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ABSTRACT: The periplasmic nitrate reductase (NapAB), a member of the DMSO reductase superfamily,
catalyzes the first step of the denitrification process in bacteria. In this heterodimer, a di-heme NapB
subunit is associated to the catalytic NapA subunit that binds a [4Fe-4S] cluster and a bis(molybdopterin
guanine dinucleotide) cofactor. Here, we report the kinetic characterization of purified mutated heterodimers
from Rhodobacter sphaeroides. By combining site-directed mutagenesis, redox potentiometry, EPR
spectroscopy, and enzymatic characterization, we investigate the catalytic role of two conserved residues
(M153 and R392) located in the vicinity of the molybdenum active site. We demonstrate that M153 and
R392 are involved in nitrate binding: theVm measured on the M153A and R392A mutants are similar to
that measured on the wild-type enzyme, whereas theKm for nitrate is increased 10-fold and 200-fold,
respectively. The use of an alternative enzymatic assay led us to discover that NapAB is uncompetitively
inhibited by Zn2+ ions (Ki′ ) 1 µM). We used this property to further probe the active site access in the
mutant enzymes. It is proposed that R392 acts as a filter by preventing a direct reduction of the Mo atom
by small reducing molecules and partially protecting the active site against zinc inhibition. In addition,
we show that M153 is a key residue mediating this inhibition likely by coordinating Zn2+ ions via its
sulfur atom. This residue is not conserved in the DMSO reductase superfamily while it is conserved in
the periplasmic nitrate reductase family. Zinc inhibition is therefore likely to be specific and restricted to
periplasmic nitrate reductases.

Nitrate reductases are molybdenum-containing enzymes
that catalyze the two-electron reduction of nitrate to nitrite.
Three types of nitrate reductases have been described in
bacteria. The three-subunit membrane anchored (Nar) and
the dimeric periplasmic (Nap) enzymes are associated with
respiratory transport pathways while the cytoplasmic enzyme
(Nas) is involved in nitrate assimilation (1, 2). The respiratory
enzyme Nar catalyzes nitrate reduction with concomitant
generation of proton motive force under anaerobic conditions
(3), while the periplasmic enzyme Nap initiates the denitri-
fication under both aerobic and anaerobic conditions (4). The
latter group contains heterodimeric enzymes consisting of
the subunits NapA and NapB. The large catalytic subunit
NapA contains a MGD1 cofactor and one [4Fe-4S] center.
NapB is a di-heme cytochrome which serves as an electron

transfer subunit between the membrane-anchored tetra-heme
c-type cytochrome NapC and the catalytic subunit NapA (5).

The structure of NapA fromDesulfoVibrio desulfuricans
was the first reported for a periplasmic nitrate reductase (6).
The structure of the NapAB heterodimer fromRhodobacter
sphaeroideswas solved at 3.2 Å resolution and revealed the
structural determinants required for optimal intermolecular
electron transfer between both subunits of the complex (7).
More recently, the 2.5 Å structure ofEscherichia coliNapA
has been solved and confirmed the previous structural
analyzes (8). In both cases, NapA displays anR/â fold
organized in four domains, all being involved in cofactor
binding. The active site is a molybdenum atom hexacoor-
dinated by the four dithiolene atoms of two MGD molecules,
the sulfur atom of the Cys152 side chain, and one hydroxo/
water ligand. A [4Fe-4S] cluster, located in proximity to the
MGD, is involved in electron transfer. The structures of
NapA from D. desulfuricans, E. coli, and R. sphaeroides
are similar in terms of metal cofactor content and domain
organization. In the structure of the heterodimer, the electron
transfer subunit NapB embraces the NapA subunit in an
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extended conformation leading the heme II into the vicinity
of the iron sulfur cluster of the catalytic subunit (7).

Spectroscopic, structural, and electrochemical studies have
established a framework for understanding the reaction
mechanism of NapAB (9). Kinetics experiments performed
on purified NapA and NapAB fromR. sphaeroidesare
consistent with a ping-pong mechanism: MoVI is reduced
into MoIV prior to the oxo-transfer reaction which regenerates
the oxidized form of the active site. NapB plays a key role
in this process by increasing the electron transfer rate to the
molybdenum (7). Although NapAB catalyzesin Vitro the
reduction of diverse substrates, such as selenate and tellurite,
the catalytic efficiency is low in both cases (10). Thiocyanate
and azide have been shown to act as competitive inhibitors
with respect to nitrate by direct binding to the catalytic Mo
via a sulfur atom (11). Cyanide, described as a noncompeti-
tive inhibitor, was suggested to displace a terminal sulfur
from the Mo coordination sphere (11).

To date, no enzymatic characterization has been performed
on any purified periplasmic nitrate reductase and the precise
functions of conserved residues located at the active site are
still elusive. One article reported on mutagenesis studies of
some residues around the molybdenum center inRalstonia
eutropha (12). Significantly, it was found that mutations
R421E (equivalent of R392 inR. sphaeroides) and M183H
(M153) led to a loss of activity. As informative as this study
is, it has been carried out on periplasmic extracts, which
precluded the authors from characterizing the kinetic and
structural properties of the mutated proteins.

Recently, our laboratory engineered aR. sphaeroidesstrain
able to produce large amounts of recombinant His-tagged
wild-NapAB heterodimer. This system was successfully used
to solve the first crystal structure of the wild-type NapAB
complex (7). Here we report the first detailed mechanistic
characterization of purified mutants that sheds light on the
catalytic role of conserved residues located in the neighbor-
hood of the catalytic molybdenum ion (Figure 1). We show
that M153 and R392 are involved in substrate binding. Zn2+

ions efficiently inhibit the enzyme in an uncompetitive
manner by binding in the active siteVia M153 in the presence

of substrate. We also show that R392 acts as a filter that
protects the active site from access to zinc and to small
reducing molecules that can directly reduce the Mo ion.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Plasmids, and Growth Conditions.
Rhodobacter sphaeroidesf. sp. denitrificans was grown at
30 °C in Hutner medium (13) under aerobic conditions (1.5
L of culture in 3 L Erlenmeyer flask, 150 rpm).E. coli strains
were grown at 37°C in Luria-Bertani medium. When
necessary the medium was complemented with 1µg mL-1

tetracycline forR. sphaeroidesand 20µg mL-1 tetracycline
or 100µg mL-1 ampicillin for E. coli.

Site-Directed Mutagenesis. QuickChange II XL Site-
Directed Mutagenesis kit from Stratagene was used to
generate point mutations into NapA. The size of the plasmid
pMS617, a pRK415 derivative bearingnapABhis-tagged
(10), was too large, so a 2.4 kbXbaI-SacI fragment
containing the first 2392 bp ofnapA was cloned into
pBluescript II KS. This plasmid was amplified using PfuUltra
high fidelity DNA polymerase and two complementary
oligonucleotides containing the desired mutation (in bold)
flanked by unmodified nucleotide sequence. For mutant
M153A the following primers were used: NAP M153A (5′-
GCGCGCCACTGCGCCGCGTCGGCCGCCAC-3′) and
rNAP M153A (5′-GTGGCGGCCGACGCGGCGCAGTG-
GCGCGC-3′). For R392A mutant: NAP R392A (5′-CT-
GCGGCACCGCGGCCGAGGTGGGCACC-3′) and rNAP
R392A (5′-GGTGCCCACCTCGGCCGCGGTGCCGCAG-
3′). After PCR amplification, the DNA was digested with
DpnI, which is specific for methylated DNA and is used to
digest the parental DNA template. The nicked vector DNA
incorporating the desired mutation was then transformed into
E. coli DH5R competent cells. The insert was sequenced to
verify that selected clones contain the desired mutation. This
XbaI-SacI fragment containing the mutation was then used
to replace theXbaI-SacI fragment of pMS617. The resulting
plasmids were moved fromE. coli to R. sphaeroidesnapA
mutant MS523 (4) by standard procedure.

FIGURE 1: (A) The overall structure of the NapAB heterodimer fromR. sphaeroides. The red arrow represents the electron transfer pathway
from the distal heme of NapB to the catalytic molybdenum of NapA. The funnel-like substrate cavity extending from the surface to the
active site is highlighted as a gray arrow. (B) View of the molybdenum active site, with M153 and R392, the two conserved residues
mutated in this study.
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Protein Purification Methods.His-tagged wild-type and
mutant NapAB complexes were overproduced and purified
in a strain ofR. sphaeroidesdeleted in nitrate reductase genes
as previously decribed in ref14.

Nitrate/Reduced Methyl Viologen Assay.Nitrate reductase
activity was assayed spectrophotometrically by measuring
oxidation of reduced methyl viologen (MV) (ε600 nm ) 13
mM-1 cm-1). The reactions were carried out in anaerobic
cuvettes at 30°C in a 100 mM Tris/HCl buffer (pH 8)
containing 2 mM MV and various concentrations of KNO3

(final volume 4 mL). After flushing the cell with argon, MV
was partially reduced to OD600nm) 1.5-1.7 (115-130µM
reduced MV) with 10 to 20µL of a freshly prepared 57 mM
sodium dithionite solution. The reaction was started by
addition of various quantities of purified wild-type or mutated
NapAB complex. The slope of the recorded trace was used
to calculate the oxidation rate of reduced MV.

Nitrite/Dithionite Assay.Nitrate reductase activity was
alternatively followed by measuring production of nitrite
using sodium dithionite instead of MV as the electron donor.
The reactions were carried out in anaerobic cuvettes at 30
°C in a 100 mM Tris/HCl buffer (pH 8) containing various
concentrations of KNO3 (final volume 4 mL). After flushing
the cell with argon, 5 to 20µL of a freshly prepared 570
mM sodium dithionite solution was added. The reaction was
started by the addition of the purified wild-type or mutated
NapAB complex. Nitrite production was determined as
described in ref15 with slight modifications. This involves,
first, the reaction in acid solution of a primary amine
(sulfanilamide) with nitrite to form a diazonium salt which
is then coupled to an aromatic amine to yield a red AZO
dye. Concentration of this red dye can be determined
spectrophotometrically at 540 nm. After 10 min of reaction,
0.5 mL of reaction mix was incubated for 15 min at room
temperature with a solution containing 0.5 mL of H2O, 0.25
mL of sulfanilamide 1% in HCl 3 N, and 0.25 mL of
naphthylethylene diamine 0.01%. OD540nmwas measured and
nitrite concentration was calculated using the slope of a linear
sodium nitrite standard curve.

Inhibition Experiments.The inhibitory effect of Zn2+ on
NapAB activity was studied with the two assays described
above. The same procedure was followed with the anaerobic
cuvettes containing ZnSO4 over the range of 1-625 µM.
Since Tris buffer binds most of the Zn2+ in our conditions,
we estimated the free Zn2+ concentrations available in the
solution using the equation [Zn]free) [Zn]0/(1 + [Tris]0/Ktris)
with a Ktris ) 2.3 ( 0.2 mM, as previously determined at
pH 7.5 by Gazaryan et al. (16). In our conditions (100 mM
Tris/HCl buffer, pH 8), the value of (1+ [Tris]0/Ktris) always
equates 44.5.

Preparation and Reductase ActiVities of Periplasmic
Extracts.Periplasmic extracts were prepared as followed.
Cells from a 100 mL culture ofR. sphaeroidesf. sp.
denitrificans supplemented with 20 mM KNO3 or 20 mM
DMSO were harvested, resuspended in 10 mL of Tris/HCl
50 mM pH 8, sucrose 0.45 M, EDTA 1.3 mM, and incubated
with 1 mg/mL lysozyme for 1 h at 30 °C under gentle
stirring. Cell pellet was removed by centrifugation at 8000
rpm at 4 °C for 10 min. The periplasmic fraction was
collected by ultracentrifugation at 45000 rpm at 4°C for 45
min. Proteins were quantified by the BCA assay (Pierce).
DMSO reductase and nitrate reductase activities were

determined at room temperature in the presence of 5 mM
DMSO or 2.5 mM KNO3 using MV as electron donor as
described above.

Metal Content, Redox Titrations, and Spectroscopic Analy-
sis.Metal content of NapAB mutants was measured by using
ICP-MS analysis (spectrometer HP 4500, calibrated using
external standard). Redox titrations were performed on a wide
potential range in a specially designed anaerobic cell under
argon atmosphere. Enzyme concentrations were in the 40-
80 µM range in 20 mM Hepes, 100 mM NaCl buffer for
M153A (pH 7.5) and R392A (pH 7.6) mutants, and 16 mM
Hepes, 9 mM Tris, 80 mM NaCl (pH 7.2) for wild-type
NapAB. A mixture of the following mediators was added,
at 15µM each: potassium ferricyanide, 1,4-benzoquinone,
2,5-dimethyl-p-benzoquinone, 1,2-naphthoquinone, phena-
zine methosulfate, phenazine ethosulfate, methylene blue,
resorufine, indigo disulfonate, 2-hydroxy-(1,4)-naphtho-
quinone, phenosafranine, neutral red, methyl viologen. Redox
potentials were adjusted with small additions of a 20 mM
sodium dithionite or potassium ferricyanide solution and
measured with a combined Pt-Ag/AgCl/KCl (3 M) micro-
electrode. Stable potentials were achieved in a few minutes,
and samples were anaerobically transferred into calibrated
EPR tubes which were rapidly frozen. All quoted potentials
are given with respect to the standard hydrogen electrode.
EPR experiments were performed on a Bruker ELEXSYS
E500 spectrometer fitted with an Oxford Instrument ESR900
helium flow cryostat.

RESULTS

Enzyme Production and Cofactor Content.Overexpression
in Rhodobacter sphaeroidesand purification of the mutants
led to a typical purification yield of about 1 mg per liter of
cell culture. SDS gel electrophoresis revealed that the purity
of the preparations was close to 100% in all cases and that
no dissociation of the complex occurred in the course of the
purification. No attempt was made to remove the 6His tag,
and the preparations were directly concentrated prior to
biophysical and biochemical experiments.

Metal content analyses confirmed that molybdenum is fully
incorporated in all enzymes. The molar ratio 6 (Mo/Fe),
which is equal theoretically to 100%, was determined by
ICP-MS and found to be 94%, 91%, and 124% ((10%) in
WT, M153A, and R392A enzymes, respectively. In the as
prepared state of the WT enzyme, the two oxidized hemes
gave at 15 K a single rhombic EPR signal atg ) 2.92, 2.28,
and 1.50 (Figure 2A). Upon reduction, this signal disappears
progressively, and below-50 mV a rhombic [4Fe-4S]+1

signal appears atg ) 2.042, 1.947, 1.900 (Figure 2B). The
two studied mutations have no significant effects on the EPR
signatures of the hemes and of the [4Fe-4S] cluster, and spin
intensity measurements performed in the fully oxidized and
fully reduced states of the enzymes showed that the content
of these centers is not affected. Taken together, these results
indicate that the mutated enzymes keep their structural
integrity and house all the cofactors, including the Mo-co.
Moreover, the redox behaviors of the hemes and of the [4Fe-
4S] center were determined by monitoring their EPR signal
amplitude as a function of the redox potential. Although the
mutated residues are rather distant from these centers, it
appears clearly that their substitution can have a significant
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effect on their redox properties (Table 1). The stronger effects
were observed in the M153A mutant where the midpoint
potential of the iron-sulfur center is decreased by about 100
mV, and that of the low potential heme shifts from-65 mV

to -130 mV. Such indirect effects of amino acid replacement
on the redox properties of a remote metal center were
observed in various metalloproteins (17-19) and are con-
sidered to arise from weak distant induced conformation
changes which modify polarity, solvent exposition, or
hydrogen bond network around the center. Interestingly, the
[4Fe-4S]+1 EPR signal of the M153A mutant shows a
broadening similar to that observed in the NapA enzyme
expressed as a monomer and where the redox potential of
the [4Fe-4S] cluster is decrease by 160 mV which supports
this interpretation (20).

In the as-prepared WT NapAB, the Mo-co is easily
detected by EPR at 55 K as a Mo(V) species (Figure 2C).
Its EPR spectrum is composed of a major “highg” rhombic
signal (g1 ) 1.9987, g2 ) 1.9907, g3 ) 1.9810) which
exhibits hyperfine couplings with two nonexchangeable
protons (8). This species is stable on a very large potential
range, the midpoint potential of the Mo(V)/Mo(IV) and Mo-
(VI)/Mo(V) being found at -225 mV and +570 mV,
respectively. Depending on the enzyme preparation, a minor
contribution of “very highg” Mo(V) signal (g1 ) 2.022,g2

) 1.999,g3 ) 1.989) was also found. The total spin intensity
of the Mo(V) signals represents between 0.1 and 0.2 spin
per [4Fe-4S] cluster. Such a substoichiometry of the Mo(V)
signal is a well-known feature of periplasmic nitrate reduc-
tases. In NapA fromDesulfoVibrio desulfuricansATCC
27774 Mo(V) is described as accounting for 0.05 spin (21)
while in Paracoccus denitrificansand pantotrophusthis
signal corresponds to 2.5-10% of total molybdenum (22,
23). In Escherichia coli, no Mo(V) signal is described in
the as-prepared state of NapA enzyme (8). However, in most
cases the Mo(V) signal is increased after reduction with
dithionite to a larger percentage (70-90% in the case of
Escherichia coli). A substoichiometry of the Mo(V) signal
is also often observed in multicenter molybdoenzymes of
the DMSO family [see for example the studies of the
membrane-bound nitrate reductase in refs24 and17 and ref
25, the cytoplasmic nitrate reductase NarB (26), and the
DMSO reductase (in as-prepared or dithionite-reduced states)
(27, 28)].

In contrast, no Mo(V) paramagnetic species was detected
in R392A, even after careful examination in the large
potential range. In M153A, a small amount (0.03 spin per
[4Fe-4S] center) of a Mo(V) signal was observed between
0 and+200 mV. By comparison with the “highg” signal
this signal has differentg-values (g1 ) 1.9917,g2 ) 1.9818,
g3 ) 1.9726) and it shows no resolved hyperfine structure
(Figure 2C). This is surprising since the hyperfine couplings
of the “highg” signal were proposed to arise from theâ-CH2

protons of the Mo cysteine ligand (23) which is not modified

FIGURE 2: (A) X-band EPR spectra from hemes of oxidized NapAB
(a) WT (as prepared), (b) R392A (as prepared), (c) M153A (as
prepared). Recording conditions: temperature 15 K, microwave
power 4 mW, modulation amplitude 1 mT. (B) X-band EPR spectra
from [4Fe4S]1+ of reduced NapAB (a) WT (-442 mV), (b) R392A
(-369 mV), (c) M153A (-348 mV). Recording conditions: 15
K, microwave power 1 mW, modulation amplitude 0.5 mT. The
signal marked with an asterisk come from the mediators. (C) X-band
EPR spectra from Mo(V) of NapAB (a) WT (+232 mV), (b) R392A
(-7 mV), (c) M153A (+39 mV). Recording conditions: 55 K,
microwave power 1 mW, modulation amplitude 0.2 mT for a, 0.5
mT for b and c. Scan number: 1 for a and b, 16 for c.

Table 1: Cofactor Reduction Potentials of WT and Mutants NapAB

enzyme
E1/2 [4Fe4S]

(mV)

E1/2 heme I
E1/2 heme II

(mV)

E1/2 (MoVI/MoV)
E1/2 (MoV/MoIV)

(mV)

WT -80 ( 10 +80 ( 15 “highg” signal
-65 ( 10 +570( 20

-225( 10
M153A -180( 20 +75 ( 40 traces

-130( 10
R392A -100( 10 +15 ( 15 no signal

-110( 10
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by the mutation. As R392 and M153 are relatively distant
from Mo ion (∼9 and∼6 Å, respectively), the differences
observed in the mutants for the stability and spectroscopic
properties of the Mo(V) state suggest that mutations have
brought about discrete structural rearrangements around the
Mo-co. However, in native periplasmic nitrate reductases,
the correspondence between the Mo(V) species identified
by EPR and the catalytically relevant form of the active site
is still unclear, and the physiological relevance of the “high
g” Mo(V) species is not established. As a matter of fact, the
Vm of the R392A and M153A mutants is identical to that of
WT enzyme (see below). This indicates that in the mutants,
the electron transfer through the hemes, the [4Fe4S] cluster
to the Mo-co, and the catalytic process are not slowed down
to the extent that they become rate-limiting for the reaction.

R392 and M153 Are InVolVed in Substrate Binding.The
structures of the heterodimeric periplasmic nitrate reductases
from R. sphaeroidesand the monomeric nitrate reductase
from D. desulfuricansshow that a funnel-like cavity extend-
ing from the surface to the active site mediates the entrance
of nitrate and its binding at the hydroxo/oxo ligand position
of the molybdenum atom (Figure 1). Inside this channel, the
side chain of two residues (R392 and M153) located in the
vicinity of the Mo and conserved in the different species
could play a role in binding and stabilizing the substrate.

The nitrate reductase activities were assayed spectropho-
tometrically for the purified complex NapAB and the R392A
and M153A mutants, using methyl viologen at saturating
concentration as electron source. In all cases, the kinetics
were consistent with Michaelis-Menten behavior (see Sup-
porting Information). The mutation of either the arginine or
the methionine does not modify the maximal rateVm (about
12-13 µmol min-1 mg-1, see Table 2). However, the
apparent affinity for nitrate is dramatically affected in both
cases: theKm for KNO3 is increased 8-fold for the M153A
mutant (3 mM) with respect to wild-type enzyme (0.4 mM),
and theKm value is as high as 65 mM when the guanidium
side chain of residue 392 is removed. These results clearly
demonstrate the role of M153 and R392 in promoting the
substrate binding.

R392 Protects the Mo Site against Direct Reduction.
Alternatively, nitrate reductase activities were followed by
measuring the rate of nitrite formation in the presence of
saturated concentration of substrate and using sodium
dithionite instead of reduced MV as the electron donor (Table
2). Under such conditions, nitrite production catalyzed by
WT NapAB is very slow (about 0.2µmol min-1 mg-1)
suggesting that sodium dithionite can efficiently transfer
electrons neither to the exposed heme I of NapB nor directly
to the molybdenum active site of NapA. Direct electron
transfer to the [4Fe4S] cluster is also unlikely since no nitrite

production could be detected with the purified wild-type
NapA subunit under these conditions (data not shown). On
the other hand, sodium dithionite is clearly a more efficient
electron donor for the R392A mutant since under such
conditions the maximal specific activity reaches 3.7µmol
min-1 mg-1 (Figure 3 and Table 2). Taking into account the
very low or null activity of both WT NapAB and NapA in
the presence of dithionite, together with the putative larger
size of the substrate channel created by the removal of the
arginine side chain in the mutant, we suggest that the
production of nitrite catalyzed by R392A results from direct
reduction of the molybdenum by dithionite. Thus, in addition
to its role in binding nitrate, arginine 392 appears to protect
the active site against direct reduction.

R392 Restricts the Zinc Access to the ActiVe Site. M153
Plays a Key Role in Zn2+ Inhibition. In the course of this
study, kinetic measurements initially performed using MV
reduced by Zn(0) beads (as described in ref29) clearly
suggested an inhibitory effect of this metal (data not shown).
We confirmed that this effect was related to soluble Zn2+

ions produced upon reduction of MV by Zn(0). Since
inhibition appeared to be different for the wild-type enzyme
and the mutants, we exploited this behavior as an alternative
approach to study the function of the mutated residues.

We first observed that adding EDTA, a Zn2+-chelating
molecule, in the reaction cuvette alleviated this inhibition
and fully restored enzyme activity, suggesting a reversible
inhibition (data not shown).

Kinetic analysis of the wild-type enzyme in the presence
of various concentrations of KNO3 and ZnSO4 is presented
in Figure 4 as Dixon (30) and Cornish-Bowden (31) plots.
These representations provide a way to discriminate the type
of inhibition and theKi′ constant. As a result, Zn2+ appears
to be an uncompetitive inhibitor of NapAB with an inhibition
constant of∼1 µM. In this type of inhibition, the effect of
the inhibitor only occurs when the substrate is bound to the
active site.

The same experiments were carried out on R392A and
M153A mutants. In both cases, Zn2+ also acted as an
uncompetitive inhibitor (Figure 4). Compared to the wild-
type enzyme, theKi′ for R392A was considerably lowered

Table 2: Kinetic Parameters of WT and Mutant Enzymes with
Reduced MV or Dithionite as Electron Donor and in the Presence
of Zinc

enzyme
Km

KNO3

(mM)
Vmax

(µmol min-1 mg-1)
Vdithionite

a

(µmol min-1 mg-1)

WT 0.41( 0.06 13.1( 0.7 0.22( 0.06
M153A 3.2( 0.7 13.2( 0.9 0.84( 0.32
R392A 65.5( 6.5 11.9( 0.4 3.69( 0.36

a Maximum specific activities measured with sodium dithionite as
sole electron donor over the range 0-2.85 mM at 250 mM KNO3.

FIGURE 3: Nitrite production by R392A enzyme with sodium
dithionite as electron donor. Sodium dithionite was varied from 0
to 2.85 mM at 250 mM KNO3. Each point represents the mean of
at least two independent experiments. For WT and M153A
enzymes, in the same conditions, the maximum specific activities
measured in the range of 0-2.85 mM sodium dithionite are 0.22
and 0.84µmol min-1 mg-1, respectively.
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(below 10 nM) while that for M153A increased by 1 order
of magnitude (∼10 µM). These results revealed that the
binding of Zn2+, occurring inside the substrate-binding
channel in the presence of nitrate, requires the M153 side
chain and is facilitated by the absence of the guanidinium
group of R392.

Zinc Inhibition Is Specific to Periplasmic Nitrate Reduc-
tases.In order to study the inhibitory effect of Zn2+ on the
activity of other members of the DMSO reductase family,
we measured the DMSO reductase activity of a periplasmic
extract prepared from a wild-type strain. Cultures were
previously grown in the presence of 20 mM DMSO to induce
the synthesis of the DMSO reductase (32). As shown in
Figure 5, Zn2+ up to 14µM did not inhibit DMSO reductase
activity while nitrate reductase activity was significantly
affected. In addition, no Zn2+ inhibition was observed with
the purified membrane-anchored nitrate reductase (NarGH)
from E. coli (A. Magalon, personal communication). Thus,
it seems that the inhibitory effect of Zn2+ ions is restricted
to periplasmic nitrate reductase.

DISCUSSION

Detailed mechanistic studies using site-directed mutagen-
esis approaches have been reported for several members of
the DMSO reductase family. However, no such work has
been published for a periplasmic nitrate reductase. In this
paper, we report the first detailed mechanistic characterization
of purified mutants shedding light on the catalytic role of
conserved residues located in the neighborhood of the
catalytic molybdenum ion.

R392 is the only conserved basic residue in the funnel-
like cavity connecting the solvent to the catalytic site. Since
deletion of the guanidinium side chain of this residue affected
only theKm for nitrate but not theVm, it is clear that R392
is not involved in the catalytic reduction of nitrate but
promotes substrate binding. This result substantiates the
mutagenesis study previously carried out on NapAB from
R. eutropha(12). In this work, average specific activities
monitored on periplasmic extracts prepared from cells
producing mutated protein at the equivalent basic residue

FIGURE 4: Kinetic analysis of the inhibition by ZnSO4 of WT and
mutant enzymes. The enzyme activities were measured with varying
concentrations of ZnSO4 at different nitrate concentrations. Data
were plotted in Cornish-Bowden and (inset) Dixon plots. Each point
represents the mean of at least two independent experiments (SD
< 15%). (A) WT enzyme, ZnSO4 was varied from 31 to 250µM
in the presence of 78.1µM (9), 156.2µM (4), 312.5µM (1), 1
mM (O), and 2.5 mM (b) KNO3. (B) R392A enzyme, ZnSO4 was
varied from 1 to 5µM in the presence of 15.6 mM (4), 31 mM
(1), 100 mM (O), and 250 mM (b) KNO3. (C) M153A enzyme,
ZnSO4 was varied from 125 to 625 mM in the presence of 2.5 mM
(1), 10 mM (O), and 25 mM (b) KNO3. [Zn2+]free was calculated
as described in Experimental Procedures. Lines were obtained by
fitting the data using linear regression with the Sigma Plot 9.0
program (Systat Software, Inc). Intersection of the lines in the
Cornish-Bowden plots provides a good estimation of the-Ki′ values
(Ki′ ∼ 1, ∼ 0.01, and∼ 10 µM for WT, R392A, and M153
enzymes, respectively).

FIGURE 5: Effect of Zn2+ on the DMSO and nitrate reductase
activities from a periplasmic extract ofR. sphaeroides. Each point
represents the mean of at least two independent experiments. ZnSO4
was varied from 0 to 625µM in the presence of 5 mM DMSO (b)
or 2.5 mM KNO3 (O). [Zn2+]free was calculated as described in
Experimental Procedures. Specific activities were calculated using
the periplasmic protein concentration.
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(R421E and R421K) revealed a drastic loss of enzymatic
activity compared to wild-type enzyme. Our results confirm
a role of this arginine in substrate trafficking. It may directly
interact with NO3

- through electrostatic interaction or
indirectly through electrostatic steering. Analysis of the
substrate-free structures reveals that the geometry and the
distances observed between R392 and the molybdenum atom
(about 9.2 Å) are not compatible with the NO3

- molecule
being positioned at the sixth coordination site of the Mo and
simultaneously interacting with the R392 guanidinium side
chain (Figure 1). As a consequence, a direct R392-NO3

binding would require a local conformation change that
places the guanidinium side chain closer to both the substrate
and the molybdenum atom. Such an arginine side chain
rearrangement related to the presence or absence of bound
substrate has been described in the catalytic cycle of sulfite
oxidase (33).

The role of R392 was further investigated through nitrite/
dithionite assays. Dithionite is a very poor electron donor to
the wild-type monomeric or heterodimeric enzymes. Surpris-
ingly, the deletion of the R392 side chain remarkably
increases the nitrite production rate when dithionite is used
as the sole electron source. This result is consistent with a
direct reduction of the active site (probably the molybdenum
atom) by dithionite in the mutant, made possible by the
enlargement of the substrate-binding channel. In addition to
stabilizing substrate at the active site, R392 is also likely to
be involved in preventing the direct interaction of small redox
molecules (including dithionite) with the catalytic Mo, thus
making the electrons flow through the solvent exposed heme
and the [4Fe4S] cluster during catalysis.

Another insight in the study of periplasmic nitrate reduc-
tase comes from our characterization of the inhibitory
behaviors of zinc. We clearly demonstrate that Zn2+ acts on
the R. sphaeroidesperiplasmic nitrate reductase as uncom-
petitive inhibitor with respect to nitrate (Ki′ ∼ 1 µM). This
type of inhibition implies that the substrate binding unmasks
the Zn2+ binding site. The characterization of M153A and
R392A mutants’ Zn2+ inhibition is very informative regard-
ing the localization of the inhibitor binding site and the
inhibitory mechanism. First, the R392A mutant is consider-
ably more affected than the wild-type enzyme (Ki′ ∼ 10 nM
vs Ki′ ∼ 1 µM). Taking into account that the deletion of the
guanidinium side chain in the mutant facilitates the access
of small molecules to the active site, Zn2+ could easily bind
near the active site. The substrate interaction with the sixth
coordination site of the Mo ion, coming with a local
conformational change of R392, could be related to the
uncompetitive character of zinc inhibition. Indeed, a putative
guanidinium side chain movement could accompany the
nitrate to the molybdenum ion and concomitantly unmask
the Zn2+ binding site. Alternatively, the uncompetitive
inhibitory effect of zinc, which requires the previous binding
of the substrate at the active site, could reflect a direct Zn2+-
NO3

- interaction. These issues should be clarified by solving
the structure of a periplasmic nitrate reductase in the presence
of both nitrate and zinc ions. Remarkably, the M153A mutant
is significantly less sensitive to Zn2+ ions (Ki′ ∼ 10 µM)
than the WT, demonstrating that the methionine is an
important structural determinant of inhibitor binding. The
sulfur of methionyl residues is known to react with metal
ions. It participates for instance in the coordination of (i)

the heme irons of cytochromec553 from Bacillus pasteuri
(34) and of mutants ofE. coli cytochromeb562 (35); (ii)
the copper in the plastocyanin fromSynechocystissp. PCC
6803 (36), the CuA domain ofThermus thermophilusba3-
type cytochromec oxidase (37) and in theHaemophilus
ducreyiCu, Zn superoxide dismutase (38). A role of Cu2+

and/or Zn2+ binding via sulfur of a methionyl residue was
evidenced for prion peptide P106-126 aggregation and
neurotoxicity (39). In the light of these examples, we propose
that Zn2+ inhibition of the periplasmic nitrate reductase
occurs via its coordination to the sulfur of M153. This
methionyl residue is absent in the membrane-bound nitrate
reductase ofE. coli and the DMSO reductase fromR.
sphaeroides, and indeed, the activities of both enzymes are
not affected by Zn2+ ions.

The inhibitory effect of Zn2+ ions on bacterial periplasmic
nitrate reductase is an unexpected observation, althoughin
ViVo and in Vitro studies have already described such an
effect on eukaryotic nitrate reductase activities. Indeed,
Mathys (40) described a strong inhibition of nitrate reductase
activity in leaves of a zinc-resistantSilene cucubalusstrain
population when ZnSO4 was added in the reaction medium
(IC50 6µM). Nitrate reductase fromAspergillus sp. was
shown to be inhibited by ZnSO4 in Vitro (IC50 ∼ 6 µM).
More recently, Tripathi et al. determined that the nitrate
reductase activity of green alguaScenedesmussp. exposed
to Zn2+ stress was reduced (41). No precise kinetic charac-
terization of the inhibitory effects has ever been reported.
The structure of the eukaryotic nitrate reductase fromPichia
angustadisplays an overall fold that differs from that of the
dissimilatory bacterial enzymes, but with striking similarities
at the active site: a Mo-ligating cysteine surrounded by
similar type of residues (M427 and R144 inP. angusta
numbering) (42). Since zinc inhibition has been described
in Vitro for eukaryotic nitrate reductases, and is now clearly
evidenced for the bacterial periplasmic enzyme, a similar
mechanism of Zn2+ binding in eukaryotic and periplasmic
nitrate reductase active sites may be hypothesized. Prelimi-
nary assays performed with CdCl2, also described as an
inhibitor of eukaryotic nitrate reductase, revealed that Cd2+

ions inhibit the periplasmic nitrate reductase in a way similar
to Zn2+. As these inhibitions are efficient and seem specific
to periplasmic nitrate reductase, their physiological relevance
in prokaryotes is now under study in order to determine how
these cations affect the enzymein ViVo and how the cell
accommodates such metal stress.
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