1104

T P K Q Q I M R L M S N E I M s
CACM’!‘GCCTM\ATTACGTCAGCAAATCATGCGCTTMTGAGCAATGAAATCATGAGCGATCAAGAAAT 1173

I L L L S K XKNAETETRTLAR-A L A N
GATTTTGCTACTGAGTMGAMAACGCAGAAGAACGTCTCGCCGCCTTTATCAGTAACCTTGCTAACCG 1242

F G N R G F S A K E F R G D I G N Y
CTTCGGTMTCGTGGTTTTTCTGCTWGMTTTCGCTTMCCATGACACGTGGTGATATTGGTAATTA 1311

L G L TV E T I L L GRF Q K S G L I E V
CTTAGGCCTTACCGTTGAMCCATTAGCCGCTTAL TCGGTCGCTTTCAAAAGTCGGGATTAATTGAAGT 1380

K G Y I 1 VD HHETULNTULTLA AGNA ATRTIRA
GAAAGGCAAATACATCATCATCGTTGACCATCATGAACTTAATCTCTTGGCGGGTAATGCTAGGATCGC 1449

* * T K F L T K I Q
CAGATAAATCACACCTTTTAGCGTTTATGCTTTACGCTAGGCATCGGTTTTGAAAAGAGTTTTGATCTG 1518
e A

E s D I Y I D I R D L K R F S T I P
TARACTGATTTCTGAGTCAATATAGATATCGATACGGTCGTGTAGCAGTTTTCGAAAGGAGGTTATCGG 1587

S 8§ S E S L Q T E P I L Q
TGAGGAGGATTCGCTTAGTTGTGTCTCTGGGATTAGCTCATTGAGTATTTGTTCTGCCCGTAATATGCC 1656

R Y Y E V K Y G T N Q W H T I K I N P N
GCGATAATATTCI\ACCTTGTACCCTGTATTTGTTMTGATTGCCMTGCGTTATCTTGATATTCGGATT 1725

§ T F A I L Q TE IV PEZETIT RTIVN
ACTTGTAAAGGCGATTAACTGGGTTTCGATAACAGGTTCTTCAATCCGAATAACATTACTCACCTTATC 1794

F I R G G S E L M K A R I
TCCATAGCTAMGATCCTGCCCGGTTCTCCACCGACTTTACCCGACTCCAGCATTTTACTGGCTCGAAT 1863

F R Y Q A H T Y A
CGCGGGTACGAGTTCGTAGCTAAACCGATAGCCTAGTTGCGCTMAGCATGGGTATMATCAGTTCAGC 1932

W K H S H K P D E A M T I T P K Q
CCATTTAMGTGAAMCTATGTTTCGGATCTTCGTAAAACGCCATGG’I‘AATGGTGGG’I‘TTATTTTGTAC 2001

A S I T P S P A A S F ¢ F F L G I L
AGCAGAGATGG'l‘GGGGGAAGGAGCTATCTCACTTGCTTGAGCGGAAAAACAMAGAATAGCCCAATTM 2070

I NS I T L N W
GATATTCGATATGGTGAGGTTCCATTGTTGCATATCTGQLQQCTTTCATTATCACTCAGTACTATTGAG 2139
TATAGTCACCATCATTCATCGGTTTCGTTTTATTCTCAAGCTCGCGCTCTGTTAGGGGGACCGCTGTAT 2208
TGTCGAAAAAATGTGATCTGTTGGTGGATAAATTGTCCTTTCAGCAATAAAAATGTGCGACGCAGCACG 2277

SstI
TAAATTTCACAGTAAAGTGTCGTTGGTGAATTTTTCCTCACTAGAGTTTGAGCTC 2332

FIG. 2. Nucleotide sequences of etrA and ORF1. The inferred
amino acid sequences are indicated. Putative ribosome binding sites
are underlined, and the arrows indicate a region of dyad symmetry that
may act as a termination signal.

exhibits B-galactosidase activity, while RZ8480, which is far
mutant, does not (18). We used two plasmids to complement
the far in strain RZ8480. Plasmid pSETRI1 contains the
complete etr4 sequence, including the promoter region. Plas-
mid pSETR2 contains the 1.5-kb SstI-Pstl fragment which
includes the complete coding region of etr4 but lacks the
promoter region. Transcription of the gene in this plasmid is
initiated by using the T7 polymerase promoter. Since the
plasmid without an insert could not be used as a negative
control because of the presence of a functional lacZ, a plasmid
that contains a 1.5-kb PstI fragment of MR-1 DNA was used to
transform RZ8480 to serve as a negative control. This frag-
ment did not show any cross-hybridization with efz4 in South-
ern transfer experiments (data not shown). RZ8480 with or
without the negative control plasmid did not result in any
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* * * * * % * *
EtrA MTIEQNKNRRSAASGCAIH|claD[c|sMGcTL|cliPFTLNANELD 40
Fnr MIPEKRIIRRIQSGGCAIH[CIQDIC|SISQL|CIPFTLNEHELD 40
HlyX MKI-VSDAKHTGRTRCTIH|CON|C|[SISQL|C[LPFTLSEHELT 39
ANR -MAETIKVRALPQA----Hlckpf|sLaprlcjupLsLTvEDMD 35

wx o ow . aow * . . PO
EtrA QLDDIIERKKPIQKGEQIFKSGDLLKSLFAIPSGTIKSYT 80
Fnr QLDNIIERKKPIQKGQTLFKAGDELKSLYAIRSGTIKSYT 80
HlyX QLDNIIERKKPVQKSQIIFQSGDELRSIYAIRSGTIKSYT 79
ANR SLDEIVKRGRPLKKGEFLFRQGDPFGSVFAVRSGALKTFS 75

* P M R E
EtrA ITEQGDEQITGFHLAGDVIGFDGIHAQSHQSFAQALETSM 120
Fnr ITEQGDEQITGFHLAGDLVGFDAIGSGHHPSFAQALETSM 120
HlyX ISESGEEQITAFHLPGDLVGFDAIMNMKHVGFAQALETSM 119
ANR ITDAGEEQITGFHLPSELVGLSGMDTETYPVSAQALETTS 115

KxEx xx x Wk R kR AR Ak kxR

EtrA VICJEIPFNILDELSGTMPKLRQQIMRLMSNEIMSDQEMILL 160
Fnr V|C[EIPFETLDDLSGKMPNLRQOMMRLMSGEIKGDQDMILL 160
HlyX I|CEIPFDILDDLAGKMPKIRHQIMRLMSNEIKSDQEMILL 159
ANR VIJEIPFERLDELSEQLPQLRRQLMRLMSREIRDDQQOMMLL 155

* x x * * * x * * ko P Y *
EtrA LSKKNAEERLAAFISNLANRFGNRGFSAKEFRLTMTRGDI 200
Fnr LSKKNAEERLAAFIYNLSRRFAQRGFSPREFRLTMTRGDI 200
HlyX LSKMSAEEKLAAFLHNLSQRYAAPGFSAREFRLTMTRGDI 199
ANR LSKKTADERIATFLVNLSARFRARGFSAQQFRLAMSRNEI 195

rrarrx wx wa PP . x N
EtrA GNYLGLTVETISRLLGRFQKSGLIEVKGKYIIIVDHHELN 240
Fnr GNYLGLTVETISRLLGRFQKSGMLAVKGKYITIENNDALA 240
HlyX GNYLGLTIETISRLLGRFQKSGMITVQGKYITINRMDELT 239
ANR CGNYLGLAVETVSRVPTRFQQNGLISAEGKEVHILDSIELC 235
EtrA LLAGNARIAR 250
Fnr QLAGHTRNVA 250
HlyX V 240
ANR ALAGGQLEG 244

FIG. 3. Alignment of EtrA, Fnr, ANR, and HlyX amino acid
sequences. The four conserved cysteines are boxed, and the DNA-
binding domain is shaded. Asterisks indicate amino acids that are
conserved in all four sequences.

detectable B-galactosidase activity when the cells were grown
anaerobically with nitrate. In contrast, RZ7350 and RZ8480
containing either pSETR1 or pSETR2 exhibited B-galactosi-
dase activity, indicating the ability of etr4 to functionally
complement an E. coli fnr mutant.

Construction and complementation of an efr4 mutant. We
have recently reported the isolation and complementation of
two S. putrefaciens pleiotropic mutants deficient in anaerobic
respiration (28). The complementing DNA fragments were
shown not to contain fnr analogs. Therefore, we constructed an
etrA mutant to identify the function of this gene in MR-1.
Plasmid pACYC184 was used in gene replacement experi-
ments (Fig. 4A), since this plasmid is not replicated in MR-1.
Six colonies that have pACYC184 integrated into the chromo-
some by a single crossover event (tetracycline resistant) were
obtained. To confirm the interruption of etr4 by the plasmid,
the DNA of one mutant, METR-1, was isolated and analyzed.
Figure 4B shows a Southern transfer of METR-1 DNA
following hybridization to pACYC184 DNA and to the 1.5-kb
Pst1-Sstl etrA-containing fragment. In both cases, two bands
that correspond to 3.8 and 3.5 kb in length resulted in
hybridization, confirming the interruption of etrA4 by the plas-
mid. A third band was seen when the etr4 probe was used,
which suggests there is another etr4 analog that was not
affected by the mutagenesis (see below).

Phenotype of etrA mutants. All six mutants that were
obtained from the gene replacement experiment were tested
for the ability to grow on the various terminal electron
acceptors used by the wild type. The mutants were grown
anaerobically both in liquid medium and on agar plates. All six
mutants were able to couple anaerobic growth to the reduction
of Mn(IV) or nitrate. Mn(IV) reduction is detected by a
change in color from brown (insoluble manganese) to clear
(soluble manganese). When grown on nitrate broth, the mu-
tants were able to reduce nitrate, but not nitrite, which
accumulated in the medium. None of the mutants showed any
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FIG. 4. (A) Mutagenesis of MR-1 by gene replacement. Plasmid pSETR3 was integrated into the MR-1 chromosome by a single crossover
event. Both a map of etr4, which is interrupted by pSETR3, and the sizes of the expected fragments are shown. (B) Southern transfer of METR-1
DNA digested with HindIII and hybridized to pACYC184 DNA (lane 1) and the 1.5-kb Pst1-SstI etrA-containing fragment (lane 2). Two bands that
correspond to the expected sizes in both lanes are observed. A third band, seen in lane 2, which corresponds to another etr4 analog was not affected

by the mutagenesis (see Results).

growth on defined media supplemented with fumarate, nitrite,
sulfite, thiosulfate, TMAO, or DMSO. Even though the mu-
tants were incapable of growth with Fe(III) as a terminal
electron acceptor, they were capable of iron reduction. The
amount of reduced iron was measured by using ferrozine (23)
and was found to be very similar in both the mutant and the
wild-type cultures. A summary of the EtrA™ phenotype is
shown in Table 2.

MR-1 contains a second efr4 analog. Our finding that etrA is
not involved in nitrate or Mn(IV) reduction implies the
presence of yet another gene that controls the expression of
these two reductases. MR-1 DNA was digested with several
enzymes and hybridized to the 1.5-kb PstI-SstI fragment that
contains etrA. Two signals were obtained in each enzyme
digestion, suggesting the presence of another etr4 analog (Fig.
5); its function, structure, and involvement in regulation of
anaerobic respiration are yet to be determined. Similar exper-
iments using the internal 165-bp Ncol-Dral fragment of eir4 as
a probe yielded identical results. The expected size bands
containing etr4 were obtained in each case except when the
DNA was digested with HindIIl. The HindIII fragment that
has etr4 is 3 kb in length (Fig. 1A), but the chromosomal band
that hybridizes corresponds to 4 kb in length. One possible
explanation for this apparent inconsistency is the inability of
the enzyme to recognize all of the HindlIll sites because of
DNA modification. It should be noted that there is another
HindIII site 1.2 kb farther downstream which would result in a
4.2-kb fragment if the preceding site was not recognized.

TABLE 2. Growth and electron acceptor reduction by METR-1

Electron acceptor Growth/reduction

Oxygen +/+
Nitrate +/+
Manganese +/+
Iron —/+
Nitrite —/—
Fumarate —/ND*
Thiosulfate —-/=
TMAO -/=
DMSO -/-
Sulfite —/ND

“ ND, not determined.

DISCUSSION

S. putrefaciens can couple its respiratory growth to more than
10 different terminal electron acceptors. The isolation of
pleiotropic mutants deficient in anaerobic growth (7, 28) led us
to believe that MR-1 must have a regulator similar in function
to the genes identified in E. coli (fnr) and other organisms,
including Pseudomonas (11), Actinobacillus (21), and Rhizo-
bium (3, 4) species. Using the E. coli fnr as a probe, we were
able to isolate a gene, etr4, that shares a high degree of
similarity with far. The existence of the gene in S. putrefaciens
is not particularly surprising, since members of the S. putrefa-
ciens group are phylogenetically related to E. coli, being
members of the gamma group of the proteobacteria (28a). The
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FIG. 5. Autoradiograph of MR-1 DNA digested with HindIII,
BamHI, EcoRlI, and PstI (lanes 1 to 4, respectively), hybridized to the
1.5-kb PstI-Sstl etrA-containing fragment. In each case, two bands with
strong hybridization signals are seen.
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inferred amino acid sequence, designated EtrA, is 73.6, 50.8,
and 67% identical to the sequences of Fnr, ANR, and HlyX,
respectively. Given this high degree of structural similarity to
Fnr, it is perhaps not surprising that etr4 complemented an E.
coli fnr mutant strain. The DNA-binding domains of the two
proteins are virtually identical, suggesting that they recognize
similar, if not identical sequences, consistent again with the
ability of etr4 to complement the fnr mutant of E. coli. Unlike
the case for fnr, however, the upstream etr4 sequence lacks the
Fnr consensus sequence, or Fnr box, to which the protein binds
and negatively regulates its own synthesis. The absence of such
a sequence suggests that EtrA is not involved in autoregula-
tion.

To assess the function of EtrA, etr4 mutants were generated
by gene replacement and tested for the ability to grow anaer-
obically with the various terminal electron acceptors. The etrA
mutant strain, METR-1, was unable to grow anaerobically with
Fe(III), thiosulfate, or sulfite. Further, METR-1 is not capable
of anaerobic growth on TMAO, DMSO, nitrite, or fumarate,
the reduction of which is also regulated by Fnr in E. coli.

Although METR-1 was incapable of anaerobic growth with
Fe(III) as the terminal electron acceptor, it was able to reduce
it at levels similar to those found for the wild type. Studies of
S. putrefaciens sp200 indicated the presence of two different
iron reductases, one constitutive and the other induced by
growth under oxygen-limiting conditions (1, 2). The presence
of two iron reductase systems in S. putrefaciens may explain the
phenotype of METR-1 with regard to Fe(III) reduction. One
possibility is that the induced Fe(III) reductase is controlled by
EtrA. Since the constitutive Fe(III) reductase activity is lo-
cated farther downstream along the electron transport chain
than the inducible enzyme is (2), cells containing the constitu-
tive, but not the induced Fe(III) reductase may be incapable of
anaerobic growth with Fe(III) even though they can reduce it.
The situation with iron may be more complex, and the
dissimilatory (inducible) iron reductase may be under dual
control of etr4 and another, so far unidentified gene, as is
known for other anaerobic genes such as the pyruvate formate
lyase (32, 33) or formate hydrogen lyase (36) gene, both of
which are controlled by more than one global regulator.

EtrA does not appear to be involved in the regulation of
either nitrate or manganese reduction, as evidenced by the
ability of the mutants to both reduce the electron acceptors
and exhibit growth. Manganese and nitrate have previously
been shown to compete with each other as electron acceptors
(22), while no such competition was observed with regard to
manganese and fumarate. These data are consistent with the
results presented here and may suggest that a separate regu-
latory system exists for the control of nitrate and manganese
reductases. We cannot rule out the possibility, however, that
etrA4 controls a respiratory chain component, such as a mena-
quinone, in common to most respiratory systems, but not
manganese or nitrate. Further experiments are needed to
determine the level at which etrA4 regulates anaerobic respira-
tion in S. putrefaciens.

Southern hybridization experiments revealed the presence
of another etr4 analog in MR-1. This second gene gives a
strong hybridization signal, indicating that it is quite similar to
etrA. The gene replacement experiments described here, how-
ever, did not appear to affect this second gene, and the
phenotypes obtained were solely due to the inactivation of
etrA. The function of this efr4 analog is not yet known; one
possibility is a role in regulating both nitrate and Mn(IV)
reduction. Having two very similar regulators may present the
cell with unusual problems, and it is of great interest and
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importance to elucidate the structure and function of this gene,
which is the focus of ongoing research in our laboratory.
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