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ABSTRACT: Pentaheme cytochromec nitrite reductase (ccNiR) catalyzes the six-electron reduction of nitrite
to ammonia as the final step in the dissimilatory pathway of nitrate ammonification. It has also been
shown to reduce sulfite to sulfide, thus forming the only known link between the biogeochemical cycles
of nitrogen and of sulfur. We have found the sulfite reductase activity of ccNiR fromWolinella succinogenes
to be significantly smaller than its nitrite reductase activity but still several times higher than the one
described for dissimilatory, siroheme-containing sulfite reductases. To compare the sulfite reductase activity
of ccNiR with our previous data on nitrite reduction, we determined the binding mode of sulfite to the
catalytic heme center of ccNiR fromW. succinogenesat a resolution of 1.7 Å. Sulfite and nitrite both
provide a pair of electrons to form the coordinative bond to the Fe(III) active site of the enzyme, and the
oxygen atoms of sulfite are found to interact with the three active site protein residues conserved within
the enzyme family. Furthermore, we have characterized the active site variant Y218F of ccNiR that exhibited
an almost complete loss of nitrite reductase activity, while sulfite reduction remained unaffected. These
data provide a first direct insight into the role of the first sphere of protein ligands at the active site in
ccNiR catalysis.

In the metabolic pathway of dissimilatory nitrate ammoni-
fication, nitrogen is converted from its most oxidized form,
nitrate (NO3

-), to its fully reduced state, ammonia (NH3).
This reduction by eight electrons is achieved in only two
consecutive enzymatic reactions: nitrate reductase produces
nitrite (NO2

-) in a two-electron reduction, which then is
reduced to ammonia in a six-electron step by cytochromec
nitrite reductase (ccNiR,1 the NrfA gene product) (1, 2)
(eq 1)

ccNiR is found in two contexts in different organisms,
either in a soluble, periplasmic form such as inEscherichia
coli or as a membrane-associated complex with a 20 kDa
tetraheme cytochromec (NrfH) belonging to the NapC/NirT

family of quinol dehydrogenases that serves as an electron
donor to the catalytic subunit (2-5). Being a dissimilatory
pathway, nitrite ammonification is coupled to the generation
of a proton motive force (pmf) across the cytoplasmic
membrane. Using formate or hydrogen as the electron donor,
pmf generation is achieved by the redox loop mechanism of
either the membrane-bound formate dehydrogenase or the
hydrogenase complexes, balanced by electroneutral quinol
oxidation by nitrite catalyzed by ccNiR (2, 3, 6, 7).

ccNiR is a pentahemec-type cytochrome, the product of
the nrfA gene (nitrite reduction with formate). Its three-
dimensional structure shows the characteristically close
packing of heme cofactors into parallel and perpendicular
motifs, the exact significance of which is not yet fully
understood (8, 9). The active site is formed by heme 1, the
single non-bis-histidinyl-coordinated cofactor in the protein.
In most known homologues of ccNiR, lysine replaces the
canonical histidine residue as the proximal axial ligand of
this heme, with the distal axial position providing the site
for substrate binding and reduction (8). Crystal structures
have been presented for ccNiR fromSulfurospirillum de-
leyianum(10), Wolinella succinogenes(11), E. coli (12),
DesulfoVibrio desulfuricansATCC 27774 (13), and De-
sulfoVibrio Vulgaris Hildenborough (5), and a reaction
mechanism has been proposed, based on the observation of
substrate and reaction intermediates bound to theW. succi-
nogenesenzyme and DFT calculations (14). Three conserved
amino acid residues are placed around the substrate binding
site at heme 1: arginine (R114 inW. succinogenes), tyrosine
(Y218), and histidine (H277).
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Prior to the availability of crystal structures, the six-
electron reduction of sulfite to sulfide has been reported as
a secondary activity of ccNiR forD. desulfuricansATCC
27774 (2.06µmol of H2 min-1 mg-1 in a manometric assay)
(15) andS. deleyianum(1.1 µmol of H2 min-1 mg-1) (16)
(eq 2)

While significantly lower than the specific activities for
nitrite reduction (up to 1050µmol of NO2

- min-1 mg-1 for
S. deleyianum(17), 453 µmol of NO2

- min-1 mg-1 for D.
desulfuricansATCC 27774 (18), and 872µmol of NO2

-

min-1 mg-1 for E. coli (12)), these sulfite reductase activities
exceed the ones found for the dissimilatory, siroheme-
containing sulfite reductases (19), some of which are found
in the same organisms as ccNiRs. The conversions of nitrite
to ammonia and sulfite to sulfide constitute a remarkable
intersection of the biogeochemical cycles of nitrogen and
sulfur. BothS. deleyianum(20) and W. succinogenes(21)
have been shown to grow by oxidation of sulfide to sulfur
with fumarate as an electron acceptor, although onlyS.
deleyianum was also found to couple the lithotrophic
oxidation of sulfide to respiratory nitrate ammonification
(22). In contrast, nitrate dissimilation was repressed inW.
succinogenesin the presence of elemental sulfur (23) or
polysulfide, which is reduced by the membrane-bound
polysulfide reductase complex (24). While W. succinogenes
does not grow by the reduction of sulfite, its genome
sequence indicated the presence of the protein machinery
required for assimilatory sulfate reduction as a means of
obtaining sulfur for biosynthetic purposes (25). Moreover,
D. Vulgaris Hildenborough, whose NrfHA complex is the
only one structurally characterized to date (5), was shown
not to grow by dissimilatory nitrate reduction (18). Its NrfHA
complex has instead been suggested to play a role in nitrite
detoxification, as nitrate has been shown to inhibit the growth
of sulfate-reducing bacteria by the accumulation of toxic
nitrite, and the expression of NrfHA can alleviate this effect
(26). The ability to convert both nitrite and sulfite to their
respective, fully reduced forms has also been found for the
assimilatory sulfite and nitrite reductases, both of which are
cytoplasmic, siroheme-dependent enzymes (27-29). Nev-
ertheless, a functional role for the periplasmic ccNiR in
dissimilatory sulfate reduction remains doubtful, as sulfite
is produced from sulfate in the cytoplasm (26). However,
for enteric bacteria such asE. colisbut alsoW. succinogeness
the nrf genes have been suggested to function in the
detoxification of NO that is produced as a defensive measure
by the host (30).

In the present work, we investigated the interaction of
nitrite and sulfite with the wild-type and a Y218F active site
variant ofW. succinogenesccNiR, confirming the reductive
activity toward sulfite for this organism and elucidating the
binding mode of sulfite by X-ray crystallography.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis of W. succinogenes nrfA.Strain
W. succinogenesY218F was obtained fromW. succinogenes
∆nrfAIJ (3) upon integration of a derivative of plasmid pBR-
N3 to restore the entirenrfHAIJ operon (the genetic strategy
was described previously (31)). Site-directed mutagenesis

with pBR-N3 as the template was performed using a
QuikChange Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA) and a specifically synthesized primer pair contain-
ing the desired mutation (forward primer: 5′-GCCATGTG-
GAGTTTTACTTCAAAAAGAC-2326). The newly estab-
lished phenylalanine codon is underlined with the T printed
in bold replacing the A of the genuine TAT tyrosine codon.
The number at the 3′-end gives the position of the terminal
nucleotide in the data bank entry AJ245540. The transforma-
tion of W. succinogenes∆nrfAIJ with the mutated plasmid
was carried out by electroporation as described previously
(32). Transformants were selected in a medium containing
formate and nitrate, kanamycin (25 mg L-1), and chloram-
phenicol (12.5 mg L-1). The desired integration of the
plasmid into the genome via thenrfH gene was demonstrated
by PCR using suitable primers and DNA from heat-denatured
cells as the template.

Analytical Methods.ccNiR was purified in the presence
of dioxygen from nitrate-grown cells ofW. succinogenes
following established procedures (16, 17). The protein con-
centration was determined by the method of Smith et al.
using bicinchoninic acid (33). Nitrite reductase activity was
determined by following the formation of ammonia (34).
Dithionite-reduced methyl viologen was used as an electron
donor for the enzymatic reduction, and ammonia was
quantified colorimetrically. The sulfite reductase activity was
determined both by monitoring the reoxidation of methyl
viologen under anoxic conditions as well as by Warburg
manometry according to Steuber et al. (35), with Cd(II)
acetate in the central compartment of the flask to trap
hydrogen sulfide. All assays were performed at least in
triplicate, and standard deviations are given in the text and
by the error bars in Figure 1.

Structure Determination. Crystals of W. succinogenes
ccNiR wild-type and Y218F were grown as described
previously (11) and harvested into a solution containing the
reservoir buffer. For the preparation of substrate complexes,
10 mM sodium nitrite or 10 mM sodium sulfite (final
concentrations) were added. After incubation for 2 h, 2R,3R-
butane diol was added as a cryoprotectant to a final
concentration of 8% (v/v), and the crystals were flash-cooled
in liquid nitrogen. Data were collected on beamlines BW7B
and X12 of the EMBL outstation at DESY, Hamburg,

SO3
2- + 6e- + 7H+ / HS- + 3H2O (2)

FIGURE 1: Specific activities for the reduction of nitrite (filled)
and sulfite (hatched) byW. succinogenesccNiR. Activities are on
different scales. Replacement of the active site residue Y218 for
phenylalanine drastically reduces nitrite reductase activity but leaves
the sulfite reductase activity unchanged within experimental error.
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Germany or in-house on a Rigaku MicroMax 007 rotating
anode X-ray generator equipped with a mar345dtb image
plate system (Table 1). The programs of the HKL suite (36)
were used for integration and scaling. Phases were obtained
from the native structure ofW. succinogenesccNiR (PDB
code 1FS7) using programs of the CCP4 suite (37), and
refinement was carried out with REFMAC5 (38). All model
building was performed with COOT (39). Figures were
prepared with Molscript (40) and Raster3D (41) or PyMOL
(42).

RESULTS

ReactiVity of ccNiR with Nitrite and Sulfite. The specific
activity for the reduction of nitrite to ammonia was deter-
mined to be 414( 3 µmol of NO2

- min-1 mg-1 for the
purified wild-type ccNiR fromW. succinogenes. For the same
protein, the sulfite reductase activity was found to be 0.4(
0.11µmol of H2 min-1 mg-1 (Figure 1). Three equivalents
of dihydrogen per sulfite were taken up in the manometric
assay, in accordance with the stoichiometry (eq 2). Both of
these activities are well in the range of activities found for
ccNiRs from other organisms. Characteristically, they differ
by more than 2 orders of magnitude, indicating a high degree
of evolutionary optimization toward the reduction of nitrite.
In an earlier study, we proposed a mechanism for the
successive transfer of six electrons to nitrite at the active
site heme of ccNiR (14), and in view of similar electronic
properties of the two molecules, an analogous process is
expected for the case of sulfite. However, this earlier work
did not address the protein residues forming an active site
cavity around the distal axial position of heme 1. Changing
one of these residues, Tyr 218, to phenylalanine by site-
directed mutagenesis resulted in a strong decrease of nitrite
reductase activity to 3( 1 µmol of NO2

- min-1 mg-1, only
0.7% of the wild-type activity. In contrast, the sulfite
reductase activity remained virtually unchanged and was
determined to be 0.5( 0.09µmol of H2 min-1 mg-1 (Figure
1). The specific activities previously determined by the same

method for the dissimilatory, siroheme-dependent sulfite
reductases were 0.04-0.1 µmol of H2 min-1 mg-1 for the
enzyme fromD. desulfuricansEssex and 0.15-0.3µmol of
H2 min-1 mg-1 for D. Vulgaris Hildenborough sulfite
reductase (19). While not affecting sulfite reduction, Tyr 218
obviously plays an important role in the reduction of nitrite.
To address the effects of the mutation on the binding mode
of the substrate, we have therefore determined the three-
dimensional structures of complexes with a water molecule,
nitrite, and sulfite for both the wild-type and the variant
proteins.

Binding of Sulfite to ccNIR.Because of the high activity
of ccNiR, it has not been possible to structurally characterize
the binding of sulfite to the reduced enzyme. However, as
with nitrite, sulfite was bound specifically to the active site
of the oxidized enzyme, with the iron atom of heme 1 in the
Fe(III) state and the electrons for the coordinative binding
being provided by the sulfur atom of the substrate. Only
minor changes of the overall structure were observed upon
binding of sulfite (Figure 2). The root-mean-squared devia-
tion for all 3450 atom positions of the protein was 0.170 Å
between the native structure with a bound water molecule
(PDB code 1FS7) and the sulfite complex and 0.168 Å
between the sulfite and nitrite adducts (PDB code 2E80).
The resolution of the structure obtained with bound sulfite
(1.7 Å) was comparable to that of the water and nitrite
complexes (1.6 Å). This observed structural rigidity of the
protein suggests that the mechanism of nitrite reduction, a
multi-electron, multi-proton-transfer process (eq 1), does not
require significant structural rearrangements (14). Sulfite-
soaked crystals clearly showed additional electron density
at the substrate binding site, the distal axial position of heme
group 1 (Figure 2). This electron density feature could be
straightforwardly modeled with a sulfite molecule, coordi-
nated to the heme iron atom through the lone electron pair
of its sulfur atom. The oxygen atoms of sulfite were in
hydrogen-bonding distance with all immediate active site
residues, Arg 114, Tyr 218, and His 277, and a conserved

Table 1: Data Collection and Refinement Statisticsa

NrfA wt SO3
2- NrfA Y218F native NrfA Y218F NO2

- NrfA Y218F SO3
2-

Data collection statistics
PDB code 3BNF 3BNG 3BNH 3BNJ
X-ray source DESY BW7B DESY X12 rotating anode DESY X12
X-ray wavelength (Å) 1.0600 0.9785 1.5418 0.9785
resolution limits (Å) 25.00-1.70 50.00-1.50 30.00-1.75 50.00-1.30
(last shell) 1.79-1.70 1.60-1.50 1.85-1.75 1.39-1.30
no. of unique reflns 73146 108437 69581 161601
Multiplicity 4.6 7.2 7.2 6.9
unit cell dimensions a, b ) 119.5 Å

c ) 186.7 Å
a, b ) 120.0 Å
c ) 186.3 Å

a, b ) 120.8 Å
c ) 186.5 Å

a, b ) 119.4 Å
c ) 184.8 Å

space group I4122 I4122 I4122 I4122
completeness (last shell) [%] 98.4 (96.9) 99.4 (97.1) 99.8 (99.2) 98.3 (93.5)
Rsym (last shell) 0.069 (0.595) 0.122 (0.663) 0.110 (0.687) 0.114 (0.575)
Rpim (last shell) 0.036 (0.304) 0.048 (0.260) 0.043 (0.288) 0.046 (0.250)
I/σ(I) (last shell) 16.4 (2.0) 14.4 (2.7) 12.2 (2.1) 15.3 (2.0)

Refinement statistics
Rcryst 0.233 0.181 0.184 0.181
Rfree 0.279 0.215 0.220 0.208
rmsd in bond lengths (Å) 0.019 0.014 0.015 0.011
rmsd in bond angles (deg) 1.778 1.487 1.381 1.326
Cruickshank’s DPI (Å) 0.103 0.054 0.074 0.033

a Values in parentheses are given for the highest resolution shell.Rsym is the residual for symmetry-equivalent reflections according toRsym )
Σhkl(Σi|Ihkl(i) - 〈Ihkl〉|/ΣhklΣiIhkl(i)). Rpim is calculated according to Weiss et al. (44), and DPI is calculated according to Cruickshank (45).
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water molecule was found to connect the ligand to both
propionate side chains of the active site heme group (Figure
2). To form a hydrogen bond to the sulfite ligand, the side
chain of Tyr 218 was rotated by∼5° toward its neighbor,
His 277. The Fe-S bond distance of 2.4 Å was significantly
longer than the Fe-N distance observed in the nitrite adduct
(1.9 Å) (14), while the bond length and position of the
proximal axial ligand, the Nú atom of Lys 134, remained
unchanged at 2.1 Å.

Substrate Binding to the Y218F Variant of W. succinogenes
ccNiR. With only the Oη of Tyr 218 removed, the Y218F
variant of ccNiR exhibited minor structural changes as
compared to the wild-type enzyme. The benzyl side chain
of Phe 218 showed the same∼5° rotation toward His 277
as the wild-type sulfite adduct, and a water molecule that
was hydrogen-bonded to Tyr 218 in the wild-type was shifted

away from Phe 218 by 0.75 Å. The position of the water
molecule bound to the iron atom of heme 1 remained
unchanged as did its bond distance of 2.1 Å. A shorter Fe-N
bond distance of 1.9 Å was observed in the Fe(III)-nitrite
adduct of the wild-type protein (PDB code 2E80), and the
same distance was also found in a nitrite complex of the
Y218F variant (Figure 3A). The latter again showed the∼5°
rotation of the side chain of Phe 218, concomitant with a
backward shift of His 277 by 0.4 Å. As a result, the O-N-O
plane of the nitrite ligand that was slightly inclined in the
wild-type nitrite complex was found to be almost exactly
normal to the porphyrin plane of heme 1 (Figure 4A). In
both cases, one of the oxygen atoms of nitrite remained
perfectly in place, forming a 2.9 Å hydrogen-bonding
interaction with the Nη2 atom of Arg 114, while the other
oxygen atom was displaced by 0.6 Å. The hydrogen bond

FIGURE 2: Sulfite adduct ofW. succinogenesccNiR. A stereo representation of the active site heme group 1, seen in the direction of the
substrate entry pathway. The depicted electron density map is a|Fo| - |Fc| difference density map calculated without the sulfite molecule
and contoured at a level of 5σ.

FIGURE 3: Substrate complexes of the Y218F mutant of ccNiR. Stereo representations of the active sites in an orientation as in Figure 2
with the bound substrates nitrite (A) and sulfite (B). The depicted electron density maps are|Fo| - |Fc| difference density maps calculated
without the ligand and contoured at a level of 5σ.
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formed from this oxygen atom to Nε2 of His 277 was
shortened from 2.6 to 2.5 Å. Note that Tyr 218 was not
directly involved in hydrogen-bonding interactions with the
nitrite molecule in the wild-type enzyme.

The sulfite complex of the Y218F variant yielded crystals
diffracting to 1.3 Å resolution, resulting in the most precise
three-dimensional structure of a ccNiR available to date
(Figure 3B). The sulfite ligand was clearly defined, binding
in an identical orientation as in the wild-type. The∼5°
rotation of Tyr 218 there was mirrored by Phe 218 in the
variant structure, such that both sulfite complexes show the
same orientation of the aromatic ring at position 218 and
align with an overall root-mean-squared deviation of only
0.26 Å for all protein atoms (Figure 4B).

The hydrophobic roof and the exit channel in the rear part
of the active site (10, 11) did not participate in substrate
binding, and the water molecules found in the putative
product exit channel of the enzyme were found in identical
positions in all structures. The first of these water molecules
is the one coordinated to both propionate side chains of heme
1. It was present in all structures, but only in the one with
bound sulfite did it interact directly with the heme ligand.
In the structures without soaked substrates, the heme-ligating
water moleculessand in analogy, the two reaction products
NH4

+ and HS- (eqs 1 and 2)swere too far away from any
of the surrounding residues to interact via hydrogen-bond
formation. Any such interaction would be likely to stabilize
the binding of the products in the active site and would be
mechanistically undesirable.

DISCUSSION

Implications of the Y218F Mutation.A most surprising
finding was that the exchange of Tyr 218 to Phe drastically
reduced the nitrite reductase activity but left the sulfite
reductase activity unaltered. While fully conserved in all
ccNiR sequences known to date, Tyr 218 does not directly
participate in the coordination of nitrite, and so far, there is
no evidence for the requirement of a tyrosine radical at any
point in the reaction cycle (14). Tyr 218 does, however,
directly bind to sulfiteswhose reduction is not affected by
the Y218F mutationsthrough an H-bond to an oxygen atom.
Our crystal structures show that the sulfite complexes of the
wild-type and ccNiR variant are virtually identical and that
the removal of the Oη of Tyr 218 does not alter the binding

mode of the substrate (Figure 4B). In contrast, the substrate
nitrite showed a slight rearrangement in the mutant structure,
due to a shift of His 277 that was in turn induced by the
rotation of the side chain of Phe 218, which was no longer
fixed by hydrogen bonding (Figure 4A). It seems unlikely
though that this minor structural change alone can account
for a drop in activity by 2 orders of magnitude, indicating a
more direct involvement of Tyr 218 at some point in the
catalytic sequence.

When considering mechanistic implications of the Y218F
mutation, note that the assays for nitrite reductase activity
are based on the determination of the product ammonia, while
the sulfite reductase activity has been assayed colorimetri-
cally by monitoring the oxidation of the redox dye methyl
viologen or manometrically by measuring the uptake of
dihydrogen. Thus, the NiR assay could not detect the
formation of possible reaction intermediates of the conversion
of nitrite to ammonia, such as NO, N2O, or NH2OH (14). It
is well-conceivable that the Y218F variant is still able to
reduce nitrite at a reasonably high rate but does not carry
out the full six-electron reduction to ammonia, such that
instead an as yet unidentified intermediate is released. Further
studies will be required to clarify this point, and to this end,
efficient quantitation methods for the reaction intermediates
mentioned previously will have to be established.

Mechanistic Parallels in the Six-Electron Reductions of
ccNiR. For the six-electron reduction of nitrite to ammonia,
a mechanism has been proposed where a stepwise and
alternating transfer of electrons and protons leads to the
consecutive release of two waters with the product ammonia
remaining bound to the heme iron (14). A similar mechanism
was proposed for the reduction of sulfite by the assimilatory
siroheme-containing sulfite reductase fromE. coli, where the
sulfur atom changes its oxidation state from+IV in SO3

2-

to -II in H2S, without the release of intermediates (27, 43)
(eq 2). As in the case of nitrite reduction by ccNiR (14), a
π back-bonding that transfers charge from the iron atom at
heme 1 into a sulfiteπ* orbital should be able to stabilize
the ccNiR-sulfite complex in the reduced (Fe(II)) state only,
facilitating the first S-O bond cleavage. However, due to
the longer Fe-S bond and the geometry of the sulfite
molecule, which is not in favor of an optimal orbital
alignment, this interaction should be less effective than in
the case of nitrite. As thisπ back-bonding interaction will

FIGURE 4: Comparison of substrate binding to wild-type and Y218F mutant of ccNiR. (A) In the mutant structure (light gray), Phe 218 is
rotated by∼5°, and the nitrite molecule binds in a straighter orientation to His 277 that in turn is shifted backward. The interaction of
nitrite with Arg 114 remains unchanged. (B) The binding of sulfite to heme one of ccNiR is practically unaffected by the Y218F mutation,
although in the wild-type structure (green), Tyr 218 is in direct hydrogen-bonding contact with the ligand.
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depend on the respective orientation of the orbitals involved,
the slight straightening of the nitrite ligand in the mutant
complex may be important. Further DFT calculations for the
Y218F variant will help to quantitate this effect.

Another significant difference between the reductions of
nitrite and of sulfite lies in the nature of the product. While
in the nitrite reductase reaction the anion nitrite is converted
to the NH4

+ cation, the reduction of sulfite leads to H2S ors
depending on local pHsto the HS- anion (eqs 1 and 2). In
the structures of bothS. deleyianumand W. succinogenes
ccNiR, a channel has been identified that crosses the entire
protein passing the active site (10, 11). This channel has a
strongly positive electrostatic surface potential close to the
entry to the reactive, distal side of heme 1, but passing it,
this surface property changes toward a negative electrostatic
potential that leads to a product exit on the opposite side of
the enzyme. In case of the conversion of an anion to a cation
such as in the reduction of nitrite, this feature allows for a
vectorial flow of reaction educts and products and effectively
avoids the problem of product inhibition. For sulfite,
however, both substrate and product should be anions, and
consequently, product inhibition should be an issue.

We have shown that sulfite, as an alternative substrate of
ccNiR, binds to the active site in a manner analogous to that
of nitrite, and we assume that the reduction of sulfite
proceeds along a similar pathway. While the siroheme-
containing enzymes underline that the capacity for nitrite
and sulfite reduction is likely to be found in the same
enzyme, the role of ccNiR in sulfite respiration and in growth
on elemental sulfur remains to be clarified.
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