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ABSTRACT: Mo K-edge X-ray absorption spectroscopy (XAS) is used to probe the structure of wild-type Campylobacter jejuni
nitrate reductase NapA and the C176A variant. The results of extended X-ray absorption fine structure (EXAFS) experiments on wt
NapA support an oxidized Mo(VI) hexacoordinate active site coordinated by a single terminal oxo donor, four sulfur atoms from
two separate pyranopterin dithiolene ligands, and an additional S atom from a conserved cysteine amino acid residue. We found no
evidence of a terminal sulfido ligand in wt NapA. EXAFS analysis shows the C176A active site to be a 6-coordinate structure, and
this is supported by EPR studies on C176A and small molecule analogs of Mo(V) enzyme forms. The SCys is replaced by a hydroxide
or water ligand in C176A, and we find no evidence of a coordinated sulfhydryl (SH) ligand. Kinetic studies show that this variant has
completely lost its catalytic activity toward nitrate. Taken together, the results support a critical role for the conserved C176 in
catalysis and an oxygen atom transfer mechanism for the catalytic reduction of nitrate to nitrite that does not employ a terminal
sulfido ligand in the catalytic cycle.

The periplasmic nitrate reductases (Nap)1−3 are members
of the dimethyl sulfoxide reductase (DMSOR) family of

pyranopterin molybdenum enzymes and they function to
convert nitrate to nitrite (Figure 1).4−10 The DMSOR family
enzymes represent the largest family of pyranopterin Mo
enzymes and perform a myriad of catalytic substrate trans-
formations11 that include hydration,12 oxygen atom trans-
fer,13,14 and formal hydride transfer reactivity.9,15−17 The
DMSOR enzyme family differs from other molybdoenzyme
families in that they possess two chelating PDT (PDT =
pyranopterin dithiolene) ligands18,19 bound to the Mo ion
(Figure 1, bottom) instead of the single PDT found in other
pyranopterin containing molybdoenzymes. For DMSOR
family enzymes, critical electronic structure and reactivity
differences derive from the nature of the amino acid ligand that
is coordinated to the Mo ion (e.g., Asp, Ser, Cys, or Sec) or the
lack of a coordinated amino acid. Additional reactivity
differences relate to whether a terminal oxo or terminal sulfido
ligand is present in oxidized enzyme forms.3,20,21 Regarding the
periplasmic nitrate reductases, there is continued debate
regarding the presence or absence of a sulfido or sulfido-
based ligand bound the metal ion. Of these nitrate reductases,
the Nap enzyme from Campylobacter jejuni22−24 is of particular
interest since it is an emerging antibiotic-resistant foodborne
pathogen that typically colonizes the chicken gastrointestinal
tract, and it can be directly transmitted to humans through
food, milk, and fecal water contamination.22 These bacterial
infections can lead to severe diarrhea and, in extreme cases,
death. Additionally, implications regarding human health are
further impacted by documented evidence of C. jejuni’s
resistance to antibiotics.25

Periplasmic nitrate reductase is the only nitrate reductase
found in C. jejuni. Coupled with the importance of C. jejuni in

human health, this defines a critical need to understand how
the geometric and electron structure of this enzyme active site
contributes to nitrate reduction. Here, we employ a
combination of X-ray absorption spectroscopy (XAS),
extended X-ray absorption fine structure (EXAFS) data, and
electron paramagnetic resonance (EPR) spectroscopy to probe
the electronic and geometric structures of the wt NapA
enzyme, the C176A variant, and relevant Mo(V) small
molecule analogs. These studies address key outstanding issues
regarding the nature of the terminal donor ligand to the Mo
ion, the importance of the coordinated SCys in catalysis, the
plasticity of the Mo-ligand coordination environment in the
active site of the enzyme, and the enzyme mechanism.
The Mo K-edge XANES data (Figure 2) for both nitrate-

treated wt NapA and as isolated C176A variant clearly indicate
significant geometric and electronic structural differences
between these enzyme forms. The observed differences in
the near-edge spectra of wt NapA and the C176A variant show
a shift to lower energy for the variant, and this is consistent
with the C176A variant being in a more reduced state. The
nature and number of the coordinating donor ligands in wt and
C176A NapA have been determined by analyzing the Mo K-
edge EXAFS data (Figure 3). The Fourier transform of the
EXAFS oscillations for oxidized wt NapA (Figure 3A) clearly
shows two peaks that are typical of terminal oxo and thiolate
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sulfur scatterers in molybdoenzymes and models.26−31 The
best fit to the EXAFS data gives a Mo ≡ O bond length of 1.73
Å, an average dithiolene Mo−S bond lengths of 2.44 Å, and
four second coordination sphere dithiolene C scatterers at 3.34
Å (Figure 3A,B). The computational model used for the
EXAFS fit is shown in Figure 3C. As anticipated from the
differences in the XANES data, the Fourier transform of the
EXAFS oscillations for the NapA-C176A variant is quite
different from that of the wt enzyme. Namely, the EXAFS
intensity in the region of the terminal oxo scatterer is markedly
reduced compared to that observed in the wt data. The best fit
to the EXAFS data for the C176A variant (Figure 3D,E) yields
a single oxo scatterer with a Mo ≡ O bond length of 1.71 Å, a
single Mo−OH(H) bond at 2.05 Å, and four Mo−S bonds
from the two PDT dithiolene ligands at 2.37 Å. The
computational model used for the EXAFS fit is depicted in
Figure 3F. Interestingly, a very similar [(PDT)2Mo4+O(O−
As)]−1 mono-oxo structure was determined by EXAFS for
reduced arsenite oxidase (Alphaproteobacterium Rhizobium sp.
str. NT-26).32 Similar to the NapA C176A variant, arsenite
oxidase does not possess an amino acid donor bound to the
Mo site. Our analysis of the data for the C176A variant shows
that the reduction in the terminal oxo scattering peak height
relative to wt enzyme results from a larger Debye−Waller

factor (σ2 = 0.010 Å2), indicating some static disorder
involving the terminal oxo ligand.33 We hypothesize that this
larger Debye−Waller factor derives from the lack of a
coordinating amino acid residue in the C176A variant leading
to a markedly more conformationally flexible active site than is
present in the wt enzyme.
Our NapA XAS results indicate both wt enzyme and the

C176A variant possess a terminal oxo ligand. This is important
since a terminal sulfido ligand (Figure 1) has been suggested to
play a critical mechanistic role in both nitrate reductases and
formate dehydrogenases3,34 via the formation of a cysteine
persulfide ligand. This has been referred to as the sulfur-shift
mechanism1,34 and leads to the two-electron reduction of Mo
and an open coordination site to bind H2O/OH− or the nitrate
substrate in the reduced Mo(IV) state (Figure 1). Although
our work clearly shows that oxidized wt Nap lacks a terminal
sulfido ligand, the EXAFS data are consistent with either a
[(PDT)2MoO(S-RCys)]1− structure, with a coordinated cys-
teine thiolate, or a [(PDT)2MoO(S−S-RCys)]1− active site
structure with a terminal persulfide ligand.35 In marked
contrast to wt NapA, the C176A NapA variant (Figure 1) is
incapable of forming a cysteine persulfide since it lacks a
cysteine thiolate ligand. If a sulfur-shift mechanism were to be
operative in NapA, the C176A variant would be expected to
possess a terminal sulfido ligand in the oxidized state. Similarly,
the reduced Mo(IV) form would be expected to possess a
sulfhydryl ligand. Neither of these structures are supported by
our analysis of the C176A NapA EXAFS data. Thus, the lack of
a terminal sulfido derived ligand in the C176A variant strongly
suggests an alternative mechanism for nitrate reduction in C.
jejuni NapA.
EPR spectroscopic studies on the oxidized C176A variant

show that these samples contain some one-electron reduced
Mo(V) species (Figure 4, top). The C176A EPR spectra are
very similar to EPR data obtained for the C148A variant of
Synechococcus sp. PCC 7942 cytoplasmic nitrate reductase
(NarB; g1,2,3 = 2.025, 1.990, 1.970), which has been suggested
to possess an active site structure very similar to C. jejuni
NapA.36 EPR spectra of DMSOR family molybdoenzymes
reveal important information regarding the electronic and
geometric structure of the Mo center, and the ligands bound to
the Mo ion.14,30,37−40 To gain additional insight into the
structure of the C176A Mo(V) species, we compare the

Figure 1. Top: Selected structures that have been previously proposed for sulfido-based nitrate reductase enzyme forms. Middle: Selected
structures proposed for nonsulfido-based NapA enzyme forms. Bottom: Generalized structure of the reduced PDT ligand.

Figure 2. Mo K-edge XANES spectra for nitrate-treated wt NapA and
its as isolated NapA-C176A variant. The rising edge energies, defined
as the inflection point of the first derivative, are observed at 20014.0
eV for oxidized wt NapA and 20011.4 eV for NapA-C176A variant.
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C176A EPR spin-Hamiltonian parameters (g1,2,3 = 2.0172,
1.9879, 1.9647), derived from spectral simulations of the data
in Figure 4, with three small molecule analogs (1-3; Figure 4,
bottom) of the Mo(V) NapA site (Table S1). The EPR g-

values for C176A NapA are remarkably similar to the Mo(V)
coordination environments previously determined for the
model compounds 1 (g1,2,3 = 2.0066, 1.9881, 1.9655) and 2
(g1,2,3 = 2.0110, 1.9856, 1.9636) that lack a terminal oxo
ligand.29 The presence of two hydroxide ligands in the putative
[(PDT)2MoV(OH)2]1− structure for C176A NapA have been
modeled in 1 and 2 using a catecholate ligand.29 The EPR g-
values for C176A NapA are also similar to those determined
for lpH Nar,41,42 Rs DorA,14 and MtsZ form 1,37 all of which
possess [(PDT)2MoV(OH)(OR)]1− first coordination sphere
geometries (OR = serinate or aspartate). Compound 3 is a
model for a [(PDT)2MoV(SH)(OH)]1− structure that
contains a protonated terminal sulfido (i.e., sulfhydryl) ligand
(see SI). Here, the presence of an additional sulfur donor leads
to a larger value for g3 (g1,2,3 = 2.0110, 1.9908, 1.9836) and a
markedly more axial spectrum (Figure S1) when compared to
compounds 1 and 2, and the Mo(V) form of C176A NapA
(Figure S1). The different EPR g-values for 3 and C176A
NapA are consistent with the fact that the C176A variant does
not possess a coordinated cysteine thiolate, and these data
argue strongly against a protonated terminal sulfido
(sulfhydryl) ligand in the paramagnetic Mo(V) forms of the
enzyme.
Taken together, the results of this study demonstrate the

presence of a terminal oxo ligand in oxidized wt C. jejuni NapA,
as opposed to a terminal sulfido ligand coordinated to the Mo
ion. Additionally, the EXAFS and EPR data on the C176A
variant indicate that neither a sulfido nor a sulfhydryl ligand is
present in this enzyme form. Our results point to a

Figure 3. Mo K-edge EXAFS data for oxidized wt NapA (A and B) and the NapA-C176A variant (D and E). The experimental data are shown in
black, and the best fits to the data are in red for wt NapA and blue for NapA-C176A. Four Mo−C scatters from the dithiolene C�C carbon atoms
of the two PDT ligands have been included in the fit for wt NapA, yielding Mo−C vectors at an average distance of 3.34 Å. The observed
oscillations arise from terminal oxo, S, C (second coordination sphere), and OH scatterers and are colored in purple, green, orange, and brown,
respectively. Fits to the EXAFS data for wt NapA and the C176A variant used the computational models shown in C and F, respectively. The XAS
data for the wt protein was obtained by incubating the enzyme with nitrate.

Figure 4. Top: X-band EPR spectra of the as-isolated NapA C176A
variant in H2O (black) and D2O (blue) (50 mM HEPES pH 7.4) with
simulations of the spectra in red. Enzyme concentrations are
approximately 200 μM. The spectra in H2O and D2O buffer are
virtually identical (A) and show no evidence for strongly coupled
protons. EPR spin quantitation yields ∼10−20% of the variant being
in the Mo(V) oxidation state (see SI). The g-values determined from
spectral simulations are g1,2,3 = 2.0170, 1.9876, 1.9644 in H2O sample
(B) and g1,2,3 = 2.0178, 1.9888, 1.9645 in D2O (C). Bottom: Bond
line drawings for small molecule analogs of the Mo(V) forms of
C176A NapA (1−2) and wt NapA (3).
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[(PDT)2MoVIO(SCys)]1− active site structure for oxidized C.
jejuni NapA, and inorganic sulfur is not present as a
component of sulfido, persulfido, or sulfhydryl ligation. The
presence of a terminal oxo ligand in the wt enzyme, coupled
with the lack of a terminal sulfido donor, points to an oxygen
atom transfer mechanism for NapA as suggested by Dias et
al.43 Our data allow us to propose a mechanism (Figure 5) that

starts from a [(PDT)2Mo4+(OH2)(SCys)]−1 resting state, which
can subsequently lose a labile aqua ligand prior to binding
substrate to form [(PDT)2Mo4+(NO3)(SCys)]2−. This direct
oxygen atom transfer mechanism is consistent with previously
determined kinetic parameters for this enzyme, where the
catalytic efficiency of the wt enzyme is 1.64 × 106 M−1 s−1.24

The catalytic efficiency is reduced by 4 orders of magnitude in
the C176S and C176D NapA variants,24 and the C176A NapA
variant is completely inactive toward nitrate. Additionally, we
have recently determined that cyanide acts as a noncompetitive
inhibitor of Cj NapA.44 This result indicates that cyanide does
not bind at the active site and does not function as either a
competitive inhibitor or as a suicide inhibitor by reacting with
a terminal sulfido ligand (i.e., cyanolysis). These results
underscore the importance of direct cysteine coordination to
the molybdenum center,45 the lack of a terminal sulfido ligand,
and the presence of a coordinated terminal oxo ligand for
oxygen atom transfer reactivity in Cj NapA.
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