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Sulfate reduction is one of the earliest types of energy metab-
olism used by ancestral organisms to sustain life. Despite exten-
sive studies, many questions remain about the way respiratory
sulfate reduction is associated with energy conservation. A cru-
cial enzyme in this process is the dissimilatory sulfite reductase
(dSiR), which contains a unique siroheme-[4Fe4S] coupled
cofactor. Here, we report the structure of desulfoviridin from
Desulfovibrio vulgaris, in which the dSiR DsrAB (sulfite reduc-
tase) subunits are bound to the DsrC protein. The «,f,v,
assembly contains two siroheme-[4Fe4S] cofactors bound by
DsrB, two sirohydrochlorins and two [4Fe4S] centers bound by
DsrA, and another four [4Fe4S] centers in the ferredoxin
domains. A sulfite molecule, coordinating the siroheme, is
found at the active site. The DsrC protein is bound in a cleft
between DsrA and DsrB with its conserved C-terminal cysteine
reaching the distal side of the siroheme. We propose a novel
mechanism for the process of sulfite reduction involving DsrAB,
DsrC, and the DsrMKJOP membrane complex (a membrane
complex with putative disulfide/thiol reductase activity), in
which two of the six electrons for reduction of sulfite derive from
the membrane quinone pool. These results show that DsrC is
involved in sulfite reduction, which changes the mechanism of
sulfate respiration. This has important implications for models
used to date ancient sulfur metabolism based on sulfur isotope
fractionations.

The dissimilatory reduction of sulfur compounds is one of
the earliest energy metabolisms detected on earth, at ~3.5 bil-
lion years ago (1, 2). At the end of the Archean (~2.7 billion years
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ago), the advent of oxygenic photosynthesis led to a gradual
increase in the levels of atmospheric oxygen, which in turn caused
an increasing flux of sulfate to the oceans from weathering of sul-
fide minerals on land (3). As a consequence of this process, reduc-
tion of sulfate became a dominant biological process in the oceans,
resulting in sulfidic anoxic conditions from about 2.5 to 0.6 billion
years ago (3, 4). During this extended period, sulfate-reducing pro-
karyotes were main players in marine habitats where most evolu-
tionary processes were taking place. Today, these organisms are
still major contributors to the biological carbon and sulfur cycles,
and their activities have important environmental and economic
consequences.

A key enzyme in sulfur-based energy metabolism is the dis-
similatory sulfite reductase (dSiR),> which is present in orga-
nisms that reduce sulfate, sulfite, and other sulfur compounds.
This enzyme is also found in some phototrophic and chemotro-
phic sulfur oxidizers, where it is proposed to operate in the
reverse direction (reverse sulfite reductase, rSiR). The dSiR is
minimally composed of two subunits, DsrA and DsrB, in an
~200-kDa «,f, arrangement. The dsrA and dsrB genes are
paralogous and most likely arose from a very early gene dupli-
cation event that preceded the separation of the archaea and
bacteria domains (5- 8), in agreement with a very early onset of
biological sulfite reduction. The dSiR belongs to a family of
proteins that also include the assimilatory sulfite (aSiR) and
nitrite (aNiR) reductases, the monomeric low molecular mass
aSiRs, and other dSiRs like asrC and Fsr (9 —11). This family has
in common a characteristic cofactor assembly that includes an
iron tetrahydroporphyrin of the isobacteriochlorin class,
termed siroheme (see supplemental Fig. S1), that is coupled
through its cysteine axial ligand to a [4Fe4S] iron-sulfur cluster
(12—14). The aSiR and aNiR, found in plants, fungi, and bacte-
ria, are monomeric enzymes that display an internal two-fold
symmetry of a module that is related to DsrA/DsrB, suggesting
that these assimilatory proteins also resulted from a gene dupli-
cation event (9, 10, 14). Phylogenetic sequence analysis indi-
cates that both dSiRs and aSiRs diverged from a common
ancestral gene that was present in one of the earliest life forms
on earth (7, 10, 14).

Despite its central role in anaerobic metabolism, many
aspects of dSiRs remain poorly understood. One of these is the

3The abbreviations used are: dSiR, dissimilatory sulfite reductase; rSiR,
reverse sulfite reductase; aSiR, assimilatory sulfite reductase; aNiR, assimi-
latory nitrite reductase; Dvir, desulfoviridin; r.m.s., root mean square.
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nature of their physiological product because in vitro, they
reduce sulfite to a mixture of trithionate, thiosulfate, and sulfide
in proportions that depend on the reaction conditions (15), in
contrast to aSiRs, which reduce sulfite directly to sulfide. This
has led to some controversy, still unresolved, over whether the
biological mechanism of dissimilatory sulfite reduction
involves the formation of thiosulfate and trithionate as neces-
sary intermediates (15, 16). Another open question regarding
dSiRs is the content and the actual nature of the cofactors pres-
ent. It is not clear whether both DsrA and DsrB subunits con-
tain the coupled siroheme-[4Fe4S] cofactor because its charac-
teristic binding site in DsrB is missing the first cysteine (5). Both
DsrA and DsrB contain a ferredoxin-like domain, not present in
aSiRs, which should bind an extra [4Fe4S] cluster. Cofactor
quantification of dSiRs is quite disparate, with studies reporting
from 2 to 4 sirohemes and from 10 to 32 non-heme irons per
a,f3, module (13, 17-20). The nature of the catalytic cofactor
has also been disputed, with some studies proposing a cubane-
siroheme arrangement similar to that found in aSiRs (13, 19)
and other studies proposing the presence of higher nuclearity
high spin iron-sulfur clusters (18, 20, 21). Finally, a most impor-
tant and unresolved question is the nature of the physiological
electron donor to dSiR.

Most studies of dSiRs have focused on desulfoviridin (Dvir),
the dSiR of Desulfovibrio spp. This enzyme has a characteristic
and redox-insensitive band at ~628 nm due to the presence of
sirohydrochlorin, the iron-free form of siroheme (supplemen-
tal Fig. S1). It is reported that up to 80% of its siroheme lacks
iron and is in the form of sirohydrochlorin (13, 18, 22), but this
has been disputed (19). Another particular feature of Dvir is
that it forms a stable complex with DsrC, a small protein of 11
kDa. Initial reports described DsrC as a y subunit of dSiRs pres-
ent in a stoichiometry of o, 3,7y, (23). However, the dsrC gene is
located separately from dsrAB in several sulfate-reducing orga-
nisms, like Desulfovibrio vulgaris Hildenborough, where its
expression is not coordinately regulated (24). There are also
several dSiRs that do not include DsrC (5, 7), but all organisms
that contain the dsrAB genes include also dsrC. These points
indicate that DsrC is not a subunit of dSiR, but rather, a protein
with which it interacts. In several sulfur-oxidizing and sulfite-
reducing bacteria, dsrC is located in the same operon as dsrAB
(25-27). It is actually one of the few proteins, apart from DsrAB
(sulfite reductase) and the DsrMKJOP membrane complex (a
membrane complex with putative disulfide/thiol reductase
activity), to be conserved in both sulfur oxidizers and sulfate/
sulfite reducers (26, 27). In addition, D. vulgaris dsrC is one of
the most highly expressed genes in the cell with twice the
expression level of dsrAB (28), pointing to an important role in
cellular metabolism. Interestingly, homologues of DsrC, like
YccK, are also present in organisms that do not contain dSiRs
such as Escherichia coli and Hemophillus influenzae. YccK
(renamed as TusE) was recently shown to be involved in sulfur-
transfer reactions as part of the biosynthesis of thio-modifica-
tions of bacterial tRNA wobble positions (29). This work pro-
vided the first functional assignment of a DsrC-like protein in
sulfur metabolism, with important implications to the dissimi-
latory processes where the function of DsrC has not yet been
elucidated. The functional part of DsrC seems to be a C-termi-
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nal flexible arm, which displays several strictly conserved resi-
dues including a cysteine that is the penultimate one (30).

In this work, we report the structure of Dvir, the dSiR from
D. vulgaris Hildenborough in which the DsrAB proteins are
bound to DsrC. This structure resolves several long standing
questions about dSiRs and suggests a function for DsrC that has
important implications regarding the mechanism of sulfate
reduction.

EXPERIMENTAL PROCEDURES

Protein Crystallization and X-ray Data—Dvir from D. vul-
garis Hildenborough (DSM 644) was purified as described pre-
viously (32). A detailed description of the crystallization and
structure solution of Dvir by multiple-wavelength anomalous
dispersion based on the iron is presented in Ref. 32. In sum-
mary, small dark green crystals were obtained in 12.5% polyeth-
ylene glycol 4000, 0.1 m Tris-HCI, pH 8.5, 0.2 M MgCl, and were
cryoprotected with the crystallization solution supplemented
with 20% glycerol. Crystals belong to the monoclinic space
group P2, (@ = 122.7,b = 119.4, and ¢ = 146.68 A, B = 110.0°)
with two a,f3,7, units per asymmetric unit corresponding to a
solvent content of ~51%. A three-wavelength multiple-wave-
length anomalous dispersion data collection to 2.9 A was car-
ried out on the tunable beamline ID29 at the European Syn-
chrotron Radiation Facility (ESRF), Grenoble, France.

Further efforts were undertaken to improve crystal x-ray dif-
fraction, which included many crystallization set-ups with the
same or similar experimental conditions to overcome low crys-
tallization reproducibility and very poor crystal quality (low
resolution, multiple and anisotropic diffraction patterns).
Additional x-ray data were later measured at the ESRF ID23-2
beamline using an ADSC Q315 CCD detector. A data set with
300 images was collected at 0.933 A, with an oscillation angle of
0.5° and an exposure time of 9 s/image. The x-ray data were
integrated using the XDS program (33). Data merging and con-
version to structure factor amplitudes were carried out respec-
tively with SCALA (34) and TRUNCATE (35) from the CCP4
suite (36). Crystals diffract to 2.1 A and belong to the same
space group (P2,) as the 2.9 A data set, but with different cell
parameters: 2 = 65.41, b = 118.91, and ¢ = 132.25 A, B=104.1°
with one a,f3,7, assembly in the asymmetric unit and solvent
content of ~50%.

Structure Determination and Refinement—Because the two
measured crystals are not isomorphous, the 2.1 A data set struc-
ture was solved by molecular replacement with MOLREP (37)
using the 2.9 A model as a template (two a7y units were found).
Further refinement (using non-crystallographic symmetry
restraints) was carried out with BUSTER (38) and model build-
ing using Coot (39). 5% of reflections were randomly excluded
from the refinement for cross-validation (R, calculation). The
electron density maps are generally well defined (better for
chains ABC than DEF, as reflected by the higher average isotro-
pic thermal motion parameters), except for some surface loops.
The two aBy units are very similar (r.m.s. deviation of 0.2 A for
919 aligned residues), so chains A, B, and C will be used to
describe the Dvir structure. The final model comprises 1818
amino acid residues, 2 sirohemes, 2 sirohydrochlorins, 8
[4FedS] clusters, 2 sulfite ions, and 1016 water molecules. The
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TABLE 1
Crystallographic data processing and refinement statistics

Values in parentheses show the statistics of the highest resolution shell (2.21-
2.10 A).

Data collection

Wavelength (A) 0.933

Space group P2,

Unit cell parameters (A,°) a = 65.41, b = 118.90, ¢ = 132.45,
B = 104.1

Resolution range (A) 40.29-2.10 (2.21-2.10)

Unique reflections 112244 (14772)

o (I) 13.2(2.0)

R () 4.7 (44.9)

R (%)” 3.8 (38.1)

Completeness (%) 98.1 (88.7)

Multiplicity 3.1 (2.4)

Wilson B (A?) 36.8

Refinement
No. amino acid residues in 1818

asymmetric unit

Other moieties

Siroheme (SRM) 2 (with iron) + 2 (iron-free)
Fe,S, clusters 8
SO2~ 2
Water 1016
R/R-free (%) 19.0/21.9
Average B-factor (main-chain) (A2)
Chains A and B/C 31.9/42.9
Chains D and E/F 47.2/56.1
Solvent molecules 43.7
r.m.s. bond length deviation from 0.005
ideal values (A)
r.m.s. bond angle deviation from 0.944

ideal values (°)

@ Rpnerge = 2h Yi|fi(h) — (I(h))|/>h Yi Ii (h), where I is the observed intensity, (1) is
the average intensity of multiple observations from symmetry-related reflections,
and N is redundancy.

? Ry = >h [1/(N-1)]1/2 i [fi(h) — (I(h) )|/>h i Ji (h), where I is the observed
intensity, () is the average intensity of multiple observations from symmetry-
related reflections, and N is redundancy.

Ramachandran plot shows that 87.4% of the residues lie in most
favored regions and only 0.4% fall in disallowed regions. Figs.
1-4 were generated using PyMOL (40).

RESULTS

The Crystal Structure of Dvir—The 2.1 A final model of Dvir
was refined to an R-factor of 19% (Ry,.. of 21.9%). Statistics of
data processing and refinement are listed in Table 1. This
model contains two af7y units (a: residues 2—437 of DsrA,
chains A and D; B: residues 2—381 of DsrB, chains B and E; and
7v: residues 3—105 of DsrC, chains C and F) (Fig. 14). The
3,77, assembly has overall dimensions of ~125 X 100 X 60 A
and a total surface area of about 55,720 A% The interface area
between the two a8 units is 6,100 A%, which represents ~11% of
the total dimer surface area. This interface is mainly hydro-
philic with an important contribution from the DsrA C-termi-
nal tail that embraces DsrB from the other af3 unit, and to a
lesser extent, the C terminus of DsrB (Fig. 1B). This demon-
strates a strong interaction between the two af3 units that cor-
roborates the a,3, minimal composition proposed for all
dSiRs.

DsrAB Structure and Cofactor Binding—The «-, -, and
y-proteins correspond respectively to DsrA, DsrB, and DsrC.
The structures of the DsrA and DsrB subunits are very similar.
Both proteins can be divided into three main domains (A1/B1,
A2/B2, A3/B3), which can be superimposed with an r.m.s. devi-
ation of 1.96 A for 321 equivalent Ca atoms, despite sharing
only 20% sequence identity (Fig. 1C). Apart from the three sim-
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ilar domains, the structures of DsrA and DsrB include N- and
C-terminal tails that are distinct in the two proteins.

The Al and B1 domains (residues 19A-168A and 24B-134B,
respectively) show an antiparallel four- or five-stranded
B-sheet, flanked by a pair of a-helices with two additional hel-
ices in the N-terminal region of the A1 domain. The A2 and B2
domains (residues 169A-241A and 323A-402A and residues
135B-207B and 278B-365B, respectively) consist of a five-
stranded B-sheet bundled with several «-helices. These
domains bind a [4Fe4S] cluster (cluster 1) that is part of the
siroheme-[4Fe4S] cofactor (Fig. 1, A and C). In the A2 domain,
this cluster is coordinated by four cysteines (Cys-177A, -183A,
-221A, -225A), which are strictly conserved among dSiRs and
form the CX,CX,CX,C motif previously identified as the
sequence motif for binding of the siroheme-[4Fe4S] cofactor in
both aSiRs and dSiRs (5, 41). Notably, the [4Fe4S] cluster bound
by DsrA is in close proximity to a sirohydrochlorin group, i.e. a
siroheme that is demetallated (Fig. 2A4). The sirohydrochlorin is
buried in the interior of the protein and sits on the interface
between DsrA and DsrB. In the B2 domain, the iron-sulfur clus-
ter is also coordinated by four cysteines (Cys-151B, -188B,
-189B, and -193B) but in a different sequence motif
CX,CCX,C. The absence of the CX,CX, CX,C motif in DsrB
led to the idea that this protein would not bind a siroheme-
[4Fe4S] cofactor, which is now shown not to be true. The
CX,,CCX,C motif responsible for binding the catalytic cluster 1
in DsrB is conserved in most dSiRs (with the exception of DsrB
from Pyrobaculum aerophilum, which has the same
CX,CX,CX,C motif in both DsrA and DsrB) and is quite
unusual in having two consecutive cysteines ligating the cluster.
There are only two examples where this has been reported
structurally: for cluster N2 in the Nqo6 subunit of Thermus
thermophilus complex I (42) and for Pseudomonas aeruginosa
adenosine phosphosulfate reductase (43). Recently, tandem
cysteine coordination of a novel [4Fe4S] cluster has also been
proposed for a large family of CCG proteins (which includes
DsrK) by site-directed mutagenesis (44). Close to cluster 1 of
DsrB is a siroheme group that is coupled to the cluster through
Cys-193B, positioned at ~2.4 A from both (Fig. 2B). Thus, in
Dvir, the DsrB protein contains the typical exchange-coupled
siroheme-[4Fe4S] cofactor previously identified in aSiRs,
aNiRs, and dSiRs as the catalytic site for sulfite or nitrite reduc-
tion (9, 12, 13), whereas the DsrA protein contains a demetal-
lated siroheme that is obviously not catalytic.

The A1A2B1B2 domains of Dvir form a unit that is compa-
rable with the structures of siroheme aSiR and aNiR. There are
two structures of aSiRs described, the truncated sulfite reduc-
tase hemoprotein from E. coli (14) and the monomeric NirA
protein from Mycobacterium tuberculosis (45), and one struc-
ture of an aNiR from spinach (46). Despite the low degree of
sequence identity (below 25%), these three structures show an
overall similarity in the folding arrangement, and all contain
one siroheme-[4Fe4S] cofactor. A structural comparison of
Dvir with the aSiRs and aNiR shows that the domains A1A2 of
DsrA can be superimposed with half of the parachute domain
(domain 1 in aSiRs) and the siroheme binding domain (domain
2 in aSiRs), whereas the domains B1B2 of DsrB can be superim-
posed with the other half of the parachute domain and the
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A1B1

FIGURE 1. Structure of the DsrAB sulfite reductase bound to DsrC. A, secondary structure representation of
the a,B,7, assembly (DsrAB sulfite reductase bound to DsrC), with the cofactors in ball-and-stick mode. DsrA
(chains Aand D) is colored blue, DsrB (chains B and E) is magenta, and DsrC (chains Cand F) is green. The distance
between the cofactors from one afvy unit is displayed on the right side. Color code is yellow, carbon; red,
oxygen; blue, nitrogen; brown, iron; and green, sulfur. B, molecular surface of the a, 3,7y, assembly with one a8y
unitin gray and the other colored according to A. C, superposition of DsrA and DsrB. N-term, N terminus; C-term,

Cterminus.

[4Fe4S] coordinating domain (domain 3 in aSiRs). In this ori-
entation, the catalytic siroheme-[4Fe4S] cofactor of Dvir is in a
similar position to the aSiR cofactors. Superposition of these
Dvir domains with the aSiR and aNiR structures yields r.m.s.
values in the range 2.4—2.8 A for the aligned Ca atoms. This
similarity supports the proposals of a common ancestor for
dSiRs, aSiRs, and aNiRs (7, 10, 14).

The A2/B2 domains of DsrA/DsrB are interrupted by inser-
tion of the A3/B3 domains (residues 242A-322A and 208B-
277B) that display a typical ferredoxin fold. These domains fold
into two two-stranded 3-sheets surrounded by three a-helices
and bind one [4Fe4S]cluster (cluster 2), coordinated by four
cysteines (Cys-284A, -288A, -306A, and -309A in DsrA and
Cys-231B, -258B, -261B, and -264B in DsrB) (Fig. 1, A and C).
Cluster 2 of the DsrB ferredoxin domain is 13 A from the siro-
heme-coupled cluster 1 and 6.5 A from the protein surface.
This arrangement suggests that cluster 2 is positioned to trans-
fer electrons from a yet unidentified external electron donor to
cluster 1 of the catalytic cofactor. The way the ferredoxin
domain interrupts the A2/B2 domain agrees with the proposal
that a ferredoxin gene was inserted into an ancestral gene for a
siroheme-[4Fe4S] binding reductase (5). In this respect, it is
quite interesting to note that when the structure of a DsrAB
dimer is aligned with the structure of the spinach aNiR (for
which ferredoxin is the electron donor), with the two sirohemes
superimposed, the ferredoxin domain of DsrB is in the actual
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position where spinach ferredoxin
has been modeled to bind to the
aNiR (46). This indicates that the

D > ancestral siroheme-[4Fe4S] binding
® o reductase was probably made more
o efficient by incorporating its elec-
tron donor as another domain in its

q sequence.
The recently reported structure
of the Archaeoglobus fulgidus dSiR
(31) includes only the a,B, unit of
DsrAB. Overall, this structure is
quite similar to the structure of the
DsrAB proteins from D. vulgaris,
apart from some small differences in
the N and C termini of both sub-
units and two longer loops in the
% ferredoxin domains (see supple-
mental Fig. S2). The most notewor-
thy difference lies in the fact that
dSiR from A. fulgidus has four siro-
hemes and no sirohydrochlorin.

The Catalytic Site—The siro-
heme and sirohydrochlorin groups
are located in the interior of the
molecule, in the interface between
DsrA and DsrB, with the closest dis-
tance to the protein surface of ~14
A. The catalytic siroheme is sur-
rounded on the proximal side by
residues that belong to DsrB. In
contrast, the distal side of the heme,
where the substrate will bind, is surrounded by basic residues
that belong to DsrA, namely Arg-83, Arg-101, Arg-172, Lys-
213, Lys-215, Lys-217, Arg-231, Arg-376, and Arg-378. These
residues are strictly conserved in dSiRs and create a positive
pocket in the active site that favors the binding of the negatively
charged sulfite and may also be involved in providing some of
the protons necessary for sulfite reduction. Moreover, several
of these residues are establishing H-bonds or salt bridges with
the siroheme carboxylate groups and are important for coun-
terbalancing the negative charge of these groups and thus for
protein stabilization. Residues Arg-71, His-150, and His-152 of
DsrB are also involved in this role. These features of the active
site of Dvir are also present in the aSiRs and aNiR (14, 32, 33),
and a structure-based sequence alignment shows conservation
of the residues involved in forming the active site and stabilizing
the siroheme carboxylates.

At the distal side of the catalytic siroheme, residual density is
observed, indicating the presence of an axial ligand bound to
the iron, which was assigned as a sulfite ion due to its trigonal
pyramidal shape combined with the presence of positively
charged residues oriented toward the negatively charged oxy-
gen atoms of the sulfite ion. The electron density was well fitted
with sulfite as there were no significant residual negative or
positive electron density peaks. It is quite clear that an atom
lighter than sulfur (e.g carbon, nitrogen, oxygen) cannot be
fitted at the central position. Sulfite is coordinating the siro-
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Cys 104 C
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FIGURE 2. The sirohydrochlorin group of DsrA and the siroheme-[4Fe4S] active site of DsrB. A-C, electron
density maps (2F, — F. contoured at 1. 5 ) around the sirohydrochlorin group and cluster 1 of DsrA (A), the
siroheme and cluster 1 of DsrB (B); and the siroheme iron of DsrB, bound SO3~ and C-terminal arm of DsrC (in
stereo) (C). The F, — F. OMIT map is shown for sulfite ion and Sy of Cys-104C (3.5 o contour). The amino acid
residues and water molecules (red spheres) that are hydrogen-bonded with sulfite are also displayed. The color
code is the same as in Fig. 1, except for carbon atoms of substrate interacting residues (gray) and DsrC C-ter-

minal arm (orange). SRM B, siroheme B.

heme iron through its sulfur atom (~2.4 A), with its oxygen
atoms establishing H-bonds with Arg-101A, Arg-172A, Lys-
213A, and Lys-215A and also with two water molecules (Fig.
2C). The four basic residues that interact directly with the sub-
strate are strictly conserved in dSiRs and aSiRs, whereas in spin-
ach aNir, Lys-215 is replaced by Asn-226, which has been asso-
ciated with a switch in substrate preference from sulfite to
nitrite (45, 46). At the distal side of the sirohydrochlorin group
in Dvir, the crucial residues Arg-172A and Lys-213A of the
active site are replaced by Ser-140B and Pro-181B (Ser-130B
and Met-170B for the structural heme in A. fulgidus dSiR).
We have also identified a possible substrate channel (Fig.
3A). The molecular surface of Dvir shows that the distal face of
the catalytic siroheme B is solvent-accessible through a channel
(~9 A wide, 6 A high, and 20 A deep), with one side formed by
residue Tyr-212A and loops 334A-336A and 374A-381A and
the other side formed by residues on helices 225B-230B and
263B-267B. The positive electrostatic potential at the entrance
of this channel, which extends into the active site, facilitates the
entrance of the negatively charged substrate molecule. This
substrate channel is not present in the case of the DsrA sirohy-
drochlorin group due to the presence of bulkier residues, such
as Arg-283A and Tyr-334B, which block the access to the
demetallated siroheme in DsrA. In the A. fulgidus dSiR, the
substrate binding site of the DsrA siroheme is also blocked by a
tryptophan residue that is sitting right above the iron. In addi-
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tion, there is an extended loop that
blocks access to this heme, which
was proposed to have a structural
role (31). This loop is absent from
Dvir, but in its place, there is an
extended loop from the DsrA
ferredoxin domain (Gly-257A to
Asp-275A) that also shields access
to the sirohydrochlorin.

Structure of DsrC Bound to
DsrAB—The evidence so far avail-
able for DsrC indicates that it is
likely to have an important role in
sulfite metabolism, and there have
been several proposals for its
involvement in the sulfite reduc-
tion/sulfide oxidation pathway
(25, 26, 30, 47). DsrC contains a
highly ~ conserved  C-terminal
sequence that includes two cys-
teines. The penultimate residue,
Cys-104C in D. vulgaris, is strictly
conserved in all family members
(including YccK/TusE), whereas
the previous one (Cys-93C) is con-
served only in DsrC proteins that
are involved in dissimilatory sulfur
metabolism. This suggests the
possible involvement of a disulfide
bridge between these two cys-
teines as a redox-active center in
the sulfite reduction pathway, and
one of the proposals is that DsrC could act as an electron
donor for DsrAB (30, 47).

The structure of DsrC bound to DsrAB comprises 105 resi-
dues (Glu-3 to Val-105) and has a mainly helical fold (six a-hel-
ices and one 3/10 helix) with a two-stranded-f-sheet at the N
terminus (Fig. 1C). DsrC is enclosed in a cleft formed by the
DsrA and DsrB subunits and establishes several hydrogen
bonds with both (Fig. 3, B and C). The C-terminal arm of DsrC
extends into the interface between DsrA and DsrB, where it
reaches the siroheme (Figs. 2C and 3C). DsrC and DsrAB are
associated through a large interface area of 3,090 A? that corre-
sponds to ~24% of the total area of DsrC, 4% of DsrA, and only
2.4% of DsrB, which become inaccessible to solvent due to
the complex formation. The DsrC-DsrAB interface has a
pronounced polar character comprising several hydrogen
bonds (10 H-bonds between DsrC and DsrA and 3 H-bonds
with DsrB), many water molecules, and only a few hydropho-
bic contacts.

The D. vulgaris DsrC structure is quite similar to the other
known DsrC structures from P. aerophilum (30), A. fulgidus
(47), and Allochromatium vinosum (Protein Data Bank code:
1YX3). The only major structural difference among these struc-
tures is in the C-terminal segment. In the NMR structures of
P. aerophilum and A. vinosum DsrC, the C-terminal arm is very
disordered and in an extended configuration, whereas in the
A. fulgidus crystal structure, the C-terminal arm is retracted
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ment by the ring. Whatever its
nature, this side reaction is most
probably caused by contact with
oxygen during aerobic purification
of the enzyme because it is highly
unlikely that the link could be
formed during normal turnover
conditions as it would be highly
inhibitory. The observed DsrAB-
DsrC cross-linked complex can
explain the very low levels of activity
of aerobically isolated Dvir when
compared with the activity of whole
cells. This cross-link also explains
why only sirohydrochlorin and not

FIGURE 3. Substrate and DsrC-binding channels. A, molecular surface of one a3y unit showing the substrate
channel, with a zoomed view of the channel entrance, containing a randomly placed SO2™ ion for scale; the
distal site of the siroheme (in yellow) is solvent-accessible. The color scheme is as in Fig. 1. B, surface represen-
tation of DsrAB with DsrC displaced from its binding position. The siroheme (in yellow) can be seen in the
interior of the cleft formed between DsrAB. C, secondary structure view of one DsrABC unit with A. fulgidus
DsrC (PDB code: 1SAU) superposed. The zoomed image shows the extended C-terminal arm of the D. vulgaris

the siroheme can be extracted from
Dvir (22).

DISCUSSION

The structure of D. vulgaris Dvir
shows that it contains two sirohe-
mes, two sirohydrochlorins and 34
irons per a,f3, unit, finally settling
the debate on the cofactor content
of this protein. The nature of the
catalytic site was confirmed to be a
coupled siroheme-[4Fe4S] cofactor.
The presence of the catalytic cofac-
tor in DsrB rather than DsrA was
unexpected, as well as the presence
of fully demetallated siroheme in
DsrA. To the best of our knowledge,
this is the first time that a metal-free

DsrC reaching the heme and the retracted arm from A. fulgidus DsrC. The two conserved cysteines of each DsrC

are represented in stick mode, a dashed black line showing the close contact between Cys-103 and Cys-114in
A. fulgidus DsrC. Some water molecules at the interface are displayed as red spheres.

and in contact with the rest of the protein, such that the two
conserved cysteines come in van der Waals contact (Fig. 3C).
Treatment with an oxidizing agent leads to the formation of a
disulfide bond between them (47). In the D. vulgaris model, the
extended C-terminal arm of DsrC has its Cys-104C positioned
right next to the substrate binding side (Figs. 2C and 3C). This
configuration strongly suggests an involvement of Cys-104C in
the reduction of sulfite. Cys-93C is 18 A away from Cys-104C,
so a disulfide bond between the two is not possible in this
configuration.

Remarkably, the Sy of Cys-104C is only 1.9 A from the 20'-
meso carbon of the porphyrin ring of siroheme B, indicating
that there is a cross-link from Cys-104C to the heme (Fig. 2C).
This observation is unexpected as it fixes the interaction
between DsrC and DsrAB and conflicts with the observation
that for most dSiRs, the DsrC protein is not found associated
with DsrAB. Therefore, the interaction between Cys-104C and
siroheme B should be transient in nature. There are several
possible mechanisms that could generate this cross-link, like
formation of a r-cation radical in the siroheme, which could be
quenched by reaction with the nearby Cys-104C or generation
of a sulfenic acid on Cys-104 followed by attack and displace-
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heme has been reported in a protein
structure. However, it has long been
reported that Dvir contained siro-
hydrochlorin in uncertain amounts (22), which is responsible
for its characteristic absorption peak at ~628 nm. This peak is
detected even in whole bacterial cells (48), revealing that the
presence of this chromophore is not the result of iron loss dur-
ing protein purification. Several factors, such as the absence of
a substrate channel and the lack of two of the four crucial pos-
itive residues conserved at the active site of the several siro-
heme-containing reductases, indicate that the cofactor in DsrA
would not be catalytic even if it had iron. Most dSiRs are
reported to contain two sirohemes per a,f3, unit (for example,
see Refs. 5,7, 13 and 21). However, apart from Dvir, no dSiR has
the characteristic absorption at 628 nm, indicating that they do
not contain sirohydrochlorin. Because only two sirohemes are
catalytically active in Dvir, it is possible that only the two cata-
lytic sirohemes are present in other dSiRs. The presence of four
sirohemes in the structure of A. fulgidus dSiR was unforeseen
because siroheme quantification of this protein had yielded two
hemes per a,f3, unit (5). This suggests that the heme quantifi-
cation method is not reliable, so the actual number of sirohe-
mes in other dSiRs is yet to be firmly established. Nevertheless,
only two of the four A. fulgidus dSiR sirohemes are proposed to
be catalytic because in the other two, the substrate binding site
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FIGURE 4. Schematic representation of the proposed sulfate reduction mechanism. Sat, sulfate adeny-
lyltransferase; ApsAB, adenosine phosphosulfate reductase; QmoABC, membrane complex that is the probable
electron donor to ApsAB. C-SH represents the thiol group of Cys-93, C-S-SH a persulfide group of Cys 104, and

C-S-S-C the disulfide bond between the two Cys. SH, Src homology.

is blocked, and some crucial positive residues are also missing.
Therefore, for both dSiRs, only two catalitically active siro-
hemes are present per a,f3, unit, whereas in aSiRs, the second
catalytic heme that should be present was lost during evolution
(9). These observations suggest that in both families (aSiRs and
dSiRs), the process of gene duplication was associated with loss of
function from one of the catalytic sites. In aSiRs, this center is no
longer present, whereas in dSiRs, it may still be present, but with-
outa catalytic role. In the particular case of Dvir from Desulfovibrio
spp., this center has no iron bound to the porphyrin. It is quite
intriguing why this iron is not present as this is an absolutely
unprecedented situation. By comparing the structures of A. fulgi-
dus and D. vulgaris dSiRs, we could find no obvious difference
surrounding the prosthetic group of DsrA that could explain why
one retains the iron and not the other. Nothing is really known
about how siroheme (or sirohydrochlorin) is inserted into pro-
teins, so it is difficult to speculate as to in which step iron is lost (or
not inserted) into the DsrA heme of Dvir.

Regarding the positively charged active site of Dvir, it is quite
striking that so many of its characteristics are shared with those
of aSiRs, indicating that this is not the main factor affecting the
difference in products observed between both types of
enzymes. However, there are a few noteworthy differences in
the active site residues of Dvir in comparison with the aSiRs. In
particular, two positive residues of the aSiRs that are making
salt bridges to the carboxylate groups of acetate 12’ (Arg-117 of
E. coli aSiR) and acetate 18’ of the siroheme (Arg-214 of E. coli
aSiR) are replaced by Thr-136A and Tyr-212A, respectively,
two residues that are conserved in dSiRs (except in P. aerophi-
lum). Also, a strictly conserved glutamine in aSiRs and aNiRs
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(GIn-121 of E. coli aSiR), which is
H-bonded with the carboxylate of
propionate 3, is absent in dSiRs. A
strictly conserved arginine of dSiRs,
f { 2 Arg-83A in Dvir, is also making a

o salt bridge with the same carboxy-

Eﬁﬁ&%@sg i?im% )ﬁ late and is absent in aSiRs. These
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Y localized differences may affect the

electronic density at the siroheme in
such a way that may have an effect
on the sulfite reduction mechanism
of dSiRs relative to aSiRs. It is also
interesting to compare the active
site residues of dSiRs with the rSiRs,
which in theory catalyze the reverse
reaction, i.e. oxidation of sulfide to
sulfite. It is striking that all of the
residues highlighted above for Dvir
are also conserved in rSiRs, with the
exception of Arg-376 of DsrA and
His-152 of DsrB, which are estab-
lishing H-bonds with acetates 18’
and 2’ of the siroheme. The acetate
2' has been proposed to contain an
amide instead of a carboxylic group
(49). However, at the current
resolution, it is not possible to
differentiate between oxygen and
nitrogen atoms at this position.

The elucidation of the interaction between DsrAB and DsrC
is a major step in our understanding of the role of this small
protein in sulfite reduction. DsrC has a highly conserved C ter-
minus that is very disordered in solution, indicating that it is a
site of interaction with other proteins. In contrast, in the crystal
structure of A. fulgidus DsrC, the C terminus is found in a dif-
ferent conformation, close to the rest of the protein, such that
the two strictly conserved cysteines come within bonding dis-
tance of each other. Our structure shows that when DsrC inter-
acts with DsrAB, its C terminus is extended and inserts into a
cleft between both proteins, in a way that brings its penultimate
cysteine in close contact to the siroheme. The position of DsrC
Cys-104 near the siroheme active site is extremely relevant and
has important implications for the mechanism of sulfite reduc-
tion. It is important to note that aSiRs, which do not interact
with DsrC-like proteins, reduce sulfite directly to sulfide,
whereas in vitro, dSiRs display a very low activity (suggesting
the need for partner proteins) and form a mixture of products
that is probably not physiologic. The presence of Cys-104C so
close to the siroheme strongly suggests its involvement in bind-
ing either the substrate or the product or in the catalytic reac-
tion. Given the difference in products between aSiRs and dSiRs
and the fact that a sulfite ion is found at the active site, it seems
more likely that DsrC is involved in the catalytic reaction
and/or binding the product. In turnover conditions, the Sy
atom of Cys-104C may be positioned right next to the substrate
molecule because a rotamer of Cys-104C can be easily oriented
toward the siroheme distal site so that its Sy atom is only 2.4 A
away from one of the oxygen atoms of the sulfite ion. We pro-
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pose that in dSiRs, the reduction of sulfite involves not a six-
electron but a four-electron reduction to form an S° interme-
diate, which is then transferred to Cys-104C of DsrC to form a
persulfide (Fig. 4). Once DsrC dissociates from DsrAB, Cys-93C
can reduce this persulfide, releasing H,S and forming a Cys-93—
Cys-104 disulfide in DsrC. This oxidized form of DrsC may
then be reduced by the membrane-bound DsrMKJOP complex,
which contains a cytoplasmic catalytic subunit (DsrK) similar
to heterodisulfide reductases and has an unusual catalytic iron-
sulfur center for putative reduction of disulfide bonds (26). The
reduced DsrC can then enter another catalytic cycle and bind to
DsrAB. Thus, two of the electrons for sulfite reduction would
derive from the quinone pool (via DsrMKJOP and DsrC), and
the other four would derive from the unknown electron donor
to Dvir. The involvement of the DsrMKJOP complex provides a
link between membrane quinol oxidation and dSiR, which can
explain the fact that proton translocation is observed upon
reduction of sulfite (50). Thus, a persulfide of DsrC would be a
crucial intermediate in the reduction of sulfite. The involve-
ment of persulfides as a form of “activated sulfur” is well known
in several biological pathways such as the biosynthesis of FeS
clusters and other cofactors (51). In the DsrC homologue YccK/
TusE, a persulfide of the cysteine corresponding to Cys-104C is
also involved in the sulfur transfer reactions performed by this
protein (29). The SoxYZ protein of sulfur oxidizers is another
example of a protein that carries sulfur intermediates on an
external mobile arm containing a conserved cysteine (52).

The observed cross-link between DsrC and the siroheme
explains why in Dvir the association between this protein and
DsrAB is stable, whereas in other dSiRs it must be transient.
This unexpected feature may result from one of several possible
mechanisms, most likely as a result of aerobic purification of
the enzyme. One possibility is the formation of a 7-cation rad-
ical in the siroheme. One of the characteristics of isobacterio-
chlorins (porphyrins in which two adjacent pyrrole rings are
reduced, as sirohydrochlorin) relative to porphyrins and chlor-
ins is the greater ease with which these macrocycles can be
oxidized to generate a 7-cation radical species (53). In model
compounds, ring oxidation in isobacteriochlorins occurs
before oxidation of the metal. The possibility of forming a
m-cation radical has been invoked as one of the reasons for
which sirohemes may have been selected for the reduction of
sulfite and nitrite as it permits an extra electron to be generated
at the active site (54). In the structure of the dSiR from M. fu-
berculosis, an unusual covalent bond is also found between the
side chains of Tyr-69 and Cys-161, in a position relative to the
siroheme very similar to that of Cys-104C (45). We believe that
this covalent link may also be the result of oxidation by a 7-cat-
ion radical species. There are other reports of the presence of
cross-linked amino acids close to the active sites of redox met-
alloenzymes such as galactose oxidase, cytochrome ¢ oxidase,
catechol oxidase, and others (Ref. 55) and references therein),
for which the significance is mostly unknown. For example the
Tyr-Cys cross-link present in galactose oxidase forms sponta-
neously upon exposure to Cu(I) and oxygen through a free rad-
ical mechanism (55). Autocatalytic reactions are common in
heme modifications like in heme oxygenase, mammalian per-
oxidases, and cytochrome P450 (56). However, covalent cross-
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links between porphyrin meso carbons and proteins are very
unusual but have been reported in hydroxylamine oxidoreduc-
tase and cytochrome P460 from Nitrosomonas europea (57). To
the best of our knowledge, this is the first time a covalent link is
observed involving a heme meso carbon and a cysteine residue.
The A. fulgidus dSiR, which was purified anaerobically, does
not include DsrC (31). We recently obtained crystals from
anaerobically purified Dvir, which still showed the presence of
the cross-link. However, it is not possible to discard the possi-
bility of transient contact with oxygen during protein or crystal
manipulations. Further work will be necessary to elucidate the
conditions that lead to this unusual link between the siroheme
and DsrC.

The mechanism proposed herein can explain several pend-
ing questions regarding the process of sulfite reduction, namely
the role of DsrC and its two conserved cysteines, the role of the
DsrMKJOP complex, and why in vitro the dSirs do not form
sulfide but a mixture of products that depend on the reaction
conditions (and are probably the result of sulfite reacting with
semireduced species at the siroheme). It is interesting that in
whole cell extracts of D. vulgaris, the product detected for
reduction of sulfite was only sulfide, whereas after removal of
the membrane fraction, the mixture of products was observed
(58). It has also been reported that a form of Dvir purified from
the membranes (possibly containing small amounts of the
DsrMKJOP complex) forms sulfide as the major product, in
contrast to the same protein isolated from the soluble fraction,
which formed a mixture of products (59). In the phototrophic
sulfur oxidizer A. vinosum, the DsrKJO proteins were co-puri-
fied with DsrAB and DsrC, supporting an association between
these proteins also in the reverse pathway (25).

The elucidation of the way DsrAB interacts with DsrC has
important implications because it shows that this protein has a
role in sulfite reduction. The involvement of other proteins
besides the DsrAB may require a reassessment of the models
used to date ancient sulfur metabolism on geological samples
based on sulfur isotope fractionations. Because such fraction-
ations depend on which steps limit the sulfate reduction proc-
ess, the proposal of a new mechanism involving new proteins
may demand a re-evaluation of such models (60). This will in
turn require a more detailed understanding of the steps
involved in sulfate and sulfite reduction.
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Addendum—While we were in the final stages of preparing this
manuscript, the structure of the «,3, dSiR from A. fulgidus was also
published (31), which includes only the DsrAB proteins.
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