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ABSTRACT: A vital process in the biogeochemical sulfur cycle is the dissimilatory sulfate reduction pathway in
which sulfate (SO, ) is converted to hydrogen sulfide (H,S). Dissimilatory sulfite reductase (dSir), its key
enzyme, hosts a unique siroheme-[4Fe-4S] cofactor and catalyzes the six-electron reduction of sulfite (SO5>")
to H»S. To explore this reaction, we determined the X-ray structures of dSir from the archaeon Archaeoglobus
Sfulgidus in complex with sulﬁte sulfide (S*7), carbon monoxide (CO), cyanide (CN™), nitrite (NO, "), nitrate
(NO; "), and phosphate (PO,*"). Activity measurements indicated that dSir of A. fulgidus reduces, besides
sulfite and nitrite, thiosulfate (S,05°7) and trithionate (S304° ) and produces the latter two compounds
besides sulfide. On this basis, a three-step mechanism was proposed each step consisting of a two-electron
transfer, a two-proton uptake, and a dehydration event In comparison, the related active site structures of the
assimilatory sulfite reductase (aSir)— and dSir—SO5>~ complexes reveal different conformations of Argo170
and Lyso211 both interacting with the sulfite oxygens (its sulfur atom coordinates the siroheme iron), a sulfite
rotation of ~60° relative to each other, and different access of solvent molecules to the sulfite oxygens from the
active site cleft. Therefore, solely in dSir a further sulfite molecule can be placed in van der Waals contact with
the siroheme-ligated sulfite or sulfur—oxygen intermediates necessary for forming thiosulfate and trithionate.
Although reported for dSir from several sulfate-reducing bacteria, the in vivo relevance of their formation is

questionable.

Since the early stages of Earth’s biogeochemical evolution (1),
sulfur compounds have been recruited by microbes as electron
donors or acceptors for energy conservation (2, 3) and for the
biosynthesis of sulfur-containing amino acids and cofactors (4).
Both processes, termed dissimilatory and assimilatory, use the
element in oxidation states from STV to S™Y, with sulfate (SO42_),
elemental sulfur ((S°)), and hydrogen sulfide (H,S) being the most
abundant sulfur compounds on Earth. The dissimilatory reduc-
tion of sulfate to hydrogen sulfide proceeds via three major
steps catalyzed by ATP sulfurylase (ATP + SO,*~ — adenosine
5'-phosphosulfate + PP;), adenosine-5'-phosphosulfate reductase
(adenosine 5'-phosphosulfate — AMP + SO5>7), and sulfite
reductase (SO;>~ — H,S). The oxidative process runs in
the reverse direction. The assimilatory sulfite reduction includes
an additional phosphorylation step at the adenosine 5'-phos-
phosulfate level.

Sulfite reductases are key enzymes of sulfur metabolism (35, 6)
because they catalyze the SO;* + 6e~ 4+ 8H™ — H,S + 3H,0
complex six-electron reduction. They have been subdivided corre-
spondingly into dissimilatory and assimilatory enzyme types
(dSir! and aSir, respectively) (3, 7). Two aberrant low-molecular
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weight sulfite reductases, an assimilatory type (§) and a dissim-
ilatory type (9), have been described recently. These enzymes are
not well understood and therefore not subjects of this report. In
addition, the sulfite reductase family includes assimilatory nitrite
reductases (/0) that catalyze the six-electron reduction of nitrite
to ammonia (NO,™ + 6e~ + 7H" — NH; + 2H,0).

dSirs and aSirs reveal both common and distinct properties.
Both classes contain a siroheme-Fe/S center that is composed of a
reduced porphyrin ring of the isobacteriochlorin class bridged to
a [4Fe-4S] cluster via a cysteine thiolate (/7). This magnetically
coupled metallo-cofactor possesses interesting spectroscopic
properties. Thus, the EPR spectra of dSir and aSir in the oxidized
state exhibited signals assigned to an S = >/, spin state (12)
resulting from a coupling between the siroheme and the [4Fe-4S]
cluster. dSir additionally exhibited resonance signals froman S = ?/,
system (/3) whose molecular basis is not understood. X-ray
structural analysis of aSirs from Escherichia coli (14) and
Mycobacterium tuberculosis (15), assimilatory spinach nitrite
reductase (16), and dSirs from Archaeoglobus fulgidus (17) and
Desulfovibrio vulgaris (18) reveals an architecturally related
trilobal core structure harboring the unique siroheme-[4Fe-4S]
site in the center of three a/f domains. The core of dSir is
organized as an off heterodimer that forms a heterotetrameric
(08), complex (Figure 1A). In several sulfate-reducing mircoor-
ganisms, the o8 units of dSir associate with one or two smaller
subunits, y and 0 (19, 20). Whereas subunit 0 is assigned a
regulatory role (2/), subunit y is postulated to be directly
involved in sulfite reduction (18, 22, 23). In the impressive
structure of the dSir anf,y, complex of D. vulgaris, the C-ter-
minal arm of subunit y extends toward the siroheme-[4Fe-4S]
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F1GURE 1: Overall architecture of dSir from A. fulgidus using the
highly resolved structure of the dSir—SO;*~ complex. (A) Ribbon
diagram of the o[, heterotetramer with the o subunits colored red
and orange, the  subunits light blue and gray, and the cofactors
green. The active site funnel is indicated by a yellow arrow. (B) Molec-
ular surface representation focusing on the active site funnel. The
sulfite ion (yellow for S and red for O) ligated to the catalytic siroheme
iron (green for C, blue for N, and brown and Fe) is connected to the
bulk solvent via a chain of firmly bound solvent molecules (red
spheres).

cofactor and a strictly conserved cysteine could thus transfer two
electrons to an intermediate sulfur—oxygen species bound to the
siroheme iron (/8). In contrast, the core of aSir is a monomeric
protein built of two fused modules that are structurally related to
subunits o and 5 (5) except for a ferredoxin domain only inserted
into the subunits of dSir. The [4Fe-4S] cluster of this ferredoxin
domain is considered as the terminal electron carrier to the
siroheme-[4Fe-4S] center in dSir (17, 18). The monomeric aSir
core acts (depending on the organism) in combination with an
electron-delivering ferredoxin or is integrated into an oyfs multi-
subunit complex in which the FAD-containing 5 subunit funnels
the electrons to the core (24, 25). While each aSir monomer binds
one siroheme-[4Fe-4S] center, dSir harbors two of them within
each o heterodimer (Figure 1A) (17, 18). Surprisingly, only one
siroheme-[4Fe-4S] center in each o3 heterodimer is catalytically
active, whereas the access to the second center is blocked. In the
crystal structure of the D. vulgaris dSir (18), the corresponding
inactive site is occupied by sirohydrochlorin, the demetalated
form of siroheme. Both analogies and differences in aSir and dSir
have allowed a scenario for the evolution of sulfite reductases to
be postulated (7).

The reactions of aSir and dSir reveal substantial differences.
While aSir usually converts sulfite directly to hydrogen sulfide
without the release of intermediates, dSir of various bacteria
produce, or to react with, other sulfur compounds such as

FIGURE 2: Specific activities of A. fulgidus dSir for the reduction of
sulfite, thiosulfate, and trithionate at different pH values. The
following buffers were used: 50 mM sodium citrate (pH 5.0—5.5)
and 50 mM KP; (pH 6.0—8.0). The specific activities were measured
at a substrate concentration of 3 mM, which is close to the saturation
concentrations of all three substrates.

thiosulfate (S,05°") or trithionate (S304° ) (26). In this work, we
will report on the reactivity of dSir of A. fulgidus (27) with respect
to sulfite and related sulfur oxyanions, and with respect to nitrite.
The catalytic siroheme-[4Fe-4S] center of dSir was probed
and a mechanism proposed for the six-electron reduction
of sulfite on the basis of the crystal structures of dSir in
complex with the substrate sulfite and the product sulfide,
with the classical heme ligands cyanide and carbon monoxide,
and with the oxyanions thiosulfate, trithionate, nitrite, nitrate,
and phosphate.

MATERIALS AND METHODS

Analytical Methods. dSir of A. fulgidus was purified under
exclusion of dioxygen as described previously (/7) and stored in
50 mM KP; (pH 7.0) and 150 mM NaCl. Its concentration was
determined with bicinchoninic acid (28). The enzymatic activity
for the reduction of sulfite, trithionate, and thiosulfate was col-
orimetrically determined at 83 °C using photochemically reduced
methyl viologen as the electron donor (Figure 2). Prior to activity
measurements, thiosulfate and trithionate were analyzed by
HPLC to ensure that they did not contain sulfite. The activity
assay consisted of 40 mM sodium oxalate, 0.75 mM methyl viologen,
10 uM S-deazaflavin, 50 mM sodium citrate (pH 5.0—35.5), or
50 mM KP; (pH 6.0—8.0). Enzyme (final concentration of 53 pM)
and substrate (final concentration of 3 mM) were added to a cuvette
sealed with a rubber septum using a gastight syringe. The reaction
was monitored by following the decrease in absorbance at 732 nm
(6730 = 3150 M~" em™") as a result of methyl viologen oxida-
tion (29). Nitrite reductase activity was determined following the
formation of ammonia (30). All assays were conducted in triplicate,
with standard deviations shown as error bars (Figure 2). Formation
and turnover of trithionate and thiosulfate were followed by the
cyanolysis method and subsequent photometric determination of
the Fe(III)—thiocyanate complex at 460 nm (31, 32); formation of
sulfide was followed at 670 nm with the methylene blue method
(33, 34). In parallel, the formation of hydrogen sulfide was mon-
itored on a filter paper soaked either with 20 uL of lead(1I) acetate or
with 20 uL of cadmium(II) acetate (10%, by mass) and 20 uL of
NaOH (12%, by mass) (35).
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FIGURE 3: Structure of the dSir—SO5>~ adduct (stereoview) (A) and the aSir—SO5>~ adduct (B). In dSir and aSir, sulfite, the positively charged

side chains, the siroheme carboxylates, and solvent molecules form a tight network of hydrogen bonds. The 2F,
structure are contoured at 1.50 and 5.00, respectively. Two water molecules of the solvent

(green) electron density maps of the dSir—SO;>~

— F,. (blue) and omit F, — F,

network are directly hydrogen-bonded to O1 and O3 of sulfite, while O2 is shielded from bulk solvent.

Preparation of Crystalline Complexes of dSir and Reac-
tions in Crystallo. Crystals were obtained by the hanging-drop
method with the reservoir solution of 100 mM sodium citrate (pH
6.5),20% PEG 4000, 0.2 M NaCl, and 5% (v/v) 2-propanol (/7).
The crystals were grown and prepared for data collection in a
Coy anaerobe chamber (95% N, and 5% H). The space group
was determined to P2;, and the asymmetric unit contains one
a,f3; heterotetramer. The soaking conditions for the complexes
with SO5*~, §*,NO,~,NO;~, PO,”~, CN™, and CO are listed in
Table 1. In the case of cyanide and sulfide, the crystals of dSir were
reduced in the reservoir buffer supplemented with 10 mM Cr(I)
EDTA (36); for the complexes with CO and NO, the crystals were
mounted in an airtight pressure chamber and exposed to either gas
for 20 min at ~1 bar. For flash-cooling in liquid nitrogen, the
reservoir solution was supplemented with 15% (v/v) glycerol.

Structure Determination. Data were collected on beamlines
PXI and PXII of the Swiss Light Source (SLS) at the Paul-
Scherrer Institut in Villigen, Switzerland (Table 1), and processed
with the HKL and XDS program suites (37, 38). Statistics of data
sets are summarized in Table 1. Phases were calculated from the
dSir structure [Protein Data Bank (PDB) entry 3MMC] obtained
from the enzyme purified and crystallized in an anaerobic tent
(17). Refinement was performed with Refmac5 (39) within the
CCP4 program suite (40). COOT (41) was applied for model
building into the electron density. Figures were generated using
PYMOL (Schrodinger, LLC). Refinement parameters and PDB
entries are included in Table 1.

RESULTS AND DISCUSSION

Active Site Funnel. The substrate sulfite, or related inorganic
anions like nitrite or phosphate, has to approach the active site of
dSir via a 15 A long funnel, with a size of 10 A x 15 A at its
entrance and approximately 6 A x 9 A at the substrate- binding
pocket located at its bottom in front of the siroheme iron
(Figure 1B). The outer zone of the funnel is mainly occupied by
the positively charged residues Arga80, Arga3s8, Hisa64, and
Hisp141. On one hand, they attract and guide the negatively
charged substrate to the siroheme-[4Fe-4S] active site; on the
other hand, they compensate for the negative charges of the
siroheme propionate and acetate substituents. In dSir of Desul-
fovibrio desulfuricans (18), the funnel shape is conserved but
almost completely occupied by the C-terminal arm of subunit y,
whereas in aSir (14, 15), the funnel is less defined mainly because
of the absence of the ferredoxin domain of subunit S.

The substrate binding pockets of dSir and aSir are mainly built
up of the siroheme and side chains of Arga98, Argo170, Lysa211,

and Lysa213 (14), termed catalytic residues (Figures 3 and 4). The
carboxylate groups of the siroheme are integral components of
the active site structure because they form a tight network of ion
pairs together with the positively charged residues mentioned
above and the substrate (Figure 1B). The thereby generated
electric field is responsible for the presence of nearly 20 solvent
molecules in the funnel that are firmly bound in well-defined
positions [detected in the 1.8 A structure of the dSir—sulfite
complex (Figure 1B)]. aSir also harbors such a solvent cluster,
albeit with a smaller number of firmly bound water molecules,
and dSir from D. desulfuricans hosts the C-terminal end of
subunit y in the active site funnel and a few solvent molecules.

Both the active site funnel and the substrate binding pocket do
not seem to undergo a major conformational change upon
binding of sulfite, or the other six ligands investigated by us as
documented by the low overall rmsd being between 0.2 and 0.4 A.
Most likely, the side chains of the catalytic residues cannot move
significantly because of their strong fixation by their surrounding.
Interestingly, the mode of fixation differs between dSir and aSir,
which also results in different side chain conformations (Figure 3).
In all dSir complexes investigated, the ammonium group of
Lysa211 is fixed by salt bridges to the acetate carboxylate of
ring C and the propionate carboxylate of ring D. Lysa211 is in
van der Waals contact with Tyra210 (Arg214 in aSir of E. coli)
and Arga360 (Lys306 in aSir) both interacting with the propio-
nate/acetate group of ring D. Notably, the propionate of ring D
also interacts with the carbonyl oxygen of Phea317, which forms
a non-prolyl ¢is bond to Vala318. The side chain of Lysa213 is
fixed by salt bridges to the ring C propionate and acetate
carboxylates. Arg98 is tied via solvent molecules to Thra96,
Thral33, Aspal35, and Thral71l, Argol70 is tightly fixed by
hydrogen bonds mainly to Glyol66 and Aspal68. The corre-
sponding Argl53 in aSir of E. coli is turned away.

Reduction of Sulfite, Trithionate, and Thiosulfate. (i) En-
zyme Activity and Product Analysis. The specific activity for
the reduction of sulfite, thiosulfate, and trithionate was measured
at 83 °C over the pH range of 5—8. Maximal activity was ob-
served at approximately pH 6.0 for all three sulfur oxide sub-
strates (Figure 2). An activity of 56.2 £ 10.2 milliunits (pH 7) for
sulfite agrees with values reported earlier for dSir from A.
fulgidus (42). Thiosulfate exhibited a slightly higher activity
than sulfite, whereas trithionate was less active than sulfite
under our experimental conditions (Figure 2). Product anal-
ysis of trithionate, thiosulfate, and sulfide was performed by
spectroscopic methods, and H,S was additionally verified by
the formation of the colored CdS and PbS. Using the
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FIGURE 4: Structures of dSir in complex with S>~ (A), NO, ™ (B), CO (C),and CN~ (D). The electron densities are contoured at 1.5¢. The catalytic
residues do not require large rearrangement over the course of catalysis, which may allow the reaction to proceed faster. The orientation of the

figures is as in Figure 3.

methylviologen/deazaflavin system, sulfite reduction revealed
the formation of trithionate, thiosulfate, and sulfide. Thio-
sulfate and sulfide were detected as products when reducing
trithionate, and sulfide was detected when reducing thiosulfate.

(if) Structure of the dSir—SO3*~ Complex. The structure
of dSir in a complex with its substrate sulfite could be established
at 1.8 A resolution (Figure 3), after crystals of the purified
enzyme had been soaked with sulfite under anoxic conditions
(Table 1). A dSir—SO5>~ adduct could be also obtained upon
soaking of dSir crystals with thiosulfate and trithionate in the
reservoir solution, indicating that these sulfur oxyanions were
turned over in crystallo. Attempts to crystallize the complexes of
dSir of A. fulgidus with thiosulfate or trithionate failed as they
were converted to either sulfite or sulfide depending on the
experimental conditions.

The high quality of the data allowed the detection of the indi-
vidual positions of the sulfite oxygens and an accurate
description of the interactions of sulfite with the polypeptide
backbone (Figure 3A). The sulfite molecule is present in the
expected trigonal pyramidal arrangement with the sulfur tetra-
hedrally coordinated by the three oxygens and the siroheme iron.
The iron atom sits approximately in the center of the tetrahy-
dropyrrole ring and is bound to the sulfite sulfur (bond length of
2.3 A) and to the thiolate sulfur of Cysf182 (bond length of 2.6 A)
linked to the [4Fe-4S] cluster. In comparison, the siroheme iron
atom of the unproductive and putative glycerol-bound active site
(Figure S1 of the Supporting Information) is slightly displaced
toward CysB182 at the proximal binding site. All three sulfur—
oxygen distances of sulfite are ~1.45 A, suggesting that dSir binds
SO5*~ and not HSO5 ™~ as found in aSir of E. coli (43). The sulfite

oxygen atoms are strongly anchored to the four catalytic residues.
O1 of the substrate anion is hydrogen bonded to the positively
charged Lysa211 N¢ and Argal70 N, atoms as well as to a solvent
molecule linked to the siroheme-[4Fe-4S] cofactor (Figure 3A). O2
strongly interacts with the Lyso213 N and Argal70 N, atoms.
The hydroxy group of Thral33 and a solvent molecule are at
distances of 4.1 and 3.7 A, respectively, too far from O2 to form a
hydrogen bond. The mentioned solvent molecule is buried inside
the protein inaccessible for bulk solvent. O3 of sulfite is hydrogen
bonded to the Argo98 N, and N,, atoms and to a solvent
molecule (Figure 3A).

The structures of the dSir— SO4>~ complexes of D. desulfur-
icans (determined at 2.1 A resolution) (/8) and A. fulgidus are
virtually identical, but the latter provides more accurate informa-
tion about the sulfite and side chain conformations and about the
solvent network. Between dSir and aSir, sulfite binding is basically
conserved but also reveals unexpected differences (Figure 3). First,
the sulfite ions of dSir and aSir are rotated relative to each other
by approximately 60° around the iron—sulfur bond. Despite the
different positions of the oxygens, their hydrogen bonding pat-
tern has been preserved except for the exchange of Argal70 in
dSir with Lys217 in aSir as the hydrogen bond partner of O2. For
the optimization of the hydrogen bond geometry to the differ-
ently positioned oxygen atoms, side chain adjustments are suf-
ficient, the largest being in the range of 1-2 A between Argal70
and Lysa213 in dSir and Argl53 and Lys217 in aSir. Second,
sulfite binding does not induce any conformational change or
temperature factor increase in the structure of dSir, whereas in
aSir of E. coli, Argl53 and some loops significantly move and the
active site become more rigid. Except for sulfite, no other ligand
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could trigger this conformational change in aSir of E. coli. In
contrast to the structure of the dSir—SO;*~ complex, the
structure of the aSir—SO+>~ complex still exhibits substantial
variations between the temperature factors of siroheme, sulfite,
and the polypeptide surrounding. Third, atoms Ol and O3 of
sulfite are the origins for two complete but interconnected solvent
chains consisting of six to eight molecules within hydrogen bond-
ing distance of each other (Figure 1B). Therefore, the transfer of
protons between the bulk solvent and sulfite via the Grotthuss
mechanism (44) would be feasible, which would significantly
accelerate their availability. Interestingly, in aSir there is space for
only one solvent molecule in front of the sulfite because of con-
formational changes of Arg153 (Argal170 in dSir) and especially
Lys215 (Lysa211 in dSir). The latter is induced by the different
conformation of ring D propionate caused by a different protein
environment.

(iii) Structure of the dSir—S°~ Complex. We obtained the
dSir—S>~ complex by soaking crystals of dSir with sodium sul-
fide (Table 1). Its X-ray structure at 2.3 A resolution revealed the
sulfide as a spherical peak in front of the siroheme cofactor
forming a covalent bond (2.7 A) to the siroheme iron (Figure 4A).
The side chains of the catalytic residues Argo98, Argal70, and
Lyso213 (Lysa211 holds its position) move in the range of 0.2—0.4
A toward the sulfur atom. Smaller distances like the observed ones
(32-3.7 A) are geometrically possible but presumably prevented
by an increasing level of repulsion of their positively charged side
chains and by their strong fixation to the siroheme carboxylates
and the protein matrix (Figure 4A). A stronger sulfide binding
would also cause product inhibition, which is biochemically not
desirable. In comparison, the sulfur atom of the aSir—S*~ adduct
was partially oxidized to a compound not clearly identified (43).

Reaction of dSir with Nitrite and Hydroxylamine

(i) Enzymatic Activity. The enzymatic activity of dSir of 4.
fulgidus was determined for the reduction of nitrite and hydro-
xylamine to ammonia at 83 °C at different pH values (data not
shown). The specific activity of 12.5 nmol of nitrite min~' mg ™"
at pH 7is low compared to the value of 56.2 nmol of sulfite min ™~
mg " but is comprehensible as nitrite is not the natural substrate.
In cytochrome ¢ nitrite reductase, the activity of nitrite to ammonia
is higher than that of sulfite to H,S, which is still higher than that
of the sulfite reduction catalyzed by dSir (45). In contrast to
sulfite, the nitrite reductase activity of dSir increases with an
increase in pH. The specific activity of 6 nmol min~' mg ™! for
hydroxylamine is rather low but demonstrates its potential
role as an intermediate during the reduction of nitrite to
ammonia, perhaps in a manner equivalent to that reported
for cytochrome ¢ nitrite reductase (46).

(ify Structure of the dSir—NO, Complex. Soaking
experiments were performed with nitrite, hydroxylamine, and
NO. Upon exposure to NO, the crystals of dSir immediately
cracked. dSir soaked with hydroxylamine or nitrite (Table 1)
resulted in a dSir—NO,~ complex as shown by a subsequent
structure analysis. Presumably, hydroxylamine decomposes prior
to siroheme binding as reported for aSir (43).

The structure of the dSir—NO,  complex was determined at a
resolution of 2.0 A, which allowed the assignment of the
individual atoms of nitrite (Figure 4B). Accordingly, nitrogen
and not oxygen is bound to the iron of the siroheme, the distance
between them being 1.95 A. The Fe~N-0O angles are 113° and
127°. In contrast to the oxygens of sulfite, the oxygens of nitrite
are positioned highly similarly in dSir and aSir. Upon super-
imposition of the dSir—NO, ™ and dSir—S0;* structures, O1 is
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located in a position equivalent to the position of O3 of sulfite
(Figure 5A) and interacts with the side chains of Arga98 N,, and
Argad70 N,,;. O2 of nitrite approximately sits between O1 and
02 of sulfite and is hydrogen-bonded to Argal70 N,;;, Lysa211
N¢, and Lyso213 Ng. The interactions between the polypeptide
and nitrite are conserved between dSir and aSir except for
Argal70 (Argl53 in aSir), which adopts in aSir a different
conformation.

Structures of Other dSir— Ligand Complexes. (i) dSir—CO
and dSir—CN~ Complexes. The structures of dSir in complex
with CO and CN™ were determined both at 1.9 A resolution and
characterized by the absence of a covalent contact between the
siroheme and these compounds (Figure 4C,D). Their iron—
carbon distances are both 2.7 A. This finding is compatible with
their nonlinear binding reflected in Fe—C—0 and Fe—C—N"
angles of approximately 101° and 70°. Although the 2F, — F,
electron density of the dSir—CN™ adduct is well-defined, the
orientation of the CN™ can not be considered as unequivocal
(resolution too low to distinguish between carbon and nitrogen)
mainly because of the parallel arrangement between the siroheme
ring and the bond between carbon and nitrogen. Depending on
the orientation, the latter interact with Argal70 N,;; or Lysa213
N¢. COis less occupied than CN ', but the orientation appears to
be clear. The oxygen atom of CO with dSir virtually corresponds
to the position of O1 of nitrite (Figure 4B) and interacts with a
solvent molecule, Arga98 N,, and Argal70 N,;. The unusual
CO and CN" binding mode might be due to the proximity of
Argol 70, which would substantially collide with CO and CN ™ in
a linear arrangement (Figure 4C,D). In aSir, both the Fe—C—0
and Fe—C—N angles are nearly 180° and the iron—carbon dis-
tances are 1.6 and 1.8 A, which represent values normally found
for heme—Fe—CO complexes (43).

(if) dSir—NO3z  Complex. The dSir—NO;3~ complex was
structurally characterized at 2.3 A resolution (Figure S2 of the
Supporting Information). Hereby, nitrate is bound in a trigonal
planar conformation, with both nitrogen and oxygen atoms in
van der Waals contact with the siroheme ring. NO; ™ is not co-
ordinated to the iron of the siroheme but is laterally displaced
from the siroheme center such that O2 is with a distance of 2.7 A
closer to the iron than the nitrogen with a distance of 3.1 A. The
nitrate oxygens are multiply connected with the polypeptide
(Figure S2 of the Supporting Information). O1 interacts with
Lysa211 N; (2.7 A) and Argal70 N,» (2.9 A) 02 with both
Argal70 N,; (3.1 A) and Lysa213 N (3.4 A) and O3 with
Argo98 N, (2.8 A)

(iti) dSir—PO,~ Complex. The structure of the dSir—
PO, complex was determined at a resolution of 2.3 A. The
tetrahedral PO,>~ anion is coordinated via O4 to the iron of the
siroheme (Figure S3 of the Supporting Information). The Fe—04
distance is 1.6 A, which is the shortest between iron and the
ligands characterized in this study. Ol of phosphate interacts
with Lyso211 N (2.3 A) and Argal70 N,» (3.3 A), 02 with
Lysa213 N¢ (3.2 A) and Argal70 N, (2.5 A) and O3 with
Arga98 N, (3.2 A), Argal 70N, (3.2 A), and Argal 70 N, (3.4
A). An interesting aspect of the structure of the dSir—NO; ™~ and
dSir—PO*~ complexes is that their O1, O2, and O3 atoms are at
virtually identical positions compared to those of sulfite in the
dSir—sulfite complex (Figure 5A).

Reaction of dSir. The proposed catalytic mechanism for dSir
outlined in Figure 5B is based on several properties of the active
site, on the electron supply mode that is thought to consist of
three consecutive two-electron transfer processes, and, most
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FIGURE 5: Reaction of dSir from A. fulgidus. (A) Superposition of the dSir—SO5>~ (red), —NO, ™ (blue), —CO (green), —NO;~ (yellow), and
—PO,*” (gray) structures. The dSir—NO,~ and dSir—CO structures might resemble those of the short-lived dSir—SO,>~ and dSir—SO~
intermediates. The positions of the oxygen atoms of the sulfur—oxygen compounds suggest the order of their dehydration. (B) Scheme of the six-
electron reduction cycle of sulfite to sulfide. Only residues that directly interact with the siroheme iron-bound sulfur—oxygen adduct are colored.
The process is subdivided into three two-electron transfer steps each accompanied by acceptance of two protons and release of one HO molecule.
Trithionate and thiosulfate might be produced if the S(I1) and S(0) intermediates are sufficiently long-living to be attacked by a sulfite; these side
reactions are supported by high sulfite concentrations that are unlikely to exist within the cell.

importantly, on the experimentally determined structures of the
dSir—ligand complexes (Figure 5A). A related reduction—
dehydration scenario for the transformation of sulfite to H,S
was reported earlier for aSir (43) and could also be formulated for
the reduction of nitrite to ammonia.

First, the basic features of sulfite reduction are well conserved
in aSir and dSir because of the related size, shape, and electro-
statics of the active site pocket and the common siroheme-based
substrate binding. The strictly conserved catalytic residues

Argo98, Argal 70, Lysa211, and Lyso213 characterized by their
positive charge and torsional flexibility of their long side chains
are perfectly suited to bind and polarize negatively charged
sulfur—oxygen species with varied shape and charge (Figures 3
and 4) and to facilitate thereby the release of OH™ or H,O. The
generated electric field creates a network of firmly bound solvent
molecules that presumably serve as a proton source for dehydra-
tion. The measured maximal specific activity at pH 6 suggests
that the availability of protons accelerates the reaction.
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Second, the electron supply mode is derived from a property of
the coupled siroheme-Fe/S cofactor to accept merely two elec-
trons at once (47) and from the found in vitro formation of
trithionate and thiosulfate implying Fe—sulfur—oxygen inter-
mediates in oxidation states +II and 0, with a sufficiently long
lifetime to allow a nucleophilic attack of sulfite. Thus, each of the
three consecutive steps might consist of a reduction and a
dehydration reaction between sulfur compounds with three
oxygens, two oxygens, or one oxygen in oxidation states IV, II,
and 0, respectively (Figure 5B).

Third, dSir bound to its substrate sulfite and its product sulfide
has been structurally characterized (Figures 3 and 4), whereas the
structures of the postulated reaction intermediates (dSir—Fe—
SO, and dSir—Fe—SO™) are assumed to resemble those of the
experimentally accessible dSir—NO, and dSir—CO complexes
(Figure 4B,C). As a consequence of the sequential dehydration
mechanism (Figure 5B), it is assumed that O3 of sulfite in the
position not present in NO,  and CO is abstracted at first and O1
shared by S0;%~,NO, ", and CO at last (Figure 5A). Moreover,
the solvent hydrogen-bonded to O3 interacts with the ring D
acetate carboxylate group, thus improving the proton acceptor
properties of O3 compared to those of Ol and O2.

Accordingly, O3 of sulfite is protonated at first by the adjacent
water molecule of the solvent network (or is already protonated
when bound as bisulfite) and released as OH ™, which is con-
comitantly protonated to H,O. If the structure of the dSir—Fe—
NO, " complex (with a planar nitrite bound to iron) represents a
reasonable model for the dSir—Fe—SO, intermediate, O2 of
sulfite is placed between the positions of O2 and O3 of sulfite
(Figure 5A). Subsequently, the S—02 bond becomes activated by
a two-electron transfer and released as OH ™ after protonation via
an adjacent water molecule of the solvent network. Finally, O1 of
the dSir—Fe—SO™ intermediate positioned as in the Fe—CO
structure is released after two-electron reduction and subsequent
protonation, thereby generating the experimentally observed
Fe—S> adduct (Figure 4A). A new aspect was added to the dis-
cussion of the sulfite reduction mechanism by the structure of the
D. vulgaris dSir (18), which suggested a cysteine thiol group of
subunit y of dSir acts as an electron donor for the terminal two-
electron reduction.

Despite their pronounced active site relationship described
above, the catalytic capability of dSir and aSir differs at least
under in vitro conditions (48) with respect to their substrate
specificity and product profile. While aSir solely uses sulfite as a
sulfur-containing substrate that is converted to sulfide without
detectable reaction intermediates (49, 50), dSir, in addition, can
both convert and produce trithionate and thiosulfate. These
findings also hold true for dSir of A. fulgidus, which was the
first archaeal sulfate-reducing microorganism studied in vitro
with respect to its substrate and product specificity. This differ-
ence between dSir and aSir can be structurally rationalized. In
dSir, the Fe—sulfur—oxygen intermediates are accessible for
sulfite from the active site channel (Figures 1 and 3), allowing a
nucleophilic attack if the six-electron delivery does not proceed
sufficiently rapidly. Thus, thiosulfate can be directly produced
from an Fe—S(0) oxygen intermediate (Figure 5B), whereas the
formation of trithionate requires conformational changes of the
polypeptide chain if two sulfite molecules have to be bound
simultaneously in front of the Fe—S(II) oxygen intermediate. In
contrast, a van der Waals contact between an incoming sulfite ion
and a sulfur—oxygen atom is prevented in aSir because of the
conformational change in Argl 53 and, in particular, Lys215. The
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displacement of the latter residue is induced by a substantial
rearrangement of the ring D propionate in aSir compared to dSir
because of their different protein surroundings.

The process of in vivo sulfite reduction by sulfate-reducing
microorganisms has been a matter of controversy for more than
40 years. It resulted in two alternative reaction mechanisms,
although the application of both cannot be ruled out depending
on the organism and environmental conditions. In the first mech-
anism, sulfite is reduced to sulfide without the liberation of inter-
mediates. The formation of thiosulfate and trithionate accounts
consequently for the incompetence of the in vitro reduction
system to drive the complete six-electron transfer reaction. Most
likely, the multielectron transfer step must be much more
complex than in aSir because of its integration into the energy
conservation machinery. This view is corroborated by a large
number of data documenting that the formation of trithionate,
thiosulfate, and sulfide and their relative ratios highly depend on
a number of experimental conditions, such as pH, the nature of
the electron donor and its concentration, and the sulfite con-
centration (57). The second mechanism termed the trithionate
pathway comprises the reduction of sulfite to sulfide via the
enzymes sulfite reductase, thiosulfate reductase, and trithionate
reductase with trithionate and thiosulfate as free intermedi-
ates (48). Indicative of the trithionate pathway appears to be
the predominant formation of trithionate by dSir and, in parallel,
its inability to efficiently metabolize trithionate and thiosulfate.
The trithionate pathway gains some support with the finding that
in some organisms a trithionate reductase and/or a thiosulfate
reductase have been partially characterized (52—54). However,
their physiological role has not been definitively worked out and
has been questioned by a recent genetic experiment (55) demon-
strating that impaired thiosulfate reduction does not affect the
ability of the organism to grow on sulfate and H,. As measured,
purified A. fulgidus dSir is able to reduce in vitro besides sulfite
trithionate and thiosulfate to H,S (Figure 2). No further enzymes
are required, although genes encoding trithionate and thiosulfate
reductase-related enzymes are present in the genome of A. fulgidus
(56). Their functions in the cell are, however, not established. We
included the trithionate and thiosulfate metabolism in Figure 5B
according to a scheme reported 35 years ago (57, 58), which does,
however, not argue against a one-step sulfite reduction mechan-
ism for dSir of 4. fulgidus in vivo. For unravelling the mechanism
of dissimilatory sulfite reduction, detailed information about the
energy conservation system of sulfate-reducing organisms is
required, in particular, about the molecular components of their
electron transfer pathway. Energetic considerations demand an
electron transport-linked phosphorylation process (3), and ex-
perimental data clearly demonstrated that the reductive process
is influenced by membrane-associated steps (32, 59).
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