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Octahaem cytochrome c nitrite reductase from Thioalkali-

vibrio nitratireducens (TvNiR), like the previously character-

ized pentahaem nitrite reductases (NrfAs), catalyzes the

six-electron reductions of nitrite to ammonia and of sulfite to

sulfide. The active site of both TvNiR and NrfAs is formed

by the lysine-coordinated haem and His, Tyr and Arg residues.

The distinguishing structural feature of TvNiR is the presence

of a covalent bond between the CE2 atom of the catalytic

Tyr303 and the S atom of Cys305, which might be responsible

for the higher nitrite reductase activity of TvNiR compared

with NrfAs. In the present study, a new modified form of the

enzyme (TvNiRb) that contains an additional covalent bond

between Tyr303 CE1 and Gln360 CG is reported. Structures

of TvNiRb in complexes with phosphate (1.45 Å resolution)

and sulfite (1.8 Å resolution), the structure of TvNiR in a

complex with nitrite (1.83 Å resolution) and several additional

structures were determined. The formation of the second

covalent bond by Tyr303 leads to a decrease in both the nitrite

and sulfite reductase activities of the enzyme. Tyr303 is located

at the exit from the putative proton-transport channel to the

active site, which is absent in NrfAs. This is an additional

argument in favour of the involvement of Tyr303 as a proton

donor in catalysis. The changes in the activity of cytochrome c

nitrite reductases owing to the formation of Tyr–Cys and Tyr–

Gln bonds may be associated with changes in the pKa value of

the catalytic tyrosine.
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1. Introduction

Bacterial pentahaem cytochrome c nitrite reductases (NrfAs)

are key enzymes involved in dissimilatory nitrite reduction in

the bacterial nitrogen cycle (Richardson & Watmough, 1999;

Simon, 2002; Kern & Simon, 2009). They catalyze the six-

electron reductions of nitrite to ammonia and of sulfite to

sulfide and the two-electron reduction of hydroxylamine to

ammonia. The nitrite reductase activity is two to three orders

higher than the sulfite reductase activity. All NrfAs structu-

rally characterized to date (Einsle et al., 1999, 2000; Bamford

et al., 2002; Cunha et al., 2003; Rodrigues et al., 2006) are

homodimers, with each subunit folded as a single domain

containing five haems c. The haem arrangement is conserved

in all NrfAs. Four of these haems have a standard bis-histidine

coordination, whereas the active-site haem is coordinated by

lysine on the proximal side and by water/hydroxyl on the distal

side. The active site of NrfAs comprises conserved histidine,

tyrosine and arginine residues. NrfAs bind up to two calcium

ions, one of which is located close to the enzyme active site

and is supposed to contribute to its proper structural organ-
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ization. The proposed mechanism of nitrite reduction by

NrfAs involves alternate electron and proton transfer to the

substrate and reaction intermediates bound to the haem iron

ion (Einsle et al., 2002). The structure of a mutant form of

NrfA in which the catalytic tyrosine residue was replaced by

phenylalanine has been determined by Lukat et al. (2008). The

nitrite reductase activity of the mutant form was 0.7% of that

of the wild-type enzyme. The sulfite reductase activity

remained unchanged.

The octahaem cytochrome c nitrite reductase TvNiR was

isolated from the haloalkaliphilic sulfur-oxidizing �-proteo-

bacterium Thioalkalivibrio nitratireducens (Sorokin et al.,

2003). The enzyme functions as a hexamer with a molecular

weight of 384 kDa. Like NrfA, it catalyzes the reductions of

nitrite and hydroxylamine to ammonia and of sulfite to sulfide

(Tikhonova et al., 2006). The nitrite reductase activity of

TvNiR is higher than that of NrfAs (Tikhonova et al., 2006),

whereas the sulfite reductase activity is lower (Trofimov,

Polyakov, Boyko, Tikhonova et al., 2010). The latter is similar

to the activities of sirohaem-containing sulfite reductases.

However, taking into account the fact that the sulfite reduc-

tase activity of TvNiR is absent at physiological pH values

(�9.5), it is likely that TvNiR has a different function in cells.

Structures of the free form of TvNiR (Polyakov et al., 2009)

and TvNiR in complexes with the substrates nitrite (Polyakov

et al., 2009) and sulfite (Trofimov, Polyakov, Boyko, Tikhonova

et al., 2010) and the inhibitors azide (Polyakov et al., 2009),

cyanide (Trofimov, Polyakov, Boyko, Tikhonova et al., 2010),

and phosphate (Trofimov, Polyakov, Boyko, Filimonenkov et

al., 2010) have been determined previously. The TvNiR sub-

unit consists of two domains: the N-terminal domain, which

has a unique protein fold, and the catalytic domain, which is

similar to the NrfA subunit. The N-terminal domain accom-

modates the first three haems. The catalytic domain houses the

remaining five haems, which are arranged in the same fashion

as in NrfA. The active site in TvNiR, like that in NrfA, is

formed by the lysine-coordinated

(Lys188) haem (haem 4) and histidine,

tyrosine and arginine residues (His361,

Tyr303 and Arg131). A calcium ion is

located near the active site of TvNiR

and is coordinated by conserved resi-

dues in TvNiR and NrfAs (Glu302,

Tyr303, Lys358 and Gln360). In contrast

to NrfA, the CE2 atom of the catalytic

Tyr303 residue in TvNiR is covalently

bound to the S atom of Cys305. The

formation of a Tyr–Cys bond in the

active site of TvNiR leads to a decrease

in the pKa value of the tyrosine

hydroxyl [by 0.5 units for o-(methyl-

thio)phenol; Himo et al., 2002] and a

more compact and rigid structure of the

active site compared with the active site

where this bond is absent (in NrfAs).

These changes may be responsible for

the higher catalytic activity of TvNiR in

nitrite reduction compared with NrfAs (Polyakov et al., 2009).

Previously, a bond between the CE atom of tyrosine and

the S atom of cysteine has been found in the structures of

galactose oxidase (Ito et al., 1991), of eukaryotic cysteine

dioxygenases (Joseph & Maroney, 2007) and of sirohaem-

containing nitrite reductase from Mycobacterium tuberculosis

(Schnell et al., 2005). The covalently bound tyrosine and

cysteine are located in the active sites of these enzymes and

are important for their function. In the case of galactose

oxidase, formation of the Tyr radical is necessary for substrate

oxidation. This radical is stabilized both by the Tyr–Cys bond

itself and by the stacking with a Trp residue which interacts

with the extended Tyr–Cys system (Whittaker et al., 1993). In

the case of human cysteine dioxygenase the Tyr–Cys cofactor

enables the Tyr hydroxyl group to stabilize the oxygen radical

formed during catalysis, thus preventing the formation of

damaging hydroxyl radicals (Ye et al., 2007). No structural/

functional implications for the Tyr–Cys bond in M. tuberculosis

nitrite reductase have been suggested which could explain the

reduced activity of the mutant forms of this enzyme without

the Tyr–Cys bond (Cys was replaced; Schnell et al., 2005).

In several TvNiR structures we found an unusual covalent

bond between the side chains of the catalytic tyrosine residue

and the glutamine involved in coordination of the calcium ion,

the appearance of this bond being unclear. The modified form

of the enzyme (referred to in the following as TvNiRb) was

then obtained deliberately by cocrystallization of TvNiR with

hydroxylamine. The presence of the Tyr–Gln bond in TvNiRb

was reliably confirmed in the structure determined at 1.45 Å

resolution. The activities of TvNiR and TvNiRb are quanti-

tatively characterized and the influence of the Tyr–Cys and

Tyr–Gln bonds on the activity of cytochrome c nitrite reduc-

tase is considered. The structures of TvNiRb in complex with

sulfite and of TvNiR in complex with nitrite were determined,

with both structures being characterized by full occupancy of

the substrate site.
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Table 1
Conditions for the preparation of TvNiR and TvNiRb complexes by cocrystallization.

Complex Protein solution Reservoir solution

TvNiR–NO2 11.6 mg ml�1 TvNiR,
0.02 M sodium tetraborate,
0.05 M Tris–HCl pH 8.0

0.2 M ammonium acetate,
0.1 M trisodium citrate pH 5.6,
30% 2-methyl-2,4-pentanediol,
0.1 M sodium nitrite

TvNiRb–H2O 0.2 M trisodium citrate,
0.1 M Tris–HCl pH 8.5,
30%(v/v) PEG 400,
0.1 M hydroxylamine

TvNiRb–PO4 9.3 mg ml�1 TvNiRb,
0.1 M potassium phosphate
buffer pH 7.0

0.2 M trisodium citrate,
0.1 M Tris–HCl pH 8.5,
30%(v/v) PEG 400

TvNiRb–SO3(MV) Obtained by soaking a crystal of TvNiRb–PO4 in a reservoir solution containing
0.08 M Na2SO3, 0.13 M NaBH4 and 0.02 M methyl viologen (MV) for 10 min

TvNiRb–SO3 10.0 mg ml�1 TvNiRb,
0.05 M Tris–HCl pH 7.2

0.2 M ammonium acetate,
0.1 M trisodium citrate pH 5.6,
30% 2-methyl-2,4-pentanediol,
0.1 M sodium sulfite

TvNiRb–NH2OH 0.09 M HEPES–NaOH pH 7.5,
1.26 M trisodium citrate,
10%(v/v) glycerol,
0.1 M hydroxylamine



2. Materials and methods

2.1. Preparation of TvNiR and TvNiRb complexes

TvNiR was purified as described previously (Filimonenkov

et al., 2010; Tikhonova et al., 2010). The modified form

TvNiRb was obtained by chance in one of the isolations, which

involved an additional step of precipitation of the protein with

ammonium sulfate. The reasons for the appearance of this

modification remain unclear; however, it is unlikely that

ammonium sulfate by itself can lead to formation of the Tyr–

Gln bond.

Crystals of TvNiR and the modified form TvNiRb were

grown by the hanging-drop vapour-diffusion method under

conditions similar to those described previously (Boyko et al.,

2006). Drops consisted of equal volumes of protein solution

and reservoir solution. The conditions for preparation of the

TvNiR and TvNiRb complexes by cocrystallization are given

in Table 1. The reservoir solutions used for preparation of the

TvNiR–NO2, TvNiRb–SO3 and TvNiRb–NH2OH complexes

contained the component necessary for the formation of a

particular complex at 0.1 M. Crystals of TvNiRb in complex

with phosphate were obtained using protein solution

containing potassium phosphate buffer. Crystals of the

TvNiRb–H2O complex were prepared by cocrystallization of

non-modified TvNiR with hydroxylamine.

The TvNiRb–SO3(MV) complex was obtained by soaking

a crystal of the phosphate complex of TvNiRb in reservoir

solution containing 0.08 M Na2SO3, 0.13 M NaBH4 and 0.02 M

methyl viologen (MV) for 10 min. Sodium borohydride was

used for reduction of the haems. The reduction of TvNiR by

sodium borohydride in solution was confirmed by the char-

acteristic peaks of the haems in the absorption spectrum of the

protein (at 525 and 554 nm). In the case of the preparation of

the TvNiRb–SO3(MV) complex, the presence of the reducing

medium during the soaking process was indicated by the blue

colour of the solution (which arises from the presence of

reduced methyl viologen).

2.2. X-ray diffraction data collection and processing and
structure refinement

X-ray diffraction data were collected on the K4.4 beamline

at the RRC ‘Kurchatov Institute’ (Russia), on the X13

beamline at DESY (Germany) and on the BL41XU beamline

at SPring-8 (Japan) at 100 K. X-ray data-collection statistics

are given in Table 2.

The X-ray diffraction data were processed using the XDS

and XSCALE programs (Kabsch, 2010). The crystals of

TvNiR and TvNiRb belonged to space group P213. The

structure of free TvNiR (PDB entry 2ot4; Polyakov et al.,

2009) was used as a starting model for the refinement of the

structures of the complexes. Refinement was performed using

the REFMAC5 program (Murshudov et al., 2011). The struc-

ture of the TvNiRb–PO4 complex was refined anisotropically.

Manual corrections of the models were performed based on

the analysis of difference Fourier maps using Coot (Emsley &
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Table 2
Data-collection and structure-refinement statistics.

Values in parentheses are for the last resolution shell.

TvNiR–NO2 TvNiRb–PO4 TvNiRb–SO3 TvNiRb–SO3(MV) TvNiRb–NH2OH TvNiRb–H2O

PDB code 3rkh 3sce 3lgq 3lg1 3s7w 3uu9
X-ray source K4.4 SPring-8 BL41XU DESY X13 K4.4 DESY X13 K4.4
Wavelength (Å) 0.978 0.750 0.812 0.989 0.812 0.978
Resolution (Å) 1.83 (1.90–1.83) 1.45 (1.60–1.45) 1.80 (1.85–1.80) 1.95 (2.00–1.95) 1.79 (1.85–1.79) 2.20 (2.50–2.20)
Unit-cell parameter (Å) 192.80 193.01 195.69 192.62 194.89 191.39
No. of measured reflections 2710187 (224205) 3195990 (553891) 666945 (34628) 1273148 (91919) 707572 (54210) 512633 (160640)
No. of unique reflections 208153 (22013) 464187 (106316) 221170 (13090) 171512 (12445) 116387 (9486) 117676 (37149)
Completeness (%) 99.8 (99.9) 99.9 (99.9) 96.6 (73.1) 99.7 (99.9) 97.2 (84.7) 99.8 (99.7)
Rmeas† 0.120 (0.671) 0.110 (0.544) 0.066 (0.390) 0.144 (0.787) 0.071 (0.449) 0.159 (0.704)
hI/�(I)i 20.0 (3.9) 11.1 (3.4) 15.1 (3.1) 12.4 (2.9) 12.6 (2.7) 9.9 (2.8)
B factor from Wilson plot (Å2) 26.2 23.8 28.0 29.2 30.6 37.0
R‡ 0.141 0.124 0.151 0.161 0.153 0.157
Rfree§ 0.162 0.140 0.168 0.183 0.173 0.184
Root-mean-square deviations

Bond lengths (Å) 0.020 0.017 0.018 0.018 0.019 0.017
Bond angles (�) 1.700 1.460 1.470 1.540 1.459 1.596

DPI (Å) 0.068 0.034 0.065 0.087 0.069 0.131
No. of protein atoms 8334 8378 8356 8287 8341 8304
No. of water molecules 1327 1186 1140 974 1088 900
Average B factor (Å2)

All atoms 16.6 16.1 25.2 21.0 27.5 35.6
Water molecules 29.9 26.0 34.0 28.7 34.8 41.6

Ligand NO2
� H2PO4

�/HPO4
2� HSO3

� HSO3
� NH2OH H2O/OH�

Ligand occupancy 1 1/2 1 1/2 1/2 1
Ligand average B factor (Å2) 16.9 9.3 25.1 15.0 24.0 30.2

† Rmeas =
P

hklfNðhklÞ=½NðhklÞ � 1�g1=2 P
i jIiðhklÞ � hIðhklÞij=

P
hkl

P
i IiðhklÞ, where N(hkl) is the total number of times a given reflection is measured. ‡ R =P

hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj, where hkl identifies reflections included in the refinement and |Fobs| and |Fcalc| are the observed and calculated amplitudes of the structure factors,
respectively. § Rfree =

P
hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj, where hkl identifies reflections that were not included in the refinement.



Cowtan, 2004). Organic molecules that were present in the

crystallization solutions were located in the structures. The

structures were analyzed using the CCP4 program suite (Winn

et al., 2011). Structure-refinement statistics are given in Table 2.

2.3. Activity measurements

The catalytic reduction of nitrite and sulfite was performed

in an anaerobic glove box (Belle Technology, UK) at a residual

oxygen pressure of at most 2 p.p.m. at 293 K in 0.05 M

potassium phosphate buffer pH 7.0. Methyl viologen (MV)

pre-reduced with europium(II) chloride was used as a redu-

cing agent. 0.3 M MV in 0.5 M phosphate buffer pH 7.0 was

reduced using 0.2 M EuCl2. Upon this, EuIII phosphates

precipitated. The supernatant with reduced MV was used then

in activity assays (2–3 ml per millilitre of the reaction mixture).

The addition of this MV solution to the reaction buffer did not

change the pH value of the buffer.

The nitrite reductase activities of TvNiR and TvNiRb were

determined using two methods based on the rate of nitrite

reduction and the rate of MV oxidation. The reaction was

initiated by the addition of sodium nitrite.

In the former case, the maximum rate of the catalytic

reaction was measured at an enzyme concentration of 4 �

10�4 mg ml�1 and an initial sodium nitrite concentration of

1 mM. Aliquots were taken from the reaction mixture at 30 s

intervals after the beginning of the reaction. The nitrite con-

centration in the preparations was detected by the formation

of the colored diazo compound as described in Nicolas &

Nason (1957).

Measurements of the activities of TvNiR and TvNiRb from

the rate of MV oxidation were performed at an enzyme

concentration of 2.3� 10�5 mg ml�1. The initial sodium nitrite

concentration was 91 mM, which is approximately equal to the

Km of TvNiR for nitrite (Tikhonova et al., 2010). The rate of

MV oxidation was measured spectrophotometrically from a

decrease in the absorption of the reaction mixture at

� = 601 nm ("601 = 13.6 mM�1 cm�1). Under these conditions,

the rate of non-enzymatic oxidation of MV by nitrite is much

lower than the rate of oxidation in the presence of the enzyme

(see Supplementary Fig. 11). The rate of non-enzymatic

oxidation of MV by nitrite was subtracted from the total rate

of MV oxidation in the experiment. The maximum rates were

evaluated by multiplying the experimental rates by a factor of

two.

The sulfite reductase activity of TvNiR was determined

from the rate of MV oxidation measured spectrophoto-

metrically based on the decrease in the absorption of the

reaction mixture at � = 601 nm. The reaction was initiated by

the addition of sodium sulfite. The TvNiR concentration was

0.06 mg ml�1. The initial sodium sulfite concentration was

4.5 mM.

3. Results

3.1. Structure of the modified form of the enzyme TvNiRb
and its comparison with that of TvNiR

In the TvNiRb–PO4, TvNiRb–SO3, TvNiRb–SO3(MV) and

TvNiRb–NH2OH complex structures we found an unusual

covalent bond between the CE1 atom of the catalytic Tyr303

and the CG atom of Gln360, which is involved in coordination

to the calcium ion. Fig. 1 shows the electron density for Tyr303,

Cys305 and Gln360 and the calcium ion in the TvNiRb–PO4

structure (1.45 Å resolution). The Tyr–Gln covalent bond is of

no doubt, as is the Tyr–Cys covalent bond, which is present in

all TvNiR structures. The Tyr–Gln bond length in the TvNiRb

structures is 1.52 � 0.02 Å on average. This bond deviates

from the plane of the aromatic ring by �19�. In contrast, the S

atom of Cys305 lies in the plane of the tyrosine aromatic ring.

The average length of the Tyr–Cys covalent bond in the

TvNiR structures is 1.68 � 0.02 Å.

The active site of TvNiRb is more rigid than that of TvNiR

owing to the presence of the additional Tyr–Gln covalent bond

(Tyr303 has almost the same side-chain conformation in all

TvNiRb structures). Based on the superposition, using the

atoms of haem 4 (r.m.s.d. 0.06 Å), of the TvNiRb–SO3 struc-

ture and the TvNiR complex with sulfite (PDB entry 3fo3), the

side chains of the catalytic His and Arg residues are almost

ideally superimposed (the maximum deviation is 0.17 Å),

whereas the side-chain conformations of the catalytic tyrosine

residues are somewhat different. The tyrosine ring of Tyr303

in the TvNiRb structure is rotated about the CD2—CE2 bond

by �12� compared with its position in TvNiR. The largest

deviations are observed for the OH, CZ, CE1 and CD1 atoms

of the tyrosine (0.4–0.7 Å). The conformation of Gln360 in

TvNiRb substantially differs from that in TvNiR (Fig. 2).

In TvNiRb–PO4, TvNiRb–SO3(MV) and TvNiRb–NH2OH,

the conformation of Lys188 coordinated to haem 4 differs

from that in the structures of non-modified TvNiR (Fig. 2).

However, the Fe—NZ distance in these structures is equal

to that in TvNiR (�1.9 Å). There are no other structural

differences between TvNiRb and TvNiR which could be

associated with the covalent Tyr–Gln modification.

In the structure of the free form of TvNiR (PDB entry

2ot4), the distal coordination site of haem 4 is occupied by a

water molecule. A total of six water molecules capable of

forming hydrogen bonds with the coordinated ligand were

located near the distal coordination site in the various struc-

tures. These molecules are shown in Fig. 2. The molecule W1 is

linked to the carboxyl groups of the haem and is present in all

TvNiR, TvNiRb and NrfA structures, W2 is located above the

coordination site of the haem and W3, W4 and W5 are located

at the entrance to the active site, with W3 and W4 interacting

with the guanidine group of Arg131 and W5 being hydrogen-

bonded to the Tyr303 hydroxyl group.

3.2. Binding of the nitrite ion in the active site of cytochrome
c nitrite reductase

A nitrite ion at full occupancy was found in the active site in

the TvNiR–NO2 structure (Fig. 3). The Fe—N(NO2
�) distance
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1 Supplementary material has been deposited in the IUCr electronic archive
(Reference: DW5005). Services for accessing this material are described at the
back of the journal.



is 1.82 Å. The O2 atom of nitrite is hydrogen-bonded to the

OH atom of Tyr303, the NE2 atom of His361 and the water

molecule W2. The O1 atom of nitrite forms hydrogen bonds to

the NH2 atom of Arg131 and W2. On the whole, the binding

of the nitrite in TvNiR–NO2 is similar to that observed in the

nitrite complex of TvNiR containing the ligand at partial

occupancy determined previously (1.78 Å resolution; PDB

entry 3d1i; Polyakov et al., 2009).

For NrfA, two structures of complexes with nitrite have

been determined: those of the wild-type enzyme (PDB entry

2e80; 1.6 Å resolution; Einsle et al., 2002) and a mutant form

(Y218F) of NrfA (PDB entry 3bnh; 1.75 Å resolution) in

which the catalytic tyrosine residue is replaced by phenyl-

alanine (Lukat et al., 2008). In the structures of the nitrite

complexes of TvNiR and NrfA and the mutant form of NrfA

superimposed using the atoms of the catalytic haems (r.m.s.d.

of 0.2 Å for TvNiR–NrfA) the side chains of the catalytic

histidine and the guanidine groups of the catalytic arginine

superimpose well on each other. The position of the nitrite ion

in the TvNiR complex is similar to that in the mutant form of

NrfA. The binding of the nitrite in these structures differs only

in that there is a hydrogen bond between the O2 atom of the

nitrite and the hydroxyl group of the catalytic tyrosine in

TvNiR, whereas a hydrogen bond between the O1 atom of the

nitrite and the water molecule W5

located at the entrance to the active site

is observed in NrfA. In the structure of

the nitrite complex of wild-type NrfA,

the position of the nitrite ion is some-

what different. In the latter structure

the nitrite is not hydrogen bonded to

the catalytic tyrosine residue because

the side-chain conformation of the

tyrosine in this structure is the same as

in the structure of the free form of NrfA

(PDB entry 1fs7; Einsle et al., 2002; the

distance between the O atom of the

nitrite and the OH atom of the tyrosine

is 3.8 Å). In addition, the nitrite ion in

the NrfA complex is characterized by a

distorted geometry and substantially

different atomic temperature factors,

which indicates that the interpretation

of the electron density for the ligand on

the distal side of the haem could be

ambiguous.

3.3. Structure of TvNiRb in complex
with phosphate

Phosphate binds to the active site of

TvNiRb in the same way as in TvNiR

(PDB entry 3gm6, 1.79 Å resolution;

Trofimov, Polyakov, Boiko, Filimo-

nenkov et al., 2010; Fig. 2a). In the

TvNiRb–PO4 structure the electron

density for the distal ligand was inter-

preted as a phosphate ion and a water

molecule with half occupancies. The

second water molecule with half occu-

pancy analogous to W2 in the free

enzyme was placed near the phosphate

O4 atom. It appears that the partial

occupancy of the phosphate is asso-

ciated with the alkaline pH value of the

crystallization solution. The complex of

TvNiR with phosphate (Trofimov,

Polyakov, Boyko, Filimonenkov et al.,

2010) was obtained at a pH of �6.5 and
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Figure 2
(a) Stereoview of the active site in the TvNiRb–PO4 complex. The occupancy (z) of the phosphate
site is 1/2. The water molecules (z = 1/2) that are present in the active site if the phosphate ion is
absent are shown as cyan spheres. The iron ion of haem 4 is coloured brown and the protoporphyrin
is coloured grey. The hydrogen and coordination bonds are represented by dashed lines. (b)
Stereoview of the active site of TvNiR in the complex with sulfite (1.4 Å resolution; PDB entry
3fo3). The active-site residues of TvNiRb–PO4 are represented by black lines. The structures were
superimposed using the atoms of haems 4.

Figure 1
Stereoview of Tyr303, Cys305 and Gln360 in the active site of TvNiRb (TvNiRb–PO4 structure at
1.45 Å resolution). The 2Fo � Fc electron density is contoured at the 1� level. The calcium ion is
shown as a grey sphere.



the phosphate site in the corresponding structure is fully

occupied.

3.4. Structures of TvNiRb in complexes with sulfite

Two structures of TvNiRb in complex with sulfite (see x2)

were determined. In the structure of the TvNiRb–SO3 com-

plex, which was prepared by cocrystallization of TvNiRb with

sodium sulfite, the sulfite ion is present in the active site at full

occupancy (Fig. 4). The S atom of the sulfite is coordinated

to the haem iron ion (Fe—S, 2.26 Å) and the O atoms are

hydrogen-bonded to the catalytic histidine, tyrosine and

arginine residues and the water molecules W1 and W2.

The superimposition of the structures of TvNiRb–SO3 and

the complex of TvNiR with sulfite (1.4 Å resolution; PDB

entry 3fo3) by the atoms of haems 4 gave a deviation of 0.55 Å

for the OH atoms of Tyr303. In spite of this, the differences in

the binding of the sulfite ion in the active sites of TvNiRb and

TvNiR (Figs. 4 and 2b, respectively) are insignificant (the

maximum deviation of the atoms of the sulfite ions is 0.21 Å).

W3 and W5, which could be involved in hydrogen bonding to

the sulfite, are absent in the TvNiRb structure, whereas W2 is

absent in TvNiR. The length of the hydrogen bond between

the OH atom of Tyr303 and the O2 atom of the sulfite is�2.66

and �2.55 Å in the TvNiRb and TvNiR structures, respec-

tively.

The TvNiRb–SO3(MV) complex was obtained from the

phosphate complex of TvNiRb in the presence of the reducing

agent (see x2). The electron density for the ligand on the distal

side of haem 4 in this complex was interpreted as a sulfite ion

and a water molecule with half occupancies. The phosphate

ion was completely removed from the active site of the

enzyme. The crystal structures of various TvNiR complexes

with sulfite obtained from the phosphate complexes show that

phosphate is replaced by sulfite with difficulty when the

enzyme is in the oxidized form but is readily replaced when

the enzyme is reduced (Trofimov, Polyakov, Boyko, Tikhonova

et al., 2010 and our unpublished data). The binding constants

for sulfite are 80 mM for reduced TvNiR and 1.5 mM for

oxidized TvNiR (our unpublished data). We lack data for

phosphate, but in the case of NrfA the values for another

oxygen-ligating anion, nitrate, are 10 mM for the reduced

enzyme and 73 mM for the oxidized form (Gwyer et al., 2006),

which is in agreement with our structural data. Based on the

absence of the phosphate ion in the active site of the TvNiRb–

SO3(MV) complex, as well as taking into account the condi-

tions of the preparation of the complex, it can be concluded

that we obtained the reduced form of TvNiRb.

The binding of the sulfite ion in the

TvNiRb–SO3(MV) structure is almost

the same as in TvNiRb–SO3. In this

complex the Fe—S distance is 2.23 Å;

the distance between the O1 atom of the

sulfite and the water molecule W1 is

short (2.2–2.3 Å), with the W1 site

being characterized by full occupancy.

However, the partial occupancy of the

sulfite site and the 1.95 Å resolution for

TvNiRb–SO3(MV) do not allow us to

reliably estimate the lengths of the

bonds formed by the sulfite in the active

site. In the 2Fo � Fc electron-density

map contoured at the 1� level, the O1

atom of the sulfite and the water mole-

cule W1 are linked by electron density.

Apparently, the O1 atom of the sulfite is

eliminated in the first step of reduction,

resulting in the formation of an inter-

mediate bound in the same fashion as

the nitrite in the corresponding

complex.

The binding of the sulfite ion in NrfA

(Lukat et al., 2008; Kemp et al., 2010) is

similar to that observed in TvNiR. In

the structure of the sulfite complex of

NrfA (PDB entry 3bnf), the side chain

of the catalytic tyrosine residue is

located closer to the distal coordination

site of the catalytic haem compared

with the structure of free NrfA and is

hydrogen-bonded to the sulfite. The OH
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Figure 4
Stereoview of the active site in the TvNiRb–SO3 complex. The coordination and hydrogen bonds of
the sulfite ion are indicated by dashed lines. The OMIT electron density (6�) for the sulfite ion is
shown. The electron-density map exactly corresponds to the 2Fo � Fc map in this region countered
at the 1� level.

Figure 3
Stereoview of the active site in the TvNiR–NO2 complex. The coordination and hydrogen bonds of
the nitrite ion are indicated by dashed lines. The OMIT electron density (6�) for the nitrite ion is
shown. The electron-density map exactly corresponds to the 2Fo � Fc map in this region contoured
at the 1� level.



atoms of the catalytic tyrosine residue in the structures of the

sulfite complexes of TvNiR and NrfA superimposed using the

atoms of the catalytic haems (r.m.s.d. 0.18 Å) are in close

proximity (0.4 Å). In both structures the length of the

hydrogen bond between the O2 atom of the sulfite and the OH

atom of the tyrosine is �2.6 Å.

3.5. Structures of TvNiRb–NH2OH and TvNiRb–H2O

Hydroxylamine is itself a substrate and a possible inter-

mediate in the reduction of nitrite to ammonia catalyzed by

cytochrome c nitrite reductase (Einsle et al., 2002; Stach et al.,

2000). In the TvNiRb–NH2OH structure the electron density

for the ligand on the distal side of the haem was interpreted

as a hydroxylamine molecule inclined toward Arg131 and a

water molecule with half occupancies (Fig. 5). In the structure

of NrfA in complex with hydroxylamine (PDB entry 2e81;

Einsle et al., 2002), the NH2OH molecule is located in a similar

way.

In the course of structure refinement of TvNiRb–NH2OH, a

strong peak was located in the electron-density map near the

CG atom of Gln360 (Fig. 5). This peak was interpreted as an

O atom (of a hydroxyl group) with half occupancy covalently

bound to the CG atom of glutamine (the CG—OH bond

length is 1.43 Å). The O atom of NH2OH is at hydrogen-

bonding distances from the hydroxyl group of Gln360 and W3.

W2 has half occupancy and is present in the structure if the

distal coordination site is occupied by a water molecule.

The modified form TvNiRb was obtained by cocrystalliza-

tion of the free form of nonmodified TvNiR with hydroxyl-

amine (the TvNiRb–H2O structure). Despite the fact that the

TvNiRb–H2O structure was determined at relatively low

resolution (2.2 Å), the electron density for the Tyr–Gln

covalent bond is beyond doubt. The electron density for the

distal coordination site can be described by a water molecule

with full occupancy. The side-chain conformations of His361

and Arg131 and the arrangement of the water molecules in the

active site of TvNiRb–H2O are the same as those observed in

the structure of the free form of nonmodified TvNiR.

In our opinion, the formation of the Tyr–Gln covalent bond

occurs by a radical mechanism. It is known that hydroxyl-

amine is slowly oxidized in solution by molecular oxygen in

the presence of traces of transition metals to form a nitrite ion,

a superoxide radical and hydrogen peroxide (Kono, 1978). The

subsequent reaction of hydrogen peroxide with the iron ion of

the catalytic haem (the peroxidase activity of TvNiR has been

revealed previously; Tikhonova et al., 2006) in the presence

of oxygen can lead to oxidation of nearby amino-acid residues,

with Tyr303 being the most sensitive. The resulting tyrosyl

radical, which is stabilized owing to electron delocalization

over the ortho and para positions of the phenyl ring, reacts

with the nearby CG atom of Gln360 (at a distance of 3.7 Å) to

form a covalent bond characteristic of TvNiRb. In TvNiRb

the CG atom of Gln360 tends to oxidize further owing to the

influence of the phenyl ring of Tyr303 and the amide group

coordinated to the calcium ion, which create a partial positive

charge at CG. This is why the cocrystallization of TvNiRb with

hydroxylamine resulted in hydroxylation of the CG atom of

Gln360 (Fig. 5). It should be noted that in all structures of

NrfA from Wolinella succinogenes partial ortho-hydroxylation

of Tyr219, which is close to the active site, was observed

(Einsle et al., 2000).

3.6. Catalytic activity of TvNiR and TvNiRb

Table 3 gives the activities of TvNiR, TvNiRb, NrfA and

SiR. The nitrite reductase activity of TvNiR measured under

anaerobic conditions at pH 7.0 and 293 K and calculated from

the oxidation rate of reduced MV was

2860 � 290 NO2
� s�1. This value is close

to that evaluated previously from the

rate of consumption of nitrite with the

use of sodium dithionite for the reduc-

tion of MV and the protein

(2220 NO2
� s�1; Tikhonova et al., 2010);

however, the previously used method is

less reliable because of inhibition of the

nitrite reductase activity by sulfite that

is formed upon oxidation of dithionite.

The nitrite reductase activity of

TvNiRb, which was calculated from the

oxidation rate of reduced MV measured

under the same conditions as the

activity of nonmodified TvNiR, is 1195

� 95 NO2
� s�1. This value is similar to
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Table 3
Activities of TvNiR, TvNiRb, NrfA and SiR.

The activities for NrfA and SiR were converted to s�1.

Enzyme

kcat (s�1)

NO2
� HSO3

�

TvNiR 2860 0.039
TvNiRb 1195 0.023
NrfA (S. deleyianum; Schumacher et al., 1994;

Stach et al., 2000)
960 0.336

NrfA (W. succinogenes; Lukat et al., 2008) 380 0.122
SiR (D. desulfuricans; Steuber et al., 1995) 0.028

Figure 5
Stereoview of the active site in the TvNiRb–NH2OH complex from the side of Arg131. The
occupancy (z) of the hydroxylamine site is 1/2. The water molecules that are present in the active
site in the absence of hydroxylamine are represented as cyan spheres. The coordination and
hydrogen bonds of the hydroxylamine molecule are indicated by dashed lines. The Fo � Fc (black,
6�) and 2Fo � Fc (violet, 1.5�) maps are shown. The OH group at the CG atom of Gln360 (z = 1/2),
the water molecule coordinated to the haem Fe atom (z = 1/2) and the water molecule W2 (z = 1/2)
were excluded from the phase calculations.



the nitrite reductase activity of NrfA from Sulfurospirillum

deleyianum (960 NO2
� s�1, which is the highest published

nitrite reductase activity for NrfA; Stach et al., 2000).

Supplementary Fig. 1 shows a plot of the oxidation rate of MV

versus the TvNiRb concentration. The activity of TvNiRb at

pH 7.0 and 293 K measured from the rate of consumption of

nitrite is 910 � 220 NO2
� s�1, which is equal within experi-

mental error to the value given above.

The sulfite reductase activity of TvNiR at pH 7.0 and 293 K

evaluated from the oxidation rate of reduced MV is 0.039 �

0.007 HSO3
� s�1, which is 1.7 times higher than the activity

of TvNiRb determined previously under the same conditions

(Trofimov, Polyakov, Boyko, Tikhonova et al., 2010). It should

be noted that in this study (Trofimov, Polyakov, Boyko,

Tikhonova et al., 2010) the sulfite reductase activity of TvNiR

was measured using a TvNiRb preparation (this fact was

revealed in subsequent structural studies) and the activities

reported in the study refer not to TvNiR (as has been stated)

but to TvNiRb. The sulfite reductase activity of TvNiR is 3.1

times lower than that of NrfA from W. succinogenes (the

lowest published activity for NrfA; Lukat et al., 2008) but is

comparable with the activity of sirohaem-containing sulfite

reductase from Desulfovibrio desulfuricans (Steuber et al.,

1995).

3.7. Putative proton-transport channel in TvNiR

The TvNiR structure has a channel through which protons

from the surface of the protein can be transferred to W5 and

the hydroxyl group of Tyr303 (Fig. 6). This channel contains a

chain of five water molecules. W7 is hydrogen bonded to W5 at

the entrance to the active site and is linked to the NE2 and

OD1 atoms of Gln360 and Asn306 of the channel, respectively.

W8 is linked to the calcium ion and is located at hydrogen-

bonding distances from the NE2 and OE1 atoms of Gln360,

the OD1 atom of Asn306, the OD2 atom of Asp346 and W9.

W9 forms a coordination bond to the calcium ion and

hydrogen bonds to the OE2 atom of Glu302, the OD1 atom

of Asp346 and the OD1 atom of Asn304. W10 is hydrogen

bonded to the OD1 atom of Asp346, the OH atom of Tyr335

and W11 at the surface of the protein. W11 forms hydrogen

bonds to the OH atom of Tyr473 and the O atom of Phe344.

The width of this channel excludes the possibility of the

transport of substrate and product ions along the channel.

In the NrfA structures this channel is closed at the surface

of the protein by the arginine side chain and within the

channel by tyrosine and leucine (or isoleucine) side chains, the

positions of which in the TvNiR structure are occupied by

Tyr473, Ala339 and Pro357, respectively (Fig. 6).

4. Discussion

In the structure of the nitrite complex of NrfA, the nitrite ion

is hydrogen-bonded to the catalytic histidine and arginine

residues, owing to which the role of the tyrosine in the active

site of NrfA has escaped attention for a long time. It is

believed that the histidine and arginine residues facilitate the

heterolysis of the N—O bond of nitrite by creating asymmetry

in the two N—O bonds (one bond

is double and the other bond is

single). The histidine serves as a

proton donor and is present in the

doubly protonated imidazolium

form (Einsle et al., 2002). The

replacement of the tyrosine in the

active site of NrfA by Phe led to a

decrease in the nitrite reductase

activity by two orders of magni-

tude, which is indicative of direct

involvement of the tyrosine in the

catalysis. The important role of

the tyrosine is additionally

confirmed by the structure of

NrfA in complex with another

substrate, sulfite, in which there is

a hydrogen bond between the

tyrosine residue and the substrate

(Lukat et al., 2008). Nevertheless,

the role of the catalytic tyrosine

in NrfA remains unclear.

In TvNiR, the Tyr–Cys cova-

lent bond causes the side chain

of the catalytic tyrosine to move

closer to the distal coordination

site of the haem compared with

NrfA. As a result, the binding of
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Figure 6
(a) The proton-transport channel in the structure of TvNiR in complex with sulfite. The channel is
represented as cyan cylinders. Haem 4 and the calcium ion are shown in grey. The dashed lines indicate
short contacts corresponding to hydrogen and coordination (with the calcium ion) bonds formed by the
water molecules in the channel. (b) Superimposition of the structures of the sulfite complexes of TvNiR and
NrfA from W. succinogenes (violet) by the atoms of the catalytic haems. The residues that block the channel
in NrfA are labelled.



nitrite and sulfite in the enzyme active site is accompanied by

hydrogen bonding to the catalytic Tyr303 (Polyakov et al.,

2009; Trofimov, Polyakov, Boyko, Tikhonova et al., 2010) and

the latter can act as a direct proton donor in the course of

catalysis, along with His361. In this case, modifications of the

tyrosine accompanied by a change in its position and the pKa

value should influence the catalytic activity of the enzyme.

According to the results of quantum-chemical calculations for

o-(methylthio)phenol in aqueous solution, the methylthio

group (–SCH3) in the ortho position of phenol decreases the

pKa of the hydroxyl group by 0.5 units (Himo et al., 2002).

Therefore, the formation of the Tyr–Cys covalent bond makes

the hydroxyl group of Tyr303 a more efficient proton donor.

This appears to be one of the factors that are responsible for

the nitrite reductase activity of TvNiR being almost three

times higher than that of NrfA (Table 3).

TvNiRb, in which the catalytic tyrosine residue forms an

additional Tyr–Gln covalent bond, may be useful in investi-

gating the role of Tyr303 in catalysis by TvNiR. A comparison

of the structures of TvNiR and TvNiRb in complexes with

sulfite and phosphate showed that the ligands are bound in the

same fashion in the active sites of both forms. This fact, as well

as the fact that binding of the ligands in TvNiRb does not lead

to changes in the positions of the active-site residues, suggests

that the binding of the nitrite in TvNiRb is the same as in

TvNiR. Hence, a decrease in the nitrite reductase activity of

TvNiRb by a factor of 2.4 compared with TvNiR may be

attributed to a change in the pKa value of Tyr303 owing to

formation of the Tyr–Gln bond. The positive inductive effect

of the covalently bound glutamine in the ortho position with

respect to the tyrosine hydroxyl group should partially com-

pensate for the influence of the covalently bound cysteine in

another ortho position, resulting in an increase in the pKa of

the tyrosine hydroxyl group.

The arrangement and the binding of sulfite are almost

identical in the active sites of TvNiR, TvNiRb, NrfA and the

Y218F mutant form of NrfA (Lukat et al., 2008). A decrease

in the sulfite reductase activity of TvNiRb by a factor of 1.7

compared with TvNiR can also be accounted for by an

increase in the pKa of the tyrosine. In this case, the effect is

smaller than that in the nitrite reduction. It appears that fast

proton transfer from the hydroxyl group of the tyrosine to the

substrate is less important for efficient catalysis in the case of

the relatively slow sulfite-reduction reaction compared with

the fast nitrite reduction, and the water molecule W5 at the

entrance to the active site can serve as the proton donor

instead of the tyrosine residue. For NrfA the sulfite reductase

activity of the wild-type enzyme is equal within experimental

error to that of the Y218F mutant form (Lukat et al., 2008),

which is evidence in support of the latter hypothesis.

Nitrite and sulfite reduction by cytochrome c nitrite

reductase is accompanied by the transfer of eight or six

protons, respectively. In the case of TvNiR, proton transport

to the active site may occur not only through the substrate-

and product-transport channels, which are similar in TvNiR

and NrfA, but also through the additional proton-transport

channel. The presence of the latter channel in TvNiR may be

one of the factors that are responsible for the higher nitrite

reductase activity of TvNiR compared with NrfA. The

arrangement of Tyr303 at the exit from the proton-transport

channel is evidence in favour of the involvement of this

residue as the proton donor in the catalysis, which accounts for

the high sensitivity of the activity of TvNiR to modification of

this residue.

5. Conclusions

It is notable that the Tyr–Cys bond appears in all TvNiR

structures and is suggested to occur in the native form of

TvNiR in cells, whereas the Tyr–Gln bond firstly appeared

as an artifact resulting from the protein-purification stage.

However, it cannot be ruled out that the Tyr–Gln bond may

also be formed in cells and plays a certain regulatory role. The

changes in the pKa value of the catalytic Tyr residue upon the

formation of Tyr–Cys and Tyr–Gln bonds are relatively small

but appear to be sufficient to influence the catalytic properties

of cytochrome c nitrite reductase. Based on the structure of

the nitrite complex of TvNiR with full active-site occupancy by

nitrite, Tyr is likely to donate its proton to the nitrite during

catalysis. Without making TvNiR mutants, we managed to

demonstrate the latter by comparing TvNiR with TvNiRb,

both of which are characterized by compact and rigid active

sites, with the only significant difference concerning the pKa

value of the catalytic Tyr residue.
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