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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 sphaeroide8y 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: thé, measured on the M153A and R392A mutants are similar to
that measured on the wild-type enzyme, whereaskthdor 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 Zri#* ions Ki' = 1 uM). 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 coordinatingy Zoms 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 enzymestransfer subunit between the membrane-anchored tetra-heme
that catalyze the two-electron reduction of nitrate to nitrite. c-type cytochrome NapC and the catalytic subunit NapA (
Three types of nitrate reductases have been described in The structure of NapA fronDesulfaibrio desulfuricans
bacteria. The three-subunit membrane anchored (Nar) andwas the first reported for a periplasmic nitrate reductége (
the dimeric periplasmic (Nap) enzymes are associated with The structure of the NapAB heterodimer frdRinodobacter
respiratory transport pathways while the cytoplasmic enzyme sphaeroidesvas solved at 3.2 A resolution and revealed the
(Nas) is involved in nitrate assimilatiof,(2). The respiratory  structural determinants required for optimal intermolecular
enzyme Nar catalyzes nitrate reduction with concomitant electron transfer between both subunits of the complgx (
generation of proton motive force under anaerobic conditions More recently, the 2.5 A structure &scherichia colNapA
(3), while the periplasmic enzyme Nap initiates the denitri- has been solved and confirmed the previous structural
fication under both aerobic and anaerobic conditieglsThe analyzes §). In both cases, NapA displays an/ fold
latter group contains heterodimeric enzymes consisting of organized in four domains, all being involved in cofactor
the subunits NapA and NapB. The large catalytic subunit binding. The active site is a molybdenum atom hexacoor-
NapA contains a MGBcofactor and one [4Fe-4S] center. dinated by the four dithiolene atoms of two MGD molecules,
NapB is a di-heme cytochrome which serves as an electronthe sulfur atom of the Cys152 side chain, and one hydroxo/

water ligand. A [4Fe-4S] cluster, located in proximity to the
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Ficure 1: (A) The overall structure of the NapAB heterodimer fr&nsphaeroidesThe 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.

extended conformation leading the heme Il into the vicinity of substrate. We also show that R392 acts as a filter that
of the iron sulfur cluster of the catalytic subunt)( protects the active site from access to zinc and to small
Spectroscopic, structural, and electrochemical studies havereducing molecules that can directly reduce the Mo ion.
established a framework for understanding the reaction
mechanism of NapAB9). Kinetics experiments performed EXPERIMENTAL PROCEDURES
on purified NapA and NapAB fronR. sphaeroidesare ) ) ) N
consistent with a ping-pong mechanism: W reduced Bacterial Strains, Elasmlds, apq_Growth Conditions.
into Mo prior to the oxo-transfer reaction which regenerates Rhodobacter sphaeroiddssp. denitrificans was grown at
the oxidized form of the active site. NapB plays a key role 30 °C in Hutner medium13) under aerobic conditions (1.5
in this process by increasing the electron transfer rate to thel Of culture in 3 L Erlenmeyer flask, 150 rpmi. coli strains
molybdenum 7). Although NapAB catalyzein uitro the were grown at 37°_C in Luria—Bertani medlqm. When
reduction of diverse substrates, such as selenate and telluritg)ecessary the medium was complemented witly L™
the catalytic efficiency is low in both casel0j. Thiocyanate  tetracycline forR. sphaeroideand 20ug mL™* tetracycline
and azide have been shown to act as competitive inhibitorsO 1004g mL™* ampicillin for E. coli.
with respect to nitrate by direct binding to the catalytic Mo  Site-Directed MutagenesiQuickChange 1l XL Site-
via a sulfur atom11). Cyanide, described as a noncompeti- Directed Mutagenesis kit from Stratagene was used to
tive inhibitor, was suggested to displace a terminal sulfur generate point mutations into NapA. The size of the plasmid
from the Mo coordination spherd.1). pMS617, a pRK415 derivative bearingapAB his-tagged
To date, no enzymatic characterization has been performed(10), was too large, so a 2.4 kiXba-Sad fragment
on any purified periplasmic nitrate reductase and the precisecontaining the first 2392 bp ohapA was cloned into
functions of conserved residues located at the active site arepBluescript | KS. This plasmid was amplified using PfuUltra
still elusive. One article reported on mutagenesis studies ofhigh fidelity DNA polymerase and two complementary
some residues around the molybdenum centdRdistonia oligonucleotides containing the desired mutation (in bold)
eutropha(12). Significantly, it was found that mutations flanked by unmodified nucleotide sequence. For mutant
R421E (equivalent of R392 iR. sphaeroidgsand M183H M153A the following primers were used: NAP M153A'{5
(M153) led to a loss of activity. As informative as this study GCGCGCCACTGGCCGCGTCGGCCGCCAC-3 and
is, it has been carried out on periplasmic extracts, which rINAP M153A (8-GTGGCGGCCGACGGGCGCAGTG-
precluded the authors from characterizing the kinetic and GCGCGC-3). For R392A mutant: NAP R392A (KCT-
structural properties of the mutated proteins. GCGGCACCGC®CCGAGGTGGGCACC-3 and rNAP
Recently, our laboratory engineere®asphaeroidestrain R392A (B-GGTGCCCACCTGGCCGCGGTGCCGCAG-
able to produce large amounts of recombinant His-tagged3'). After PCR amplification, the DNA was digested with
wild-NapAB heterodimer. This system was successfully used Dpnl, which is specific for methylated DNA and is used to
to solve the first crystal structure of the wild-type NapAB digest the parental DNA template. The nicked vector DNA
complex ). Here we report the first detailed mechanistic incorporating the desired mutation was then transformed into
characterization of purified mutants that sheds light on the E. coli DH5c. competent cells. The insert was sequenced to
catalytic role of conserved residues located in the neighbor- verify that selected clones contain the desired mutation. This
hood of the catalytic molybdenum ion (Figure 1). We show Xba-Sad fragment containing the mutation was then used
that M153 and R392 are involved in substrate binding*Zn  to replace th&ba-Sad fragment of pMS617. The resulting
ions efficiently inhibit the enzyme in an uncompetitive plasmids were moved fror. coli to R. sphaeroidesapA
manner by binding in the active sité&a M153 in the presence  mutant MS523 4) by standard procedure.
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Protein Purification MethodsHis-tagged wild-type and  determined at room temperature in the presence of 5 mM
mutant NapAB complexes were overproduced and purified DMSO or 2.5 mM KNQ using MV as electron donor as
in a strain ofR. sphaeroidedeleted in nitrate reductase genes described above.

as previously decribed in reif4. Metal Content, Redox Titrations, and Spectroscopic Analy-
Nitrate/Reduced Methyl Viologen Assbljtrate reductase  sjs. Metal content of NapAB mutants was measured by using
activity was assayed spectrophotometrically by measuring |CP-MS analysis (spectrometer HP 4500, calibrated using
oxidation of reduced methyl viologen (MVjdpo nm = 13 external standard). Redox titrations were performed on a wide
mM~* cm™). The reactions were carried out in anaerobic potential range in a specially designed anaerobic cell under
cuvettes at 30°C in a 100 mM Tris/HCI buffer (pH 8)  argon atmosphere. Enzyme concentrations were in the 40
containing 2 mM MV and various concentrations of KNO  gpo uM range in 20 mM Hepes, 100 mM NaCl buffer for
(final volume 4 mL). After flushing the cell with argon, MV M153A (pH 7.5) and R392A (pH 7.6) mutants, and 16 mM
was partially reduced to Qgonm= 1.5-1.7 (115-130uM Hepes, 9 mM Tris, 80 mM NaCl (pH 7.2) for wild-type
reduced MV) with 10 to 2@iL of a freshly prepared 57 mM  NapAB. A mixture of the following mediators was added,
sodium dithionite solution. The reaction was started by at 15uM each: potassium ferricyanide, 1,4_benzoquinone’
addition of various quantities of purified wild-type or mutated 2 5-dimethylp-benzoquinone, 1,2-naphthoquinone, phena-
NapAB complex. The slope of the recorded trace was usedzine methosulfate, phenazine ethosulfate, methylene blue,
to calculate the oxidation rate of reduced MV. resorufine, |nd|go disulfonate, 2-hydroxy-(1’4)-naphtho-
Nitrite/Dithionite Assay.Nitrate reductase activity was quinone, phenosafranine, neutral red, methyl viologen. Redox
alternatively followed by measuring production of nitrite potentials were adjusted with small additions of a 20 mM
using sodium dithionite instead of MV as the electron donor. sodium dithionite or potassium ferricyanide solution and
The reactions were carried out in anaerobic cuvettes at 30measured with a combined-PAg/AgCI/KCI (3 M) micro-
°C in a 100 mM Tris/HCI buffer (pH 8) containing various  electrode. Stable potentials were achieved in a few minutes,
concentrations of KNgXfinal volume 4 mL). After flushing  and samples were anaerobically transferred into calibrated
the cell with argon, 5 to 2L of a freshly prepared 570  EPR tubes which were rapidly frozen. All quoted potentials
mM sodium dithionite solution was added. The reaction was are given with respect to the standard hydrogen electrode.
started by the addition of the purified wild-type or mutated EPR experiments were performed on a Bruker ELEXSYS

NapAB complex. Nitrite production was determined as E500 spectrometer fitted with an Oxford Instrument ESR900
described in refl5 with slight modifications. This involves,  helium flow cryostat.

first, the reaction in acid solution of a primary amine
(sulfanilamide) with nitrite to form a diazonium salt which RESULTS
is then coupled to an aromatic amine to yield a red AZO
dye. Concentration of this red dye can be determined Enzyme Production and Cofactor ConteDtierexpression
spectrophotometrically at 540 nm. After 10 min of reaction, in Rhodobacter sphaeroidesd purification of the mutants
0.5 mL of reaction mix was incubated for 15 min at room led to a typical purification yield of about 1 mg per liter of
temperature with a solution containing 0.5 mL of® 0.25 cell culture. SDS gel electrophoresis revealed that the purity
mL of sulfanilamide 1% in HCI 3 N, and 0.25 mL of ©f the preparations was close to 100% in all cases and that
naphthylethylene diamine 0.01%. @@mwas measured and  No dissociation of the complex occurred in the course of the
nitrite concentration was calculated using the slope of a linear purification. No attempt was made to remove the 6His tag,
sodium nitrite standard curve. and the preparations were directly concentrated prior to
Inhibition ExperimentsThe inhibitory effect of Z&* on biophysical and biochemical experiments.
NapAB activity was studied with the two assays described Metal content analyses confirmed that molybdenum is fully
above. The same procedure was followed with the anaerobicincorporated in all enzymes. The molar ratio 6 (Mo/Fe),
cuvettes containing ZnSver the range of 1625 uM. which is equal theoretically to 100%, was determined by
Since Tris buffer binds most of the Znhin our conditions, ICP-MS and found to be 94%, 91%, and 124%10%) in
we estimated the free Zh concentrations available in the  WT, M153A, and R392A enzymes, respectively. In the as
solution using the equation [Zpl= [Zn]o/(1 + [Tris]o/Kyis) prepared state of the WT enzyme, the two oxidized hemes
with a Kyis = 2.3 &+ 0.2 mM, as previously determined at gave at K a single rhombic EPR signal gt= 2.92, 2.28,
pH 7.5 by Gazaryan et al16). In our conditions (100 MM  and 1.50 (Figure 2A). Upon reduction, this signal disappears
Tris/HCI buffer, pH 8), the value of (I [Tris]o/Kyis) always progressively, and below-50 mV a rhombic [4Fe-4S}
equates 44.5. signal appears a = 2.042, 1.947, 1.900 (Figure 2B). The
Preparation and Reductase Adties of Periplasmic two studied mutations have no significant effects on the EPR
Extracts. Periplasmic extracts were prepared as followed. signatures of the hemes and of the [4Fe-4S] cluster, and spin
Cells from a 100 mL culture oR. sphaeroided. sp. intensity measurements performed in the fully oxidized and
denitrificans supplemented with 20 mM KN®@r 20 mM fully reduced states of the enzymes showed that the content
DMSO were harvested, resuspended in 10 mL of Tris/HCI of these centers is not affected. Taken together, these results
50 mM pH 8, sucrose 0.45 M, EDTA 1.3 mM, and incubated indicate that the mutated enzymes keep their structural
with 1 mg/mL lysozyme fo 1 h at 30°C under gentle integrity and house all the cofactors, including the Mo-co.
stirring. Cell pellet was removed by centrifugation at 8000 Moreover, the redox behaviors of the hemes and of the [4Fe-
rpm at 4 °C for 10 min. The periplasmic fraction was 4S] center were determined by monitoring their EPR signal
collected by ultracentrifugation at 45000 rpm &ft@ for 45 amplitude as a function of the redox potential. Although the
min. Proteins were quantified by the BCA assay (Pierce). mutated residues are rather distant from these centers, it
DMSO reductase and nitrate reductase activities were appears clearly that their substitution can have a significant
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A Table 1: Cofactor Reduction Potentials of WT and Mutants NapAB

Eizheme | E1z (MoY'/MoV)
El/z [4Fe4S] E]_/z heme Il E]_/z (MOV/MOIV)
a enzyme (mV) (mV) (mV)

T ] 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

w\/ ~110+ 10

to —130 mV. Such indirect effects of amino acid replacement
L T ' on the redox properties of a remote metal center were
observed in various metalloproteink7(-19) and are con-
g-values sidered to arise from weak distant induced conformation
B changes which modify polarity, solvent exposition, or
hydrogen bond network around the center. Interestingly, the
[4Fe-4S]' EPR signal of the M153A mutant shows a
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 Z0).
b In the as-prepared WT NapAB, the Mo-co is easily
Y detected by EPR at 55 K as a Mo(V) species (Figure 2C).
Its EPR spectrum is composed of a major “hgjlrhombic
o signal @ = 1.9987,0, = 1.9907,g; = 1.9810) which
f"\fwk exhibits hyperfine couplings with two nonexchangeable
—— : protons 8). This species is stable on a very large potential
2.152.102.052.00 1.95 190 185 1.80 range, the midpoint potential of the Mo(V)/Mo(lV) and Mo-
g-values (VI)/Mq(V) being fognd at —225 mV and +57Q mv, '
respectively. Depending on the enzyme preparation, a minor
C contribution of “very highg” Mo(V) signal (g, = 2.022,0,
=1.999,g; = 1.989) was also found. The total spin intensity
a s 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-
b tases. In NapA fromDesulfaibrio desulfuricansATCC
27774 Mo(V) is described as accounting for 0.05 sgait) (
while in Paracoccus denitrificansand pantotrophusthis

c signal corresponds to 2:8.0% of total molybdenum2,
[ e 23). In Escherichia coli no Mo(V) signal is described in
/\/MW the as-prepared state of NapA enzyr@e However, in most

cases the Mo(V) signal is increased after reduction with
dithionite to a larger percentage (700% in the case of
Escherichia coli. A substoichiometry of the Mo(V) signal
g-values is also often observed in multicenter molybdoenzymes of

FiGure 2: (A) X-band EPR spectra from hemes of oxidized NapAB the DMSO family [see for examp_le the studies of the
(@) WT (as prepared), (b) R392A (as prepared), (c) M153A (as Membrane-bound nitrate reductase in 2fand17 and ref
prepared). Recording conditions: temperature 15 K, microwave 25, the cytoplasmic nitrate reductase NarBg), and the

power 4 mW, modulation amplitude 1 mT. (B) X-band EPR spectra DMSO reductase (in as-prepared or dithionite-reduced states)
from [4Fe4S} of reduced NapAB (a) WT-{442 mV), (b) R392A (27, 29)].

(—369 mV), (c) M153A 348 mV). Recording conditions: 15 ) ]

K, microwave power 1 mW, modulation amplitude 0.5 mT. The  In contrast, no Mo(V) paramagnetic species was detected
signal marked with an asterisk come from the mediators. (C) X-band in R392A, even after careful examination in the large

EPR spectra from Mo(V) of NapAB (a) WF232 mV), (b) R392A  photential range. In M153A, a small amount (0.03 spin per

(=7 mV), (c) M153A (39 mV). Recording conditions: 55 K, ) ;
microwave power 1 mW, modulation amplitude 0.2 mT for a, 0.5 [4Fe-4S] center) of a Mo(V) signal was observed between

mT for b and c. Scan number: 1 for a and b, 16 for c. 0 and+200 mV. By comparison with the *higlg” signal
this signal has differerd-values ¢; = 1.9917,g, = 1.9818,

effect on their redox properties (Table 1). The stronger effects gz = 1.9726) and it shows no resolved hyperfine structure
were observed in the M153A mutant where the midpoint (Figure 2C). This is surprising since the hyperfine couplings
potential of the iron-sulfur center is decreased by about 100 of the “highg” signal were proposed to arise from theCH,
mV, and that of the low potential heme shifts fren®5 mV protons of the Mo cysteine ligan@3) which is not modified

T T T T T T T
2.022.01 2.00 1.99 1.98 1.97 1.96 1.95
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Table 2: Kinetic Parameters of WT and Mutant Enzymes with 4
Reduced MV or Dithionite as Electron Donor and in the Presence -
of Zinc 'ga 3
K NOs Viax Viithionite® < ’
enzyme (mM) (umol minmg™?)  (umol min~* mg™?) £
WT 0.41+ 0.06 13.1+ 0.7 0.22+ 0.06 QE; 2
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 E
aMaximum specific activities measured with sodium dithionite as S 11
sole electron donor over the range 85 mM at 250 mM KNG g_
0

by the mutation. As R392 and M153 are relatively distant
from Mo ion (~9 and~6 A, respectively), the differences
observed in the mutants for the stability and spectroscopic
properties of the Mo(V) state suggest that mutations have FIGURE 3: Nitrite production by R392A enzyme with sodium
brought about discrete structural rearrangements around th‘{,nllthlonlte as electron donor. Sodium dithionite was varied from O

. . - 2 0 2.85 mM at 250 mM KN@. Each point represents the mean of
Mo-co. However, in native periplasmic nitrate reductases, ¢ |least two independent experiments. For WT and M153A

the correspondence between the Mo(V) species identifiedenzymes, in the same conditions, the maximum specific activities
by EPR and the catalytically relevant form of the active site measured in the range 0of2.85 mM sodium dithionite are 0.22

is still unclear, and the physiological relevance of the “high and 0.84umol min™* mg™*, respectively.
g’ Mo(V) species is not established. As a matter of fact, the ] ] N )
Vi of the R392A and M153A mutants is identical to that of Production could be detected with the purified wild-type
WT enzyme (see below). This indicates that in the mutants, NapA subunit under these conditions (data not shown). On
the electron transfer through the hemes, the [4Fe4S] clusterthe other hand, sodium dithionite is clearly a more efficient
to the Mo-co, and the catalytic process are not slowed down electron donor for the R392A mutant since under such
to the extent that they become rate-limiting for the reaction. conditions the maximal specific activity reaches ol
R392 and M153 Are olved in Substrate Bindingthe ~ Min~*mg* (Figure 3 and Table 2). Taking into account the
structures of the heterodimeric periplasmic nitrate reductasesvery low or null activity of both WT NapAB and NapA in
from R. sphaeroidesind the monomeric nitrate reductase the presence of dithionite, together with the putative larger
from D. desulfuricanshow that a funnel-like cavity extend- ~ Size of the substrate channel created by the removal of the
ing from the surface to the active site mediates the entrance@’ginine side chain in the mutant, we suggest that the
of nitrate and its binding at the hydroxo/oxo ligand position Production of nitrite catalyzed by R392A results from direct
of the molybdenum atom (Figure 1). Inside this channel, the réduction of the molybdenum by dithionite. Thus, in addition
side chain of two residues (R392 and M153) located in the 10 its rqle |n_b|nd|ng nitrate, arginine 392 appears to protect
vicinity of the Mo and conserved in the different species the active site against direct reduction.
could play a role in binding and stabilizing the substrate. R392 Restricts the Zinc Access to the Aetbite. M153
The nitrate reductase activities were assayed spectrophoPlays a Key Role in Zfi Inhibition. In the course of this
tometrically for the purified complex NapAB and the R392A  study, kinetic measurements initially performed using MV
and M153A mutants, using methyl viologen at saturating reduced by Zn(0) beads (as described in 28§ clearly
concentration as electron source. In all cases, the kineticssuggested an inhibitory effect of this metal (data not shown).
were consistent with MichaelisMenten behavior (see Sup- We confirmed that this effect was related to soluble*Zn
porting Information). The mutation of either the arginine or ions produced upon reduction of MV by Zn(0). Since
the methionine does not modify the maximal rate(about inhibition appeared to be different for the wild-type enzyme
12—-13 umol min! mg?, see Table 2). However, the and the mutants, we exploited this behavior as an alternative
apparent affinity for nitrate is dramatically affected in both approach to study the function of the mutated residues.
cases: thd,, for KNOs is increased 8-fold for the M153A We first observed that adding EDTA, a Zrchelating
mutant (3 mM) with respect to wild-type enzyme (0.4 mM), molecule, in the reaction cuvette alleviated this inhibition
and theK,, value is as high as 65 mM when the guanidium and fully restored enzyme activity, suggesting a reversible
side chain of residue 392 is removed. These results clearlyinhibition (data not shown).
demonstrate the role of M153 and R392 in promoting the  Kinetic analysis of the wild-type enzyme in the presence
substrate binding. of various concentrations of KNCand ZnSQ is presented
R392 Protects the Mo Site against Direct Reduction. in Figure 4 as Dixon30) and Cornish-Bowden3() plots.
Alternatively, nitrate reductase activities were followed by These representations provide a way to discriminate the type
measuring the rate of nitrite formation in the presence of of inhibition and theK;' constant. As a result, Zh appears
saturated concentration of substrate and using sodiumto be an uncompetitive inhibitor of NapAB with an inhibition
dithionite instead of reduced MV as the electron donor (Table constant of~1 xM. In this type of inhibition, the effect of
2). Under such conditions, nitrite production catalyzed by the inhibitor only occurs when the substrate is bound to the
WT NapAB is very slow (about 0.2zmol min~! mg™) active site.
suggesting that sodium dithionite can efficiently transfer = The same experiments were carried out on R392A and
electrons neither to the exposed heme | of NapB nor directly M153A mutants. In both cases, Znalso acted as an
to the molybdenum active site of NapA. Direct electron uncompetitive inhibitor (Figure 4). Compared to the wild-
transfer to the [4Fe4S] cluster is also unlikely since no nitrite type enzyme, th&;' for R392A was considerably lowered

0,0 05 1,0 1.5 20 25 30
[sodium dithionite] mM
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120 Ficure 5: Effect of Zr#t on the DMSO and nitrate reductase
B 07 activities from a periplasmic extract &. sphaeroidesEach point

represents the mean of at least two independent experiments,;ZnSO
was varied from 0 to 62GM in the presence of 5 mM DMSG8)

or 2.5 mM KNG; (O). [Zn?']xee Was calculated as described in
Experimental Procedures. Specific activities were calculated using
the periplasmic protein concentration.
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[Zn*)free (UM)
.

(below 10 nM) while that for M153A increased by 1 order
of magnitude 10 uM). These results revealed that the
binding of Zr?*, 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-
004 002 000 002 004 006 008 010 0.2 tases.In order to study the inhibitory effect of Zh on the
[Zn%*]free (uM) activity of other members of the DMSO reductase family,
C ¢ we measured the DMSO reductase activity of a periplasmic
0.30

extract prepared from a wild-type strain. Cultures were
oz / previously grown in the presence of 20 mM DMSO to induce

[S]/v

40 1

20 A

120 the synthesis of the DMSO reductasg?)( As shown in
010 | Figure 5, Zi* up to 14uM did not inhibit DMSO reductase
0.05 activity while nitrate reductase activity was significantly
affected. In addition, no Z inhibition was observed with
the purified membrane-anchored nitrate reductase (NarGH)

N from E. coli (A. Magalon, personal communication). Thus,
it seems that the inhibitory effect of Znions is restricted
—— to periplasmic nitrate reductase.
0 -
7 DISCUSSION

- ' ' Detailed mechanistic studies using site-directed mutagen-
o4 esis approaches have been reported for several members of

[Zn”" ]free (uM) the DMSO reductase family. However, no such work has

FIGURE 4: Kinetic analysis of the inhibition by ZnS®f WT and been published for a periplasmic nitrate reductase. In this

mutant enzymes. The enzyme activities were measured with varyingpaper, we report the first detailed mechanistic characterization

concentrations of ZnSQat different nitrate concentrations. Data e . - .
were plotted in Cornish-Bowden and (inset) Dixon plots. Each point of purified mutants shedding light on the catalytic role of

represents the mean of at least two independent experiments (ScFOnserved residues located in the neighborhood of the
< 15%). (A) WT enzyme, ZnS9was varied from 31 to 25aM catalytic molybdenum ion.
in the presence of 78,4M (M), 156.2uM (2), 312.5uM (v), 1 R392 is the only conserved basic residue in the funnel-

\Ta,\r/ile(ﬂ’r c?nqdlzig “521’\&9”)] fh“éos;éggn§i9§?1‘;“gygq“§gozns§1@r"r"ﬁ like cavity connecting the solvent to the catalytic site. Since
(¥), 100 mM ©), and 250 mM @) KNOs. (C)' M153A'enzyme, deletion of the guanidinium side chain of this residue affected

ZnSQ, was varied from 125 to 625 mM in the presence of 2.5 mm  Only theKy, for nitrate but not thevy, it is clear that R392
(v), 10 mM (©), and 25 mM @) KNOs. [Zn?*]qee Was calculated ~ iS not involved in the catalytic reduction of nitrate but
as described in Experimental Procedures. Lines were obtained bypromotes substrate binding. This result substantiates the

fitting the data using linear regression with the Sigma Plot 9.0 i i ;
program (Systat Software, Inc). Intersection of the lines in the mutagenesis study previously carried out on NapAB from

Cornish-Bowden plots provides a good estimation of- values R. egtropha(lZ)_ m this Work, average specific activities
(K ~ 1, ~ 0.01, and~ 10 uM for WT, R392A, and M153 monitored on periplasmic extracts prepared from cells
enzymes, respectively). producing mutated protein at the equivalent basic residue

5 10 15
[Zn*Ifree (uM)

[S]/v
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(R421E and R421K) revealed a drastic loss of enzymatic the heme irons of cytochromes; from Bacillus pasteuri

activity compared to wild-type enzyme. Our results confirm
a role of this arginine in substrate trafficking. It may directly
interact with NQ~ through electrostatic interaction or

indirectly through electrostatic steering. Analysis of the

(34) and of mutants oE. coli cytochromeb562 @5); (ii)
the copper in the plastocyanin froBynechocystisp. PCC
6803 (36), the CuA domain ofThermus thermophilubas-
type cytochromec oxidase 87) and in theHaemophilus

substrate-free structures reveals that the geometry and thelucreyi Cu, Zn superoxide dismutas8g). A role of Cl?*
distances observed between R392 and the molybdenum atonand/or Z@* binding via sulfur of a methionyl residue was

(about 9.2 A) are not compatible with the NOmolecule
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 R39D;
binding would require a local conformation change that

evidenced for prion peptide P106-126 aggregation and
neurotoxicity 89). In the light of these examples, we propose
that Zr*™ 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

places the guanidinium side chain closer to both the substrateeductase oft. coli and the DMSO reductase fromR.
and the molybdenum atom. Such an arginine side chainsphaeroidesand indeed, the activities of both enzymes are
rearrangement related to the presence or absence of boundot affected by Z#A" ions.

substrate has been described in the catalytic cycle of sulfite  The inhibitory effect of Z&" ions on bacterial periplasmic

oxidase 83).
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

nitrate reductase is an unexpected observation, although
vivo andin vitro studies have already described such an
effect on eukaryotic nitrate reductase activities. Indeed,
Mathys @0) described a strong inhibition of nitrate reductase
activity in leaves of a zinc-resistailene cucubalustrain

increases the nitrite production rate when dithionite is used population when ZnSpwas added in the reaction medium
as the sole electron source. This result is consistent with a(ICs, 6uM). Nitrate reductase fromAspergillus sp. was

direct reduction of the active site (probably the molybdenum
atom) by dithionite in the mutant, made possible by the

shown to be inhibited by ZnSQn vitro (ICso ~ 6 uM).
More recently, Tripathi et al. determined that the nitrate

enlargement of the substrate-binding channel. In addition to reductase activity of green alg@cenedesmusp. exposed

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

to Zr?t stress was reduced). No precise kinetic charac-
terization of the inhibitory effects has ever been reported.
The structure of the eukaryotic nitrate reductase fRiahia

making the electrons flow through the solvent exposed hemeangustadisplays an overall fold that differs from that of the

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 thatZacts on
the R. sphaeroideperiplasmic nitrate reductase as uncom-
petitive inhibitor with respect to nitrat&K( ~ 1 uM). This
type of inhibition implies that the substrate binding unmasks
the Zr#* binding site. The characterization of M153A and
R392A mutants’ ZA" 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 enzynik§ ¢~ 10 nM
vsKj' ~ 1 uM). Taking into account that the deletion 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 B 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 Z# binding in eukaryotic and periplasmic
nitrate reductase active sites may be hypothesized. Prelimi-
nary assays performed with CdChlso described as an
inhibitor of eukaryotic nitrate reductase, revealed that'Cd
ions inhibit the periplasmic nitrate reductase in a way similar
to Zr?*. As these inhibitions are efficient and seem specific
to periplasmic nitrate reductase, their physiological relevance

guanidinium side chain in the mutant facilitates the accessin prokaryotes is now under study in order to determine how

of small molecules to the active site, Zrcould easily bind

these cations affect the enzynre vivo and how the cell

near the active site. The substrate interaction with the sixth accommodates such metal stress.

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 Zr*™ binding site. Alternatively, the uncompetitive
inhibitory effect of zinc, which requires the previous binding
of the substrate at the active site, could reflect a direét Zn
NO;~ interaction. These issues should be clarified by solving
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SUPPORTING INFORMATION AVAILABLE

Kinetic analysis of the nitrate reductase activity of WT,
M153A, and R392A enzymes. This material is available free

the structure of a periplasmic nitrate reductase in the presencey charge via the Internet at http://pubs.acs.org.

of both nitrate and zinc ions. Remarkably, the M153A mutant
is significantly less sensitive to 2hions Ki' ~ 10 uM)

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)
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