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In the purple sulfur bacterium Allochromatium vinosum, the reverse-acting dissimilatory sulfite reductase
(DsrAB) is the key enzyme responsible for the oxidation of intracellular sulfur globules. The genes dsrAB are
the first and the gene dsrR is the penultimate of the 15 genes of the dsr operon in A. vinosum. Genes homologous
to dsrR occur in a number of other environmentally important sulfur-oxidizing bacteria utilizing Dsr proteins.
DsrR exhibits sequence similarities to A-type scaffolds, like IscA, that partake in the maturation of protein-
bound iron-sulfur clusters. We used nuclear magnetic resonance (NMR) spectroscopy to solve the solution
structure of DsrR and to show that the protein is indeed structurally highly similar to A-type scaffolds.
However, DsrR does not retain the Fe-S- or the iron-binding ability of these proteins, which is due to the lack
of all three highly conserved cysteine residues of IscA-like scaffolds. Taken together, these findings suggest a
common function for DsrR and IscA-like proteins different from direct participation in iron-sulfur cluster
maturation. An A. vinosum �dsrR deletion strain showed a significantly reduced sulfur oxidation rate that was
fully restored upon complementation with dsrR in trans. Immunoblot analyses revealed a reduced level of DsrE
and DsrL in the �dsrR strain. These proteins are absolutely essential for sulfur oxidation. Transcriptional and
translational gene fusion experiments suggested the participation of DsrR in the posttranscriptional control
of the dsr operon, similar to the alternative function of cyanobacterial IscA as part of the sense and/or response
cascade set into action upon iron limitation.

Reduced sulfur compounds, like sulfide or thiosulfate, are
utilized as electron donors by quite a diverse group of pro-
karyotes. Among them are phototrophic purple and green sul-
fur bacteria, chemotrophic sulfur-oxidizing bacteria, like Thio-
bacillus denitrificans, and several symbiotic sulfur oxidizers, like
“Candidatus Ruthia magnifica” strain Cm, the endosymbiont
of the deep-sea hydrothermal-vent clam Calyptogena magni-
fica. In many sulfur-oxidizing prokaryotes and in all of the
organisms mentioned above, sulfur globules are formed as
intermediates during the oxidation of sulfide or thiosulfate (16,
51). The only gene region proven to be essential for the oxi-
dation of sulfur stored in sulfur globules has been identified in
the purple sulfur bacterium Allochromatium vinosum (51). This
gene region, the dsr (dissimilatory sulfite reductase) operon,
encompasses 15 genes (dsrABEFHCMKLJOPNRS). The first
two, dsrAB, encode the key enzyme of this pathway, reverse
sulfite reductase (15, 51). The enzyme is thought to catalyze
the oxidation of activated sulfur to sulfite (13, 26, 58). dsrR is
the second-to-last gene of the operon. Homologues are found
in environmentally important free-living chemotrophic sul-
fur oxidizers, like T. denitrificans and Thioalkalivibrio sp.
HL-EbGR7, as well as in the endosymbiotic sulfur oxidizers

“Candidatus Ruthia magnifica” and “Candidatus Vesicomyo-
socius okutanii.” The gene dsrR is absent from the genome of
the green sulfur bacterium Chlorobaculum tepidum (formerly
Chlorobium tepidum) (32) and the purple sulfur bacterium
Halorhodospira halophila (6, 15, 23). The dsrR gene encodes a
soluble cytoplasmic protein of unknown function. It shows a
certain similarity to A-type scaffolds, such as IscA and SufA,
which partake in the maturation of protein-bound iron-sulfur
clusters (3, 25, 34), but it lacks the highly conserved cysteine
residues of these proteins (15).

In this report, we describe the nuclear magnetic resonance
(NMR) structure of A. vinosum DsrR, examine the similarities
between IscA and DsrR, and present the results gained by
in-frame deletion mutagenesis of dsrR in A. vinosum. We also
discuss the effects of the deletion of dsrR on the transcriptional
and translational expression of other dsr genes and on the
formation of various Dsr proteins in an attempt to describe the
in vivo function of the DsrR protein.

MATERIALS AND METHODS

Overproduction, purification, and preparation of recombinant DsrR. All gen-
eral molecular-genetic techniques, media, and growth conditions were described
previously (17). dsrR was amplified using primers that introduced NdeI and XhoI
restriction sites. The NdeI/XhoI-digested PCR product was cloned into pET-15b,
yielding pREX. E. coli BL21(DE3) cells containing pREX were cultured in 500
ml LB medium with 200 �M Fe(NH4)2(SO4)2 and 100 �g ampicillin ml�1 at
37°C and 180 rpm. At an optical density at 600 nm (OD600) of 0.5, IPTG
(isopropyl-�-D-thiogalactopyranoside) (0.1 mM) was added, and the cells were
harvested after 2 h. The cell pellet was resuspended in buffer A (50 mM
NaH2PO4, 300 mM NaCl, and 10 mM imidazole, pH 7.5), and Complete pro-
tease inhibitor cocktail, EDTA free (Roche), and 1 mg ml�1 lysozyme were
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added. The cells were disrupted by sonication (2 min ml�1; Cell Disruptor B15;
Branson) and centrifuged at 10,000 � g for 30 min at 4°C. The N-terminally
His-tagged DsrR was purified using a nickel agarose column (Qiagen). After a
second passage of the DsrR-containing fractions through a nickel agarose col-
umn, the fractions were dialyzed against 50 mM Tris-HCl (pH 8.0) and 500 mM
NaCl. The protein was concentrated to a final volume of no more than 2 ml via
Centriprep-10 (Amicon). The purity was estimated to be �95% by electro-
phoretic analysis on 15% (wt/vol) SDS-PAGE. The state of oligomerization of
the protein was investigated by gel filtration chromatography on Superdex-75
(GE Healthcare) equilibrated with 50 mM Tris-HCl (pH 8.0), 500 mM NaCl.
The His tag was removed by utilizing a thrombin cleavage capture kit (Novagen)
according to the manufacturer’s instructions. The success of the cleavage was
verified by the failure of the protein to bind to nickel agarose and by SDS-PAGE
analysis.

Protein techniques. Immunoblot (Western) analysis and sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE) were performed as de-
scribed by Dahl et al. (15). DsrR was detected with an antiserum raised against
the following oligopeptide: H2N-LNPRDPTYRPPSGG-CONH2, encompassing
highly immunogenic epitopes deduced from the nucleotide sequence (Eurogen-
tec, Seraing, Belgium). The antiserum was used at a dilution of 1:500.

Iron-binding assays. Iron-binding assays were performed by anoxic incubation
of 50 �M protein with no or 400 �M Fe(NH4)2(SO4)2 in the presence of 2.5 mM
dithiothreitol (DTT) at 10°C for 16 h. The samples were separated from un-
bound iron by passing them through a HiTrap desalting column (GE Health-
care). The UV-visible absorption spectra of the samples were recorded in 1-ml
quartz cuvettes using a Lambda 11 UV-Vis spectrometer (Perkin Elmer). The
spectra were calibrated to an absorbance at 260 nm of 1.0. The ability to bind
Fe-S clusters was tested by adding 400 �M Na2S to the above-mentioned prep-
aration. The protein IscA was used for comparison. Overproduction and purifi-
cation were performed as described for DsrR with the exception that 50 �g
kanamycin ml�1 instead of ampicillin was added to the media. The plasmid
pTISCA for overproduction of N-terminally His-tagged IscA (19) was kindly
provided by H. Ding (Louisiana State University).

Preparations of samples for NMR. NMR samples of U-13C, 15N-DsrR and 5%
biosynthetically directed 13C, U-15N-DsrR were prepared as previously described
(13) in 0.5-liter cultures. The cells were induced for 10.5 h at 30°C. The purified
protein yield was approximately 10 mg liter�1. Following exchange into NMR
buffer (50 mM Tris-HCl, pH 7.4, at 25°C, 500 mM NaCl) on a PD-10 column,
DTT (5 mM), NaN3 (0.02% [wt/vol]), and D2O (5% [vol/vol]) were added. The
final protein concentration in NMR samples was approximately 0.9 mM. The
samples were free of precipitate.

NMR spectroscopy. NMR experiments were conducted at the Environmental
Molecular Sciences Laboratory of Pacific Northwest National Laboratory, Rich-
land, WA, as described previously (13), on Varian Inova 600 and 750 instruments
using standard triple-resonance pulse sequences (10). All experiments were
from the Varian BioPack library except the four-dimensional (4D) 1H-13C
heteronuclear multiple quantum coherence (HMQC)-nuclear Overhauser en-
hancement spectroscopy (NOESY)-HMQC (45). Data were collected at
20°C. NOESY mixing times were 80 ms. Chemical shifts were assigned man-
ually.

Calculation and analysis of the structural ensemble. The structural ensemble
was generated as described previously (13) using AutoStructure (30) to generate
a preliminary ensemble based on automated NOESY peak assignments, followed
by manual refinement using Xplor-NIH and CNS. NOESY distance restraints
had uniform lower bounds of 1.8 Å and upper bounds of 2.8, 3.5, 4.0, 5.0, or 5.5
Å. Amide 1H-15N-heteronuclear single quantum coherence (HSQC) cross peaks
still present 45 min after dissolution of a lyophilized sample in D2O were used to
derive hydrogen bond restraints with bounds of 1.7 to 2.3 Å for the HN-O
distance and 2.7 to 3.3 Å for the N-O distance, provided preliminary structural
ensembles indicated the correct acceptor atom. Dihedral restraints for � and �
were derived from TALOS (12). � restraints had bounds of �55° � 30° for
helical residues and �120° � 50° for extended residues. � restraints had values
of �47° � 30° for helical residues and 140° � 50° for extended residues. Re-
straints derived from TALOS were included only for residues in helices and
�-sheets, with consideration for the evident secondary-structure propensities in
preliminary ensembles of structures.

The resulting distance restraints, H-bond restraints, and dihedral restraints
were used to generate a set of 40 structures with Xplor-NIH (59) using restrained
molecular dynamics simulated annealing. The routines sa.inp and dgsa.inp were
used as provided, except that an initial temperature of 2,000 K was used with
20,000 high-temperature steps and 20,0000 cooling steps. Sum averaging was
used for methyl groups and methylene proton pairs. A final refinement in explicit
water was performed in CNS (39). Twenty (out of a total of 40) structures were

selected to form the final ensemble on the basis of minimal restraint violations
and energies. The structural ensemble was analyzed with PSVS (7). A structure
validation report is available at http://www.nesg.org/. A table of structural sta-
tistics is included as Table S3 in the supplemental material.

Sequence and structure analyses. All amino acid sequences were obtained
from GenBank. PSI-BLAST was used with default parameters to generate the
protein sequence family (1). ClustalW was used to generate the multiple-
sequence alignment (11). ConSurf was used to visualize the structural distri-
bution of conserved residues (27). The multiple-sequence alignment of DsrR
sequences used as input for ConSurf was generated using the seven DsrR
sequences shown in Fig. 1, together with several more DsrR sequences from
draft genome sequences. The alignment of IscA-like sequences was a precal-
culated alignment available from the ConSurf server and contained more
than 100 sequences, including a few DsrR sequences. The surface electro-
static features of the protein were examined using ABPS (4) with PyMOL
(18). Structure similarity searches using Dali (28) were conducted using the
residues 1 to 94 of the first structure from the ensemble as a representative
structure for similarity searching.

Construction and characterization of dsrR in-frame deletion and complemen-
tation in A. vinosum. In-frame deletion of dsrR was achieved by utilizing gene
splicing by overlap extension PCR (29). An XbaI restriction site was introduced
into the 5	 and 3	 ends of the final deletion-framing PCR fragment. The PCR
amplicon was cloned into the XbaI site of the mobilizable suicide vector
pK18mobsacB (57), resulting in the plasmid pK18mobsacB
dsrR. The conjuga-
tive broad-host-range vector pBBR1-MCS-2 (36) was used to reintroduce the
dsrR gene under the control of the dsrA promoter, dsrAp, into the 
dsrR mutant.
The dsrAp-containing region, as well as the dsr terminator region, was amplified
in such a way that the resulting fragments overlapped each other and could serve
as primers in a subsequent PCR. NheI and XmaJI restriction sites were intro-
duced between the fused dsrA promoter and terminator, thus enabling the
in-frame integration of any gene. Additionally, HindIII and XbaI restriction sites
were introduced into the 5	 and 3	 ends of the PCR fragment. The promoter-
terminator amplicon was ligated into pBBR1-MCS-2, yielding the plasmid
pBBRdsrPT1. The dsrR gene was cloned into the NheI and XmaJI sites of
pBBRdsrPT1. The resulting plasmid, pBBRdsrPT1-dsrR, was introduced into A.
vinosum Rif50 as described by Lübbe et al. (41).

The photolithoautotrophic growth of A. vinosum wild-type and mutant strains
was examined in batch culture under continuous illumination essentially as
described by Prange et al. (52) in a medium containing sulfide as the sole sulfur
compound. Two hundred fifty milliliters of a photoheterotrophically grown sta-
tionary-phase culture was harvested (5,900 � g; 10 min), and the cell material
was used to inoculate 1 liter of modified Pfennig’s medium (17) in a temperature-
controlled fermentor. Kanamycin (10 �g ml�1) was added to the medium of the
complementation mutant. Sulfur compounds were determined by high-perfor-
mance liquid chromatography (HPLC) (Thermo Separation Products TSP) using
the methods of Rethmeier et al. (53). Elemental sulfur content was determined
by cyanolysis (35).

Expression studies by real-time RT-PCR. Total RNAs of A. vinosum Rif50
and A. vinosum 
dsrR grown under different growth conditions were isolated and
measured as described by Prange et al. (52). RNA (250 ng) was used for real-
time reverse transcription (RT)-PCR analysis utilizing the QuantiTect SYBR
green RT-PCR kit (Qiagen) and the iCycler iQ real-time detection system
(Bio-Rad) according to the manufacturers’ instructions. “No-RT” control reac-
tions were performed for each RNA sample. In case of DNA contamination, the
RNA samples were digested with RNase-free DNase (Qiagen) and purified using
an RNeasy Mini Kit (Qiagen). Fragments (approximately 200 bp) of dsrA (an-
nealing temperature [Ta], 59°C), dsrE (Ta, 56°C), dsrC (Ta, 55°C), dsrL (Ta,
57°C), dsrR (Ta, 60°C), and dsrS (Ta, 58°C) were amplified with the respective
primer pair, utilizing the indicated Tas. The RT-PCR conditions were as follows:
30 min at 50°C (reverse transcription); 15 min at 95°C (inactivation of the reverse
transcriptase and activation of the polymerase); 40 cycles of 15 s at 94°C, 30 s at
Ta, and 30 s at 72°C, followed by melting curve analysis in which the temperature
was increased every 30 s by 0.5°C from 40°C to 100°C. RNA standards were
generated as described by Fey et al. (24). The samples were automatically
quantified by the iCycler iQ software (Bio-Rad) based on the RNA standards.

Construction of a transcriptional and translational gene fusion plasmid and
�-galactosidase assay. A 908-bp DNA fragment encompassing the dsrA pro-
moter (dsrAp) region, not including the ribosome binding site of dsrA, was PCR
amplified using A. vinosum Rif50 chromosomal DNA as a template. The EcoRI/
PstI-digested fragment was ligated into the similarly prepared vector
pK18mobsacB to yield pKdsrProm. The lacZ gene was amplified from E. coli
K-12 genomic DNA. The resulting amplicon was digested with PstI and HindIII
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and ligated to the 6,560-bp PstI/HindIII fragment of pKdsrProm, yielding the
transcriptional fusion plasmid pTS.

The promoterless lacZ gene was excised with SalI and EcoRI from the
translational lacZ fusion vector pPHU235 (31). The SalI site was filled with
the Klenow fragment of DNA polymerase, and the fragment was inserted into
the 5,670-bp EcoRI/HindIII fragment of pK18mobsacB, yielding the plasmid
pK235 (B. Franz, personal communication). The dsr promoter region includ-
ing the first 12 bp of dsrA was amplified by PCR, introducing a PstI and a
HindIII restriction site. The amplicon was inserted into the PstI/HindIII
restriction sites of pK235, thus forming the dsrA	-lacZ translational fusion
plasmid pTL.

The gene fusion plasmids were transferred into A. vinosum Rif50 and A.
vinosum 
dsrR by conjugation as described by Pattaragulwanit and Dahl (50).
The plasmid-carrying strains were grown on modified Pfennig’s medium (con-
taining 10 �g ml�1 kanamycin) with 2 mM sulfide, thiosulfate, sulfite, and/or
malate for 24 h before �-galactosidase activity was tested. One milliliter of
culture was pelleted (13,000 � g; 3 min; 4°C) and resuspended in 1 ml Z
buffer (43). After the addition of 100 �l chloroform and 50 �l 0.1% sodium
dodecyl sulfate (SDS), the sample was vortexed for 10 s at maximum speed
and incubated at 30°C for 10 min before 200 �l preheated o-nitrophenyl-�-
D-galactopyranoside (ONPG) (4 mg ml�1) was added. As soon as a yellow
color could be discerned, the reaction was stopped by adding 500 �l 1 M
Na2CO3. After centrifugation (5 min; 15,000 � g), the absorption of the
supernatant was measured in a 1-ml quartz cuvette at 460 nm against a
chemical blank. The specific �-galactosidase activity was calculated by using
the following formula: [nmol o-nitrophenol/(min � mg)] � {(OD420/k) � Vassay [ml]/
tassay [min] � protein concentration [mg ml�1] � Vculture [ml]}. Under the above
conditions, 1 �M o-nitrophenol had an optical density (420 nm) of 0.0044 (k).
The protein concentration for each sample was determined by Bradford
assay (9).

Accession numbers. The structure was deposited in the Protein Data Bank
(PDB) under accession no. (PDB ID) 2K4Z. The chemical shifts were deposited
in BioMagResBank (Madison, WI) with accession no. BMRB-15816.

RESULTS

Monomeric DsrR does not have the iron- or Fe-S-binding
properties of IscA. DsrR resembles the protein IscA, which is
involved in iron-sulfur cluster maturation. IscA functions ei-
ther as an iron chaperone, delivering iron ions to nascent
iron-sulfur clusters built on the IscU scaffold (21, 67), or as an
alternative scaffold for [2Fe-2S] or [4Fe-4S] clusters (37, 49).
Sequence alignments of several DsrR homologues of sulfur-
oxidizing bacteria with IscA homologues of non-sulfur-oxidiz-
ing bacteria illustrate the sequence similarity between these
proteins but also highlight the differences between them (Fig.
1). The overall sequence identity between A. vinosum DsrR
and IscA is around 30%, while identity with the alternative
A-type scaffolds SufA and ErpA is somewhat lower. Sequence
identity among DsrR homologues varies but can be as low as
30%. All DsrR homologues lack the three invariant cysteine
residues of the IscA protein family that are involved in iron-
sulfur cluster coordination or iron binding (14, 20, 64). Se-
quence comparison also revealed a number of conserved acidic
amino acid residues in DsrR-like proteins (A. vinosum DsrR
Asp35, Asp45, Glu49, and Asp95). As acidic amino acids may
in principle be able to bind iron, the possibility that DsrR
retained a reduced iron-binding capability could not be en-
tirely discounted.

In order to examine a possible IscA-like function for DsrR,
we overproduced both DsrR and IscA in E. coli grown on

FIG. 1. Multiple-sequence alignment of DsrR and IscA sequences. Highly conserved residues in both DsrR and IscA-like proteins are shaded
gray. Residues conserved only in DsrR are shaded green. Cysteine residues characteristic for IscA-like proteins are shaded yellow. Avi,
Allochromatium vinosum DSM 180; Thi, Thioalkalivibrio sp. HL-EbGR7; Beg, Beggiatoa sp. PS; Ves, “Candidatus Vesicomyosocius okutanii” HA;
Rma, “Candidatus Ruthia magnifica” strain Cm; Unc, uncultured bacterium BAC13K9BAC; Tde, Thiobacillus denitrificans ATCC 25259; Eco,
Escherichia coli K-12; Aae, Aquifex aeolicus VF5; Tel, Thermosynechococcus elongatus BP-1; Hsa, Homo sapiens.
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Fe2�-containing media, evaluated the oligomerization states of
the recombinant proteins via gel filtration chromatography on
Superdex-75, and compared the iron- and Fe-S-binding capa-
bilities of DsrR and IscA in vitro.

Unlike IscA, which occurred as a homodimer and a ho-
motetramer, N-terminally His-tagged DsrR eluted in one clear
peak corresponding to the monomer (Fig. 2). The NMR spec-
tra of 1 mM DsrR samples were also not consistent with a
dimeric species (data not shown). The isolated IscA contained
a small amount of bound iron, visible as an absorption peak at
315 nm (Fig. 3), due to the presence of Fe(NH4)2(SO4)2 in the
E. coli overproduction medium. The amplitude of the absorp-
tion peak at 315 nm dramatically increased after the protein
was incubated with Fe(NH4)2(SO4)2 and dithiothreitol under
anoxic conditions. The absorption spectra of freshly purified
recombinant DsrR did not indicate any bound iron ions. At-
tempts to achieve in vitro reconstitution of DsrR with Fe2� or
Fe3� ions under aerobic conditions in the absence of DTT
failed. We therefore studied iron binding in the absence of
oxygen, as has been described repeatedly for IscA (21, 37, 49,
67). While these experiments were clearly successful for IscA,
reconstitution of DsrR with iron ions led to only a small in-
crease of the amplitude at 315 nm (data not shown). This
increase was due to the His tag, as DsrR without a His tag did
not show the increase (Fig. 3). This observation is further
corroborated by NMR spectroscopy, as the NMR spectra of
DsrR did not reveal any characteristics of a paramagnetic
species, arguing against the presence of bound iron(III). The
NMR sample had no UV-visible absorption that was not at-
tributable to the protein alone. In order to also exclude a
potential Fe-S cluster binding function of DsrR, we added
Na2S to the above-mentioned preparation but could not detect
any change in the spectra. DsrR did not display the character-
istic UV-visible absorption spectrum reported for IscA with a
bound iron-sulfur cluster (references 37 and 67 and data not
shown).

The structural fold of DsrR is highly similar to that of
IscA-like proteins. The structure of DsrR in aqueous solution
determined with solution state NMR methods clearly shows
that the protein has the same IscA-like fold (Fig. 4) seen in
several NMR and X-ray structures of IscA (8, 14, 66), SufA
(63), and ErpA (J. Orban, personal communication), all con-
taining the conserved Cys-(Xn)-Cys-Gly-Cys motif (PDB IDs
1r95, 1s98, 1x0g, 2d2a, 2apn, and 1nwb). The IscA-like fold,
also known as the HesB-like domain fold (46), appears to be a
novel fold unique to this family (8, 66) in which two �-hairpins
opposed in 2-fold symmetry form a deep cleft. Formation of an
Fe-S cluster binding site by the conserved Cys residues occurs
upon dimer and/or tetramer formation (8, 14, 44, 63). DsrR
can be superimposed over the structured portion of IscA-like
proteins to between 2- and 3-Å root mean square deviation
(RMSD) for the backbone atoms, with the exception of 1nwb,
the NMR structure of IscA-like protein aq_1857 from Aquifex
aeolicus (3.6-Å backbone RMSD to DsrR). DsrR exhibits dis-
order in the C-terminal region beginning around residue
Pro93, with no long-range NOESY peaks observed from this
region to other parts of the protein, while the N terminus is
ordered from the beginning of the DsrR sequence. IscA-like
proteins without bound iron typically exhibit a similar lack of
structure in the C terminus beginning at the equivalent proline
residue, which is conserved throughout all DsrR and IscA-like
proteins. This disordered region corresponds to the region
containing the conserved Cys-Gly-Cys residues that form the
Fe-S cluster binding site in IscA-like proteins. Several residues
at the tips of the �2-�3 and �6-�7 hairpins of DsrR exhibit
decreased convergence in the NMR ensemble, probably re-
flecting greater mobility in these regions, a characteristic also
seen in the corresponding regions of IscA-like proteins.

DsrR also exhibits lower structural similarity to two unchar-
acterized proteins from a small family of proteins from lacto-

FIG. 3. Iron-binding assay of DsrR in comparison to IscA. Shown
are UV-visible absorption spectra of DsrR (solid and dashed lines) and
IscA (-- � -- and -- � � --) after incubation with 0 or 400 �M
Fe(NH4)2(SO4)2 in the presence of 2.5 mM DTT at 10°C for 16 h. The
proteins were repurified by passing them through a HiTrap desalting
column. The spectra were calibrated to an absorbance at 260 nm of 1.0.

FIG. 2. Gel filtration chromatogram of IscA (monomer, 13.7 kDa
including His tag; dashed line) and DsrR (monomer, 13.6 kDa includ-
ing His tag; solid line). The proteins were loaded onto a Superdex-75
column (GE Healthcare) preequilibrated with 50 mM Tris-HCl (pH
8.0), 500 mM NaCl. The flow rate was 0.5 ml min�1. The elution was
monitored by absorption at 280 nm. The column had been calibrated
with several proteins of known molecular masses.
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bacilli, Lactobacillus salivarius UCC118 LSL_1730 (PBD ID
2p2e) and Lactobacillus acidophilus NCFM LBA0486 (2qgo).
These proteins were identified by structure comparison; se-
quence similarity to DsrR and IscA is lower and was not
identified by a PSI-BLAST search with DsrR as the query
sequence. These proteins lack the two cysteine residues near
the C terminus but have the first conserved cysteine of IscA-
like proteins. Structural similarity to IscA-like proteins is lower
than that found for DsrR, and the C terminus is structured,
forming an additional �-strand along �7 and �3. Several other
insertions of 1 to 5 residues make these sequences longer than
the central folded portion of DsrR or IscA-like proteins. This
feature, together with a more compact structure overall, cre-
ates a closed �-barrel that is unlike other �-barrel folds.

Some surface features on IscA-like proteins not involved
with Fe-S or iron binding are conserved in DsrR, and other
surface features are not conserved. Conserved residues in the
multiple-sequence alignment (Fig. 1) were mapped onto the
surface of the DsrR structure according to whether they
are conserved in DsrR only or in all IscA-like proteins (Fig. 5).
The most striking differences are at the three conserved cys-
teine residues in IscA-like proteins, which are not present in
any DsrR sequence, and the residues surrounding these cys-
teines. Several residues that are highly conserved in DsrR but
not in IscA cluster along the �2-�3 and �6-�7 hairpins and in
the cleft between them (Fig. 5). Among all IscA-like proteins,
conserved surface residues mainly cluster on the hairpins.
However, the regions surrounding these sites in DsrR and IscA
are structurally similar, despite the sequence differences.
Other residues on the surface are conserved in both IscA and
DsrR, including three charged residues and two partially bur-
ied aromatic residues (Asp27, Tyr40, Asp51, Asp77, and Phe88
in DsrR). Though some of these occupy the cleft formed by the

FIG. 4. Structural features of DsrR and comparison to IscA-like proteins. (Left) Structures of DsrR (overlaid ribbons for the ensemble).
(Right) Ribbon structures for E. coli IscA and SufA, Haemophilus influenzae ErpA, and A. aeolicus aq_1857, the only IscA-like protein found in
that organism. C-term, C terminus; N-term, N terminus.

FIG. 5. Space-filling structures of DsrR, colored according to the
conservation of residues in multiple-sequence alignments of DsrR
sequences only or all IscA-like sequences using ConSurf (27).
Darker magenta colors indicate greater conservation, darker blue
colors indicate lack of conservation, and lighter colors represent
intermediate levels of residue conservation, while yellow indicates
insufficient information, primarily in the C terminus, where the
sequence alignment is uncertain. Residues that are particularly
conserved in DsrR sequences are indicated, and those also con-
served in IscA are underlined. The position on the DsrR structure
where the conserved Cys residue in IscA on the �2-�3 hairpin was
substituted is indicated. The other conserved IscA Cys residues are
not indicated, as they are aligned with the disordered portion of the
C terminus on DsrR.
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twin �-hairpins in the IscA fold, this cleft is also the site of
several residues conserved only in DsrR (Fig. 5).

Deletion of dsrR leads to a diminished sulfur oxidation rate
and influences the production of several Dsr proteins. In an
effort to assess the importance of DsrR for sulfur oxidation, we
created and characterized an A. vinosum mutant carrying an
in-frame deletion of dsrR. Neither sulfide oxidation nor forma-
tion of sulfur globules was affected in the 
dsrR mutant (Table
1), as has been reported for other A. vinosum dsr mutants (15,
17, 41, 51, 56). On the other hand, the oxidation of intracellu-
larly stored sulfur was severely reduced (Fig. 6). Compared to
the wild type, the dsrR deletion mutant exhibited a specific
sulfur oxidation rate that was reduced by 88%. Complemen-
tation of the 
dsrR mutant by reintroducing dsrR in trans
restored the oxidation rate to the wild-type level (Table 1),
thereby confirming that the observed phenotype was exclu-
sively caused by the lack of dsrR. The growth yields of all three
strains were in the same range (Table 1). We surmise that
DsrR is not absolutely essential for the oxidation of interme-
diary stored sulfur but that it clearly plays an important role in
ensuring an undisturbed process.

The presence of several Dsr proteins was examined in the A.
vinosum wild type in comparison to 
dsrR and the comple-
mented mutant strain using protein-specific antisera against
DsrE, DsrC, DsrK, DsrL, and DsrR. A. vinosum DsrR was
predicted to be an 11.4-kDa cytoplasmic soluble protein (15).

Appropriately, it was detected in the soluble fraction of the
wild type and the complemented mutant but was absent in the
dsrR deletion mutant (Fig. 7). The formation of DsrC and
the membrane-associated cytoplasmic protein DsrK (15) was
not influenced by the deletion of dsrR (data not shown). Con-
sidering, that DsrC is constitutively expressed (51), it is not
surprising that it is regulated differently and as such is not
affected by the deletion. The unchanged formation of DsrK,
which is part of the transmembrane redox complex DsrMK-
JOP, on the other hand, is quite puzzling, and a closer look at
the regulation of the dsr operon is necessary to elucidate this
result. Surprisingly, the formation of DsrE, a subunit of the
soluble cytoplasmic heterohexameric protein DsrEFH (17),
was slightly reduced in the 
dsrR mutant, especially after
stored sulfur had been completely metabolized. It should be
noted that DsrE appears to be present in larger amounts after
the completion of sulfur oxidation than in the phase of active
degradation of sulfur globules. Furthermore, the formation of
DsrL (41), a soluble cytoplasmic iron-sulfur flavoprotein with
NADH:acceptor oxidoreductase activity, was somewhat re-
duced in A. vinosum 
dsrR. The diminished formation of DsrE
and DsrL, both proteins essential to the sulfur oxidation path-
way (17, 41), in the dsrR-deficient mutant could be restored
approximately to wild-type level by complementation (Fig. 7).

DsrR affects the translation of the dsr operon. Balasubra-
manian et al. (5) recently proposed an alternative function for
IscA in the regulation of iron homeostasis and the sensing of
redox stress in cyanobacteria. In an attempt to test for an
analogous function for DsrR, we examined the expression lev-
els of dsrA, dsrE, dsrC, dsrL, dsrR, and dsrS in the wild type and
the 
dsrR mutant under photo-organoheterotrophic and pho-
tolithoautotrophic growth conditions via real-time RT-PCR.
Major differences in expression could not be discerned for any
of these genes (data not shown).

The effects of the deletion of dsrR on the translational level
were analyzed by introducing a translational dsrA	-lacZ fusion
into the A. vinosum wild type and the 
dsrR mutant. The
�-galactosidase activities were compared to those achieved
with a transcriptional dsrAp-lacZ fusion. The reporter strains
were grown for 24 h on modified Pfennig’s medium with 2 mM
malate or sulfide before the lacZ-mediated �-galactosidase

TABLE 1. Characteristics of the A. vinosum 
dsrR deletion mutant
compared to the wild type and the complementation mutant

Characteristic
Value for A. vinosum straina:

Wild type 
dsrR 
dsrR�dsrR

Sulfide oxidation rateb 199.0 � 18.2 205.3 � 0.4 200.0 � 16.8
Sulfur globule formation

rateb
90.7 � 0.6 90.7 � 5.0 89.5 � 2.1

Sulfur oxidation rateb 24.1 � 0.3 2.9 � 0.5 23.9 � 0.65
Growth yieldc 8.8 � 0.9 9.0 � 0.9 8.9 � 0.5

a The results represent the means and standard deviations of three indepen-
dent growth experiments. Initial sulfide concentration, 2 mM.

b Oxidation and formation rates are given as nmol min�1 mg protein�1.
c The growth yield is given as g protein mol sulfide�1.

FIG. 6. Sulfur accumulation and oxidation by Allochromatium vi-
nosum wild type (E), A. vinosum 
dsrR (Œ), and A. vinosum

dsrR�dsrR (F). The cultures were grown photolithoautotrophically
in batch culture with 2 mM sulfide. The protein contents of the cultures
were 49.7 �g ml�1 (wild type), 91.0 �g ml�1 (
dsrR), and 62.7 �g ml�1

(
dsrR�dsrR) at the start of the experiment. Representatives of three
independent growth experiments for each strain are shown.

FIG. 7. Western blot analyses with antisera against DsrR (11.4
kDa), DsrE (14.6 kDa), and DsrL (71.4 kDa) were performed with
soluble fractions of A. vinosum (96 �g protein), A. vinosum 
dsrR (96
�g protein), and A. vinosum 
dsrR�dsrR (68 �g) grown in batch
culture on 2 mM sulfide and harvested either at the maximum content
of intracellularly stored sulfur (�S0) or after the sulfur had been
completely metabolized (�S0). The antisera were raised against
oligopeptides comprising a highly immunogenic epitope deduced from
the nucleotide sequence, and their specific reactions with the respec-
tive Dsr protein overproduced in E. coli were proven (15).

VOL. 192, 2010 STRUCTURE AND FUNCTION OF DsrR FROM A. VINOSUM 1657



activity was determined (Table 2). As was expected in light of
the RT-PCR results, no major differences were detected be-
tween the �-galactosidase activities in the wild type and
those in the 
dsrR mutant. The 2-fold-higher LacZ activity
in the malate-grown culture of 
dsrR cannot be explained at
the moment. Surprisingly, the translation of dsrA	-lacZ in
the 
dsrR mutant was reduced by 80.6% under both growth
conditions. This implicates DsrR as a factor in posttran-
scriptional control, as apparently less DsrA is formed when
DsrR is lacking than when it is present.

DISCUSSION

Based on the sequence similarity to IscA, a protein involved
in iron-sulfur cluster maturation (21, 37, 62), it is tempting to
assume DsrR to have a function similar to that of IscA. When
we consider that several iron-sulfur cluster-containing proteins
are encoded within the dsr operon (DsrAB, DsrK, DsrO, and
DsrL), it even appears appropriate to provide them with a
protein-specific iron-sulfur cluster scaffold, as is assumed for
NifIscA and the IscA homologue ErpA. In Azotobacter vinelan-
dii, NifIscA supposedly serves as an alternative scaffold to NifU
in nitrogen fixation-specific iron-sulfur cluster assembly (37).
In Escherichia coli, ErpA, like DsrR in A. vinosum, is not
encoded near any other Fe-S cluster biogenesis operon. ErpA
is essential for isopentenyl diphosphate (IPP) biosynthesis, as it
is probably involved in the maturation of the iron-sulfur clus-
ter-containing key enzymes IspG and IspH (40). It may be
interesting in this respect that dsrR is encoded immediately
upstream of a gene annotated as ispH in the uncultured bac-
terium BAC13K9BAC (accession no. DQ068067).

A closer look at the amino acid sequence of DsrR, however,
reveals an important difference between A-type scaffold pro-
teins and DsrR (Fig. 1). Despite the high structural similarity,
the DsrR protein family lacks all three of the invariant cysteine
residues that are involved in the coordination of iron or iron-
sulfur clusters (8, 14, 20, 33). The presence of conserved acidic

amino acid residues instead of cysteines in A. vinosum DsrR,
though at different positions in the sequence (Asp35, Asp45,
Glu49, and Asp95), could indicate a reduced iron-binding ca-
pability of DsrR. However, the UV-visible spectra of DsrR
after purification and after reconstitution with iron or with iron
and sulfide showed no indication of bound iron or bound
iron-sulfur clusters. Moreover, gel filtration analysis showed
DsrR to be a monomer, unlike IscA, which occurs as a mixture
of oligomeric forms with dimers and tetramers predominating
(49, 65). IscA monomers associate to form a dimer of dimers
with a central channel within which the conserved cysteine
residues are presumed to form a “cysteine pocket” and where
mononuclear iron or iron-sulfur clusters can be coordinated in
a subunit-bridging manner (8, 14, 37). The loss of the cys-
teine residues, as well as the lack of a higher oligomerization
state, strongly argue against the notion that DsrR serves as a
Dsr protein-specific iron-sulfur cluster scaffold or as an iron
chaperone delivering iron ions to nascent iron-sulfur clusters.

In the genome of “Candidatus Ruthia magnifica” (47), the
sulfur-oxidizing symbiont of the giant hydrothermal-vent clam
Calyptogena magnifica, dsrR is fused to dsrN, which is located
immediately upstream. A separate ribosome binding site is not
apparent for the dsrR gene, indicating cotranslation of the two
genes in “Candidatus R. magnifica.” This observation pro-
voked the idea that DsrN and DsrR may act together or even
be subunits of a hetero-oligomeric protein (26, 55). DsrN is a
siroheme amidase and is repsonsible for the amidation of siro-
heme to siroamide, the prosthetic group of sulfite reductase in
A. vinosum (41). In light of the comparable phenotypes ob-
served for the respective deletion mutants, i.e., severe reduc-
tion but not cessation of sulfur oxidation (41), this assumption
at first seemed quite plausible. However, when we consider (1)
that dsrR and dsrN do not always occur together (2); that dsrR
is present neither in the genome sequences of green sulfur
bacteria, e.g., C. tepidum, nor in that of the purple sulfur
bacterium H. halophila; and (3) that dsrN is part of the core set
of dsr genes present in all prokaryotes utilizing Dsr proteins in
dissimilatory sulfur metabolism (56), this conclusion now ap-
pears premature. In fact, in the course of the work presented
here, we accumulated evidence that DsrR performs a function
completely different from that of DsrN.

The DsrR family is a subgroup of proteins belonging to the
IscA superfamily occurring only in sulfur-oxidizing bacteria
that use reverse-acting sulfite reductase to oxidize intracellu-
larly stored sulfur. As outlined above, this subgroup is charac-
terized by the striking absence of the three invariant cysteine
residues present in hundreds of IscA superfamily sequences.
DsrR must have acquired a specialized role in sulfur oxidation
following gene duplication of an ancestral iscA gene. This role
must not require binding of iron or Fe-S clusters directly, and
loss of the cysteine residues may have been driven by negative
selection for Fe-S- or iron-binding activity. A. vinosum and
other organisms with dsrR still contain iscA or erpA genes. The
structural similarity between DsrR and IscA-like proteins and
the conservation of several surface residues suggest that DsrR
retains functional characteristics other than coordination of
Fe-S clusters or iron binding in common with its IscA-like
paralogues. One possibility is that DsrR assists in the recruit-
ment of iron or Fe-S cluster donors and the facilitation of
metal transfer to an Fe-S cluster-containing Dsr protein, such

TABLE 2. Specific �-galactosidase activities in A. vinosum wild type
and A. vinosum 
dsrR carrying transcriptional or translational

gene fusionsa

A. vinosum
strainb

�-Galactosidase sp actc

Malate Sulfide

Wild type
dsrAp-lacZ 2.9 � 0.7 9.1 � 0.9
dsrA	-lacZ 42.6 � 1.7 96.2 � 27.1


dsrR
dsrAp-lacZ 6.7 � 0.8 11.3 � 1.7
dsrA	-lacZ 6.4 � 0.3 18.7 � 1.0

a Cells were grown either photo-organoheterotrophically (malate) or photo-
lithoautotrophically (sulfide).

b Photo-organoheterotrophically grown cultures containing the transcriptional
gene fusion (dsrAp-lacZ) or the translational gene fusion (dsrA	-lacZ), were used
to inoculate 12 ml of modified Pfennig’s medium with 2 mM malate or sulfide.
The �-galactosidase activity was measured 24 h after inoculation.

c The specific �-galactosidase activity is given as nmol o-nitrophenol min�1 mg
protein�1. Under the given conditions, 1 nmol ml�1 o-nitrophenol had an optical
density at 420 nm of 0.0044. The protein content of each sample was determined
utilizing the Bradford method. The average protein content amounted to 500 �g
ml�1. The results represent the means and standard deviations of three inde-
pendent measurements.
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as DsrAB, DsrK, DsrO, or DsrL, without actually interacting
with the metal itself. In this sense, DsrR would not be unlike
other IscA paralogues, such as NifIscA and ErpA, that are
specialized in the maturation of specific Fe-S cluster-contain-
ing proteins, except that DsrR would not interact directly with
iron or the Fe-S cluster.

There is some evidence suggesting that cysteineless scaffold
proteins are mediators of protein-protein interaction. The
iron-sulfur cluster scaffold protein NfuA of E. coli consists of
two domains. NfuA is essential for E. coli to grow under oxi-
dative stress and iron-starvation conditions (2). The C termi-
nus resembles the Nfu domain of NifU, and the N-terminal
domain shows similarity to A-type scaffold proteins (IscA,
SufA, and ErpA) but, like DsrR, has lost the three invariant
cysteine residues of this protein family. The NfuA N-terminal
domain is not particularly similar to that of DsrR, however, so
this seems to be a second instance of loss of cysteine residues
from an ancestral IscA-like protein rather than the occurrence
of a DsrR-like protein in an organism that does not have other
dsr genes and does not oxidize intracellularly stored sulfur.
Complementation studies showed that both domains are es-
sential for the function of NfuA in vivo (2). Interestingly, sev-
eral transcriptomic analyses reported that nfuA (also known as
yhgI and gntY) is upregulated in response to translational
stress, either due to misfolded protein (38), kanamycin (60), or
heat shock (48) and, of course, under iron limitation (42).
These facts led Angelini et al. (2) to the conclusion that NfuA
possesses functions as a chaperone and in repairing damaged
iron-sulfur proteins.

A similar case involving the loss of cysteine residues from
one domain of a protein with duplicate domains involved in
Fe-S cluster assembly is found in OsCnfU-1A of Oryza sativa
(54). The two domains of OsCnfU-1A resemble the Nfu do-
main of NifU, the IscU-like iron-sulfur cluster scaffold for
maturation of the nitrogenase iron-sulfur cluster in Azotobacter
vinelandii (22, 61). The second domain does not have the
invariant cysteine residues typical of Nfu domains. It is respon-
sible for the mediation of the interaction with the apoprotein
ferredoxin through an extensive basic surface, which makes it
ideal for the interaction with the predominantly negatively
charged ferredoxin (54). DsrR could in principle be another
example of a cysteineless scaffold protein mediating protein-
protein interactions.

Further evidence of IscA-like proteins lacking Fe-S- or Fe-
binding activity exists in the structures of two similar proteins
of unknown function from Lactobacillus species deposited in
the structure database recently (L. salivarius LSL_1730 [PDB
ID 2p2e] and L. acidophilus LBA0486 [2qgo]). They adopt the
IscA fold; however, they and their homologues all have only
one of the three conserved cysteines (the Cys in the first hair-
pin loop, but not the two near the C terminus) of IscA/SufA/
HesB/ErpA. The sequence similarity between these proteins
and DsrR or IscA-like proteins is low, but together with the
structural similarity, it may suggest a common IscA-like ances-
tor with a role in Fe-S cluster biosynthesis.

The results obtained in the course of this study, however,
point in another direction, i.e., they indicate the participation
of DsrR in posttranscriptional regulation. Comparison of the
effects of the deletion of dsrR from A. vinosum on transcrip-
tional versus translational reporter gene fusions showed that

transcription was not affected but that translation was dimin-
ished by 80.6%. Reporter gene activities in the 
dsrR strain for
the translational gene fusion decreased to approximately the
same extent as the sulfur oxidation rate (88%). The de-
creased sulfur oxidation rate and the diminished presence of
DsrE and DsrL, both of which are absolutely essential for
sulfur oxidation (17, 41), can be explained by a reduced rate of
posttranscriptional processes in the 
dsrR mutant. Taken to-
gether, these findings suggest DsrR as a player in posttran-
scriptional regulation. The protein could either be involved in
stabilizing ribosome-mRNA interaction, thus enhancing trans-
lation, or play a role during translational attenuation, i.e., in-
ducing a conformational change in the mRNA and thereby
permitting translation initiation. Interestingly, the entire Shine-
Dalgarno sequence of dsrA is part of a predicted stem-loop
possibly preventing ribosomal access (free energy of formation,
�38 kJ mol�1 according to the DINAMelt Server [http:
//dinamelt.bioinfo.rpi.edu/quikfold.php]). It is also interesting
in this respect that Balasubramanian et al. (5) suggested a
regulatory role for IscA, in addition to its function as an Fe-S
cluster assembly scaffold. These authors described IscA as part
of the sense and/or response cascade set into action upon iron
limitation in cyanobacteria.

We have clearly shown that the region encompassing the
ribosome binding site is required for the downregulation of the
accumulation of DsrA	-LacZ protein in the absence of DsrR.
As the NMR structure of DsrR did not reveal any RNA-
binding motifs, it seems improbable that DsrR itself binds
directly to mRNA. The first coprecipitation experiments with
His-tagged DsrR and soluble crude extract of A. vinosum or
pure recombinant Dsr proteins, like DsrC, DsrEFH, and DsrL,
have not yet indicated specific binding partners for DsrR.
However, more detailed experiments need to be performed to
elucidate the likely indirect contribution of DsrR to posttran-
scriptional regulation as part of a signal-transducing reporter
chain cascade. Similar functions should now be considered for
IscA-like proteins, as well.
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