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Abstract
Nitrate reductases play pivotal roles in nitrogen metabolism by leveraging the molybdopterin cofactor to facilitate the reduc-
tion of nitrate to nitrite. Periplasmic nitrate reductases (NapA) utilize nitrate as a terminal electron acceptor when oxygen is 
limiting, helping to drive anaerobic metabolism in bacteria. Despite extensive research into NapA homologs, open questions 
about the mechanism remain especially at the molecular level. More broadly, little is understood of how the molybdopterin 
cofactor is tuned for catalysis in these enzymes enabling broad substrate scope and reactivity observed in molybdenum-
containing enzymes. Here, we have prepared NapA from Campylobacter jejuni under single turnover conditions to generate 
a singly reduced enzyme that can be further examined by electron paramagnetic resonance (EPR) spectroscopy. Our results 
provide new context into the known spectra and related structures of NapA and related enzymes. These insights open new 
avenues for understanding nitrate reductase mechanisms, molybdenum coordination dynamics, and the role of pyranopterin 
ligands in catalysis.
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Abbreviations
NapA	� Periplasmic nitrate reductase
CjNapA	� Campylobacter jejuni Periplasmic nitrate 

reductase
DdNapA	� Desulfovibrio desulfuricans Periplasmic nitrate 

reductase
EPR	� Electron paramagnetic resonance
MVec	� Electrochemically reduced methyl viologen
WT	� Wild type
HEPES	� 2-[4-(2-Hydroxyethyl)piperazin-1-yl]ethane-

sulfonic acid
CW	� Continuous wave
DMSO	� Dimethyl sulfoxide

Introduction

Nitrate reductases are molybdenum (Mo)-containing 
enzymes found in the assimilatory or dissimilatory pathways 
of nitrogen metabolism [1–3]. Campylobacter jejuni, an 
emerging antibiotic-resistant pathogen that is a major cause 
of food borne illness [4], has a single nitrate reductase local-
ized to the periplasm (periplasmic nitrate reductase, NapA) 
that presents an intriguing therapeutic target necessitating 
an in-depth molecular level understanding of the enzyme 
and mechanism. Nitrate reductases are well-described in 
the literature, especially periplasmic nitrate reductase from 
organisms such as Desulfovibrio desulfuricans, Cereibac-
ter sphaeroides, Cupriavidus necator, Paracoccus pan-
totrophus, and Escherichia coli, which has been studied 
through crystallography, kinetics, and spectroscopy [1, 2, 
5–7]. However, there are significant gaps in our understand-
ing of cofactor function and there are controversial literature 
reports regarding the mechanism of action. A particularly 
intriguing aspect is the identification of an all-sulfur coor-
dination sphere in crystal structures from D. desulfuricans 
NapA [8]. Four sulfur atoms come from two pyranopterin 
guanosine dinucleotide ligands that coordinate bidentate 
through an ene-dithiolate, one comes from a cysteine from 
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the peptide, and one is a terminal thiol/sulfido [8]. We have 
recently investigated the coordination environment of C. 
jejuni (CjNapA) by X-ray absorption spectroscopy and 
found there is in fact a terminal oxo and not a terminal thiol/
sulfido as shown in the structural report on D. desulfuricans 
NapA [9]. In light of this, a mechanism was proposed, as 
shown in Fig. 1a, where nitrate coordinates to the enzyme 
when reduced (step 1), followed by oxygen atom transfer 
and dissociation of the product nitrite (step 2). There is then 
internal electron transfer and reduction of the molybdop-
terin via the [Fe4S4] and an external electron donor (methyl 
viologen in vitro or the heme-containing NapB in vivo) to 
complete the catalytic cycle [9–12].

We have taken advantage of this catalytic cycle under 
single turnover conditions where the enzyme, after reduc-
ing nitrate is left with a single reducing equivalent to yield a 
partially reduced molybdopterin that is amenable to further 
study by electron paramagnetic resonance (EPR) spectros-
copy. EPR is highly sensitive to subtle changes in the pri-
mary and secondary coordination sphere and, importantly 
for Mo enzymes, reports the electronic structure of the 
metal center during catalysis. Mechanistic insights gained 
using EPR in the study of Mo enzymes have had a profound 

impact, often identifying inhibited states and geometries of 
active enzymes not revealed by other means, such as pro-
tein crystallography [13–16]. Here, we have identified an 
EPR-active intermediate in the catalytic cycle, as shown 
in Fig. 1a, structure iv, and propose a model for this spe-
cies. The model is developed considering the spectroscopic 
data of relevant members of the DMSO reductase family, 
computational models of NapA, and our own recent work 
with CjNapA [5, 9]. Our data suggest the conservation of 
the active site geometry during the catalytic cycle and an 
important role in the secondary binding interactions near 
the cofactor in modulating its electronic structure of the 
cofactor.

Methods

Materials

All reagents and materials were purchased from Ther-
moFisher or Millipore-Sigma at ACS reagent grade or bet-
ter unless otherwise indicated. All solutions were prepared 

Fig. 1   Mechanism and active site structure of periplasmic nitrate 
reductases. A The reaction mechanism proposed for NapA resem-
bles many oxygen atom transfer reactions catalyzed by molybdenum 
enzymes [3]. As with many molybdenum- and tungsten-containing 
enzymes, the metal cycles through single electron reduction/oxidation 
and formal two-electron oxidation/reduction events during catalysis. 
The reducing equivalents in NapA are supplied to Mo sequentially 
by a nearby iron-sulfur cluster near the proximal pyranopterin. The 

EPR-active species, highlighted in green, is generated via substrate 
reduction and internal electron transfer. B The cofactor resembles 
that found in NapA from Desulfovibrio desulfuricans (PDB ID: 2jip), 
where Mo is coordinated by two inequivalent pyranopterins, present 
as the pyranopterin guanosine dinucleotide (the dinucleotide moiety 
is shown as R), a cysteine. Lewis structures of the distal and proximal 
pyranopterins are provided for clarity.
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using deionized water filtered with a MilliQ water purifica-
tion system (18 MΩ cm resistivity).

Cell growth, protein expression, and purification

WT Campylobacter jejuni (strain RM1221) NapA (CjNapA) 
expression and purification were done as previously 
described. [11] Briefly, Escherichia coli K12 (New England 
Biolabs Shuffle T7 lysY #C3027) cells were transformed 
with the pBM10C plasmid using heat shock. Transformed E. 
coli cells successfully formed colonies on LB medium sup-
plemented with 30 μg/mL kanamycin. Inoculated cultures 
were grown overnight at 37 °C, then transferred to 10 L of 
fresh autoinduction medium containing 12 g/L peptone, 24 
g/L yeast extract, 1 g/L glucose, 2 g/L lactose, 0.50% (v/v) 
glycerol, and 90 mM potassium phosphate buffer, pH 7.00. 
The cultures were supplemented with kanamycin (30 μg/
mL) and Na2MoO4 (1 mM). NapA expression was induced 
by the lactose present in the medium. Expression was con-
ducted at 25 °C for 48 h while shaking at 250 rpm. Cells 
were collected by centrifugation at 3750 × g at 4 °C. The 
cell pellet was resuspended in an ice-cold buffer containing 
50 mM HEPES, 300 mM NaCl, and 10 mM imidazole at 
pH 7.00.

Cells were lysed by ultrasonication using 30s pulses in 
45s intervals over 10 min in an ice bath. The lysate was 
centrifuged at 11,600 × g for 1h at 4 °C. The soluble frac-
tion was loaded on a HisTrap HP 5 mL prepacked column 
(Cytiva Life Sciences), and separation was conducted with 
an ÄKTA Pure FPLC (Cytiva Life Sciences). NapA was 
eluted with 250 mM imidazole. The fractions were pooled 
and concentrated using 30 kDa cutoff centrifugal filters (Mil-
lipore). The concentrated protein was loaded onto a HiPrep 
16/60 Sephacryl S-200 size exclusion column (Cytiva Life 
Sciences). The resulting NapA fractions were pooled, con-
centrated, and stored in buffer containing 50 mM HEPES 
pH 7.00 at −80 °C.

Electron paramagnetic resonance spectroscopy

Samples for X-band (~ 9.4 GHz) EPR spectroscopy were 
prepared under single turnover conditions by titrating to 
full reduction approximately 250 μL of 100–200 μM NapA 
in 50 mM HEPES pH 7.0, 200 mM NaCl, with dithion-
ite or electrochemically reduced methyl viologen (MVec) 
under anoxic conditions (< 0.5 ppm O2) in a LC-100 (LC 
Technology Solutions Inc) glove box. Methyl viologen 
was electrochemically reduced by bulk electrolysis using 
a Model 600E potentiostat (CH Instruments). We applied a 
−500 mV potential to 1 mM methyl viologen (methyl violo-
gen midpoint potential −446 mV vs NHE at 30 °C) [17] 
in 50 mM HEPES pH 7.0, 200 mM NaCl with a platinum 
mesh working electrode, platinum counter electrode, and 

Ag/AgCl reference electrode monitoring the current. The 
reduction of methyl viologen was verified by UV–vis spec-
troscopy monitoring the increase at 600nm for the mono-
cation reduced state of methyl viologen. The reduction of 
NapA was monitored by bleaching of the 420 nm absorbance 
consentient with reduction of the [Fe4S4] cluster. We also 
monitored 600 nm to ensure there was no detectable reduced 
methyl viologen that may result in steady-state conditions 
as opposed to the single turnover conditions. The protein 
was then added to a 4 mm OD quartz sample tube (Wilmad) 
containing 10 μL of 10 mM nitrate in the same buffer. Sam-
ples were immediately frozen in the glovebox in an ethanol/
dry ice bath, capped with a rubber stopper, removed from 
the glovebox, and immediately placed in liquid nitrogen. 
Buffer-exchanged samples were reduced and reacted with 
nitrate as above, followed by the removal of nitrate and 
reductants by PD10 gel filtration column in the glovebox. 
The protein was then concentrated, placed in an EPR tube, 
and frozen as above. Frozen samples were stored in liquid 
nitrogen until use. Continuous wave (CW) spectra were col-
lected using a Magnettech MS5000 spectrometer (Freiberg 
Instruments) equipped with a liquid nitrogen cryostat with 
a temperature and gas-flow controller. NapA samples were 
measured under non-saturating conditions at 150 K using 
9.4 GHz microwave frequency, 2 mW microwave power, 
120 s sweep time 3G modulation amplitude. The EPR signal 
of NapA was quantified using a 100 μM and 200 μM Cu-
EDTA spin standard. The spectra were corrected for tem-
perature, power, modulation amplitude, and quality factor 
before double integration to yield a spin concentration for 
each sample [18]. Spectra analysis, plotting, and simulations 
were performed using Easyspin (Easyspin.org) in Matlab 
R2019a (Mathworks Inc). Spectra are shifted from their col-
lection frequencies, which vary from 9.465 to 9.485 GHz, to 
a common 9.475 GHz for plotting and spectral comparison 
using the following equation:

NapA activity assay

Nitrate reductase activity was measured spectrophoto-
metrically by monitoring the oxidation of reduced methyl 
viologen (MVec) at 600 nm as previously described or by 
monitoring the oxidation of dithionite at 310 nm in an assay 
that parallels the assay with methyl viologen, SI Fig. 1. [11, 
19, 20] We note that the heterologous expression system and 
purification of CjNapA used here result in enzyme activity is 
consistent with that of other characterized NapA homologs 
that have been purified under native expression conditions 
and has been demonstrated to have a tenfold higher catalytic 
efficiency (kcat/Km) than other NapA homologs. [2, 5, 11]

x(data@9.475GHz) = x(data@origfreq.) ∗
9.475

�(ofcollecteddatainGHz)
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Results and discussion

Samples of approximately 200 μM of WT CjNapA were fro-
zen after being titrated to full reduction with 10 mM of elec-
trochemically reduced methyl viologen (MVec) or 10 mM 
of dithionite, and then oxidized with nitrate. Importantly 
for this work, the enzyme was frozen under single turno-
ver conditions to yield a state that is reflective of the active 
enzyme. Reducing CjNapA with MVec then re-oxidizing it 
with the substrate and rapidly freezing the sample produces 
a distinct EPR spectrum, as shown in Fig. 2A, that we have 
termed Species 1 (structure iv in Fig. 1). This species is 
similar to the ‘Turnover’ species described for the DdNapA. 
We note a slight shift in the g-values, [1.999, 1.990, 1.982] 
vs [1.996, 1.989, 1.978] for DdNapA and CjNapA, respec-
tively. [21] Given that the enzyme is from two different spe-
cies with slight dissimilarities in the binding pocket of the 
cofactor, this is in excellent agreement. When dithionite is 
used as a reductant, we note the enzyme stays reduced and 
is not active in steady state or oxidative half reaction assays. 
When the enzyme reduced by dithionite and is exposed to 
air, an EPR spectrum (SI Fig. 3) is observed consentient 
with previously reported (additional details provided in the 
Supplementary Information). [21–24]

The signal-giving species in all the samples prepared 
account for approximately 10–20% of the total protein con-
centration in the sample as determined by Bradford assay in 
agreement with previous work with NapA homologs. [21, 
22, 24, 25] The spin concentration varied within this range 

depending on the purified protein batch used and specific 
sample preparation. According to Fig. 1a model, the single 
turnover conditions mean that the Mo center is 2-electron 
reduced and the [Fe4S4] center remained 1-electron reduced 
in the fully reduced enzyme prior to nitrate addition (Fig. 1a, 
structure i). Upon addition of nitrate, the Mo center is oxi-
dized to the MoVI state via an oxygen atom transfer, which 
initially generates the EPR-silent species Fig. 1, structure 
iii. We conjecture that the concentration of the EPR-active 
MoV species (Fig. 1, structure iv) is determined by Fig. 1 
step 3 equilibrium.

The EPR spectra are described by g-values, but the rela-
tionship of those g-values to structure can be simplified 
using the span and skew of the g-values [26]. The span 
(span = g

1
− g

3
 ) describes the anisotropy and overall width 

of the spectra (for example, 0.018 for ‘Species 1’). The span 
is heavily influenced by the magnitude of the spin–orbit cou-
pling of the individual atoms that make up the ground state 
and the orbital mixing between the ground state and nearby 
excited states. Large spin–orbit couplings and small energy 
gaps between the ground state and excited states result in a 
large shift in the g-values from the value of a free electron 
(gfree = 2.0023). The skew (skew = g1−g2

g1−g3
 ) captures the rhom-

bicity of the g-values with values near 0 or 1 representing an 
axial spectrum and values near 0.5 representing a fully 
rhombic spectrum. The skew is sensitive to the symmetry of 
the metal site and energetic splitting of the d-orbitals. To 
illustrate the relationship between idealized geometry and 
predicted EPR symmetry, we use an example of the common 
geometry found in DMSO reductase family enzymes and the 
only geometry of the active site identified by X-ray crystal-
lography studies, Fig. 1B, the six-coordinate trigonal pris-
matic geometry. The idealized D

3h (trigonal prismatic) 

Fig. 2   EPR Spectra of NapA.  EPR spectra (Black) and simulations 
(Red) of the wildtype CjNapA reduced with methyl viologen (MV) 
and partially oxidized with nitrate. When immediately frozen after 
addition of nitrate we observe a single species A, termed ‘Species 1’, 
When A is buffer exchanged, a complex spectrum comprised of three 
species is observed B. The two major components are a newly identi-
fied ‘Species 2’ (x) and some remaining ‘Species 1’ (y). The simu-
lation also includes an organic radical (z) that corresponds to 1–2% 
of the sample. EPR spectra were recorded at 150K, 9.4 GHz, 2 mW 
power, 3 G modulation amplitude.

Fig. 3   Structure Models of NapA with and without nitrite near the 
molybdenum cofactor but distant from the site of catalysis. Nitrite 
modeled in the crystal structure (PDB: 2jiq, left), circled in red, is 
below the plane of the pyranopterins in a location occupied by two 
water molecules in other structure models (PDB:2jip, right). We note 
additional movements of Arg617 in the structure that hydrogen bonds 
to N-5 of one pyranopterin (blue circle)
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yields a 4 dz2 [1] in the ground state where shifts arise from 
the energetic spacing between the dz2 and the energetically 
degeneratedyz , dxz orbital pair, also yielding an axial line 
shape with one g-value (gz) near 2. Distortions away from 
idealized symmetry via asymmetric changes in bond angle 
or length result in shifts in the excited states, lifting the 
degeneracy and resulting in more rhombic spectra.

Applying the above criteria to our spectra, ‘Species 1’ 
(Fig. 2A), previously described as belonging to the ‘High g’ 
EPR species family characterized by a spectra with g-values 
near g = 1.99 with little span, has a span of 0.018 and a skew 
of 0.39 [7, 27]. This span and skew depart from the ideal-
ized D

3h geometry and suggest little mixing between the 
ground state and excited states. Notably, ‘Species 1’ is simi-
lar to that observed in a related enzyme, DMSO reductase. 
DMSO reductase contains a similar coordination sphere 
(two pyranopterins, an oxo, and a peptide ligand in a near 
trigonal prismatic geometry) but has a serine instead of the 
cysteine peptide ligand. Replacing serine with cysteine in 
DMSO reductase to make the ligand environment similar 
to that of NapA shifts the EPR g-values to values like those 
observed for ‘Species 1’ [16]. DMSO reductase is one of 
the best characterized bis-pyranopterin enzymes, with exten-
sive kinetics, X-ray spectroscopy, X-ray crystallography, and 
EPR spectroscopy having been used to validate models of 
intermediates in the mechanism [16, 28–36]. Importantly, 
this includes models of the MoV coordination environment 
where the overall geometry is roughly trigonal prismatic, 
similar to the EPR-active state in Fig. 1, with slight distor-
tion and asymmetry induced by the one oxygen ligand lift-
ing the degeneracy of the dyz and dxz orbitals. This yields a 
rhombic line shape that is compressed due to well-separated 
excited states with one g-value ~ 2 and the other two with 
slight shifts to a higher field (lower g-value). [16]

Computational approaches can often provide insight into 
the underlying geometry of EPR species, especially in small-
molecule models. Recent computational studies of the NapA 
EPR spectra led the authors to conclude that spectra similar 
to ‘Species 1’ can be modeled as a six-sulfur-coordinate spe-
cies. The study found that a partially geometry-optimized 
six-sulfur-coordinate model complex, based on an earlier 
X-ray crystallography model [8], yielded an EPR spectrum 
that approximated the experimental spectra (Table 1, DFT-
NapA$, partial disulfide) [27]. In the same study, geometry-
optimized models where the Mo is coordinated by a bis-ene-
dithiolate, hydroxide, and thiol ligands yielded g-values that 
are similar but uniformly shifted to higher g-value by ~ 0.009 
from ‘Species 1’ (Table 1, DFT-NapA#, hydroxo). Perfect 
agreement between computationally derived EPR g-values 
and those measured from the enzyme active sites is rare. 
Many features that can modulate the g-values, such as the 
full cofactor and surrounding peptide environment, are 
missing from these models and would be needed to more 

accurately reproduce the enzyme state. Studies that exam-
ined the computed models of Mo enzymes found that the 
extent of pyranopterin inclusion in the model had a clear 
influence on the spectrum generated, suggesting that inac-
curacies are introduced with truncated cofactors [37]. This 
is in addition to the influence of bond lengths and ligand 
angles, and torsion/folding between the pyranopterin equiva-
lents, and starting geometry [38, 39]. One can strive to use 
the geometries derived in the crystal structure, but these 
are static representations of typically fully reduced or fully 
oxidized enzyme that has a dynamic primary coordination 
sphere, complex electrostatic and hydrogen bonding envi-
ronment. We propose a model for ‘Species 1’ when excess 
nitrate and/or nitrite is present (Fig. 1, structure iv) where 
the Mo is coordinated by two pyranopterin equivalents, a 
sulfur donor, and a hydroxy ligand. This model is consist-
ent with the Cys variant of DMSO reductase (g-values in 
Table 1) and recent Extended X-ray Absorption Fine Struc-
ture data of the nitrate oxidized resting state of CjNapA [9]. 
The model represents an intermediate that can be generated 
under the single turnover conditions used in this study, and 
that is common in most mechanisms proposed for NapA. 
[16]

If instead of immediately freezing it, the MVec-reduced 
and substrate-oxidized sample is buffer exchanged to remove 
any excess substrate or products formed under anoxic condi-
tions and then frozen, a very different spectrum is obtained 
(Fig. 2B). The buffer-exchanged sample is complex but 
reproducible (> 5 times), and can be modeled with a combi-
nation of three identified species, comprising approximately 
85% (± 3%) from a species with a large span with g-values 
of [2.024, 1.9885, 1.972] (denoted ‘Species 2’ in Table 1, 
Fig.  2x), approximately 15% (± 3%) from ‘Species 1’ 
(Fig. 2y) that is present before buffer exchange (Fig. 2A), and 
1–2% (± 0.5%) of an organic radical, (Fig. 2z). The organic 
radical has been observed previously [40]. To account for 
its intensity in the simulations, a g-tensor ([2.0145, 2.0125, 
2.0105]) and an isotropic broadening of 15 MHz was deter-
mined from spectra of Species 1, in which the radical also 
appears, but with less signal overlap (SI Fig. 2). Although 
present in the spectra, we have not simulated the contribu-
tions to the line shape from the 95Mo (~ 16% abundance) 
and 97Mo (~ 10% abundance) given the complexity involved; 
such a simulation requires 12 values to be fit by means of a 
hyperfine tensor, hyperfine strain tensor, nuclear quadrupole, 
and Euler angles. Currently, there is little other data to sup-
port such a simulation and few examples in the literature to 
provide guidance. Higher resolution pulse EPR experiments 
planned will provide a better foundation for simulations of 
the 95Mo and 97Mo contributions.

The overall line shape of the ‘Species 2’ (Fig. 2 × contri-
bution to Fig. 2B) represents a significant deviation from the 
published EPR spectra for WT NapA [1, 2]. There is a slight 



	 JBIC Journal of Biological Inorganic Chemistry

shift in the skew, suggesting a slightly more distorted geom-
etry or ligand environment, and a significant increase in the 
span suggesting much lower lying excited states. Overall, 
the EPR spectrum for ‘Species 2’ is similar to the C176A 
variant of CjNapA, which has the Cys ligand replaced with 
a hydroxide albeit with g-values shifted to lower magnetic 
fields (higher g-values) [9]. The coordination environment 

of the C176A variant is described as having a bis-pyranop-
terin, oxo, and hydroxy/water ligands. A shift in g-value(s) 
to lower field is often observed in Mo enzymes when the 
ligand is changed from oxygen to sulfur or sulfur to selenium 
due to the increased covalency and spin–orbit coupling of 
the ligand and accounts for the differences in the spectra 
[41, 42]. The covalency effect on the EPR spectrum is well 

Table 1   EPR simulation parameters of DMSO reductase family enzymes *

* —anisotropic linewidth, in MHz, used in simulations
# - geometry optimized
$ —partial geometry optimization
DFT-NapA Density functional theory model of napa, DMSOR Dimethyl sulfoxide reductase, NapA periplasmic

Species Enzyme Signal name g1 g2 g3 gAvg Span Skew Ref

Campylobacter jejuni NapA Dithionite reduced 1.999 (15)* 1.9892 (15)* 1.983 (15)* 1.9904 0.016 0.63 This work
Campylobacter jejuni NapA Species 1 1.996 (25)* 1.9893 (25)* 1.978 (30)* 1.9878 0.018 0.39 This work
Campylobacter jejuni NapA Species 2 2.024 (20)* 1.9885 (15)* 1.972 (20)* 1.9948 0.052 0.67 This work
Campylobacter jejuni NapA C176A 2.0172 1.9879 1.9647 1.9899 [9]
Paracoccus denitri-

ficans
NapA High g [resting] 1.9985 1.9902 1.9806 1.9898 0.018 0.46 [23]

Paracoccus denitri-
ficans

NapA High g [nitrate] 1.9988 1.9886 1.9815 1.9896 0.017 0.59 [23]

Paracoccus denitri-
ficans

NapA High g [nitrate] 1.9980 1.9890 1.9810 1.9893 0.017 0.53 [23]

Desulfovibrio desulfu-
ricans

NapA Nitrate 2.0000 1.9900 1.9810 1.9903 0.019 0.53 [21]

Desulfovibrio desulfu-
ricans

NapA Turnover 14N/15N 1.9990 1.9900 1.9820 1.9903 0.017 0.53 [21]

Desulfovibrio desulfu-
ricans

NapA Low potential 2.016 1.987 1.964 1.989 0.052 0.67 [21]

Synechococcus sp. 
PCC 7942

NarB Dithionite reduced 1.9970 1.9900 1.9820 1.9897 0.015 0.47 [40]

Synechococcus sp. 
PCC 7942

NarB C148A 2.0250 1.9900 1.9700 1.9950 0.055 0.64 [40]

Rhodobacter 
sphaeroides

DMSOR DMSOR WT* 1.9924 1.9815 1.9650 1.9796 0.027 0.4 [16]

Rhodobacter 
sphaeroides

DMSOR DMOSR S147C* 1.9981 1.9903 1.9851 1.9912 0.013 0.6 [16]

Rhodobacter 
sphaeroides

DMSOR 1.9922 1.9818 1.9673 1.9804 0.025 0.42 [47]

Rhodobacter 
sphaeroides

DMSOR 1.9906 1.9833 1.9611 1.9783 0.029 0.25 [47]

Rhodobacter capsu-
latus

DMSOR 1.9988 1.9885 1.9722 1.9865 0.027 0.39 [47]

Cupriavidus necator FdsDABG 2.0100 2.0020 1.9920 2.0013 0.018 0.44 [48]
Desulfovibrio desulfu-

ricans
FDH WT-Formate 2.0120 1.9960 1.9850 1.9977 0.027 0.59 [49]

Escherichia coli FDH 2.0940 2.0010 1.9900 2.0283 0.104 0.89 [49]
DFT-NapA# Oxo 2.023 1.983 1.9670 1.9910 0.056 0.71 [27]
DFT-NapA# Hydroxo 1.987 1.982 1.969 1.9793 0.018 0.28 [27]
DFT-NapA# Nitrate Bound 2.000 1.980 1.968 1.9827 0.032 0.63 [27]
DFT-NapA# Six Sulfur 2.019 1.992 1.981 1.9973 0.038 0.71 [27]
DFT-NapA# Six Sulfur- Partial Disulfide 2.018 2.011 1.975 2.0013 0.043 0.16 [27]
DFT-NapA$ Six Sulfur- Partial Disulfide 2.006 1.996 1.981 1.9933 0.028 0.36 [27]



JBIC Journal of Biological Inorganic Chemistry	

described in the sulfite oxidase family enzymes, especially 
methionine sulfoxide reductase that has been extensively 
characterized by spectroscopic and computational methods 
to find a direct impact on the identity of the ligand and cor-
responding shift in the EPR features [14, 43]. In addition, an 
EPR spectrum from D. desulfuricans similar to ‘Species 2’ 
was observed when reduced by spectropotentiometric titra-
tions, identified as the ‘Low potential’ species, but its rele-
vance to the catalytic cycle or rationale for its deviation from 
the spectrum under turnover with nitrate (similar to what we 
observe for ‘Species 1’) is not clear in previous work [21]. 
Taking a closer look at the g-values that describe the ‘Low 
potential’ species, the g-values are nearly identical to what 
we observe for C176A, suggesting this species identified in 
D. Desulfuricans corresponds to a species where the ligating 
Cys has been displaced by water or hydroxide. Taking into 
consideration the active site geometry in available crystal 
structures of DMSO reductase family members, and espe-
cially homologs of NapA, we model ‘Species 2’ as a roughly 
trigonal prismatic geometry with five sulfur ligands (four 
from the pyranopterins, one from the peptide) and an oxy-
gen ligand, likely an oxo given the lack of observable pro-
ton hyperfine coupling in the EPR spectrum and increased 
asymmetry in the ligand environment. This is supported by 
computational work where Mo coordinated by a bis-ene-
dithiolate, a terminal oxo, and thiol ligand has computed 
g-values of [2.023 1.983 1.967], in excellent agreement with 
our experimental results for ‘Species 2’ with g-values of 
[2.024 1.9885 1.972]. [27]

We rationalize the shift from the ‘Species 1’ to ‘Spe-
cies 2’ spectrum as a change in the interaction between the 
pyranopterins and Mo that results in a narrowing of the 
gap between the ground state and excited states induced 
by increased charge transfer character of the bis-dithiolene 
ligation [8, 44]. Two crystal structures of Dd NapA have 
been reported (2jip and 2jiq), where one (2jiq) was soaked 
with NO3

−. From these structures, the authors identified 
possible binding sites of the substrate nitrate and product 
nitrite [8]. Given the high sequence similarity and predicted 
fold of NapA used in this study, we have high confidence 
in using these structures as a model for the C. jejuni NapA 
[2]. The structure 2jiq, given in Fig. 3, displays a subtle 
shift in the pyranopterins relative to the 2jip structure, and 
notably, a nitrite below the plane of the pyranopterins that 
replaces two water molecules seen in the 2jip structure. In 
addition, Arg617 shifts from being hydrogen bonded to two 
of the dithiolene sulfurs, ~ 3.2 Å away in the NO3

− soaked 
2jiq structure, to more electrostatic interaction, ~ 4 Å away 
in the NO3

− free 2jip structure. The binding of NO3
− or 

NO2
− changes both the electrostatic environment near the 

π plane of the cofactor and the hydrogen bonding interac-
tions of the nearby peptide residues. Such a change near the 
pyranopterins likely influences the electronic structure of 

the cofactor, leading to a larger gap in the ground state and 
excited states in the single turnover sample where NO3

− or 
NO2

− are present. Removal of the NO3
− or NO2

− by buffer 
exchange then results in Species 2.

Conclusion

We have identified a new EPR species of NapA, shown in 
Fig. 2B, and propose a simple structural model to explain it 
that is consistent with the currently accepted kinetic models 
and requires minimal changes to the geometry and ligand 
environment of existing EPR species, whose structures 
have been under recent debate. [8, 11, 27, 45, 46] We have 
framed our model in the context of other members of the 
DMSO reductase family with similar ligand environments 
and geometry. Based on precedent from other DMSO reduc-
tase family enzymes, we propose that the active site under 
single turnover has trigonal prismatic geometry. The spe-
cies generated after the removal of reactants and products 
results in substantial changes to the line shape that can be 
rationalized by changes to the electrostatic environment of 
the cofactor without needing to invoke large changes in the 
overall geometry, which is constrained in the peptide envi-
ronment. In this way, the new structure is consistent with 
the available structures of NapA and other members of the 
DMSO reductase family.

When this work is put in context with the active site vari-
ants, in which the ligating Cys has been varied to Asp or Ser 
while still maintaining some activity, and the X-ray absorp-
tion spectroscopy studies of CjNapA, the resulting model 
suggests that the enzyme does not contain six sulfurs when 
undergoing turnover with nitrate [5, 9]. We highlight the 
potential importance and impact of the electrostatic and 
hydrogen bonding environment near the pyranopterin 
ligands and the observed changes in the electronic structure 
and resulting spectra. As noted in previous computational 
work, these enzymes are complex systems that are highly 
sensitive to the environment of the cofactor and would ben-
efit from detailed electronic structural studies of the molyb-
denum and tungsten cofactors and from detailed QM/MM 
calculations to examine the dynamics of the binding pocket 
and modulations of the electronic structure of the cofactor. 
[27, 37–39]
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