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Over the past decades, a number of authors have reported the presence of inactive species in as-prepared samples
of members of the Mo/W-bisPGD enzyme family. This greatly complicated the spectroscopic studies of these
enzymes, since it is impossible to discriminate between active and inactive species on the basis of the spectro-
scopic signatures alone. Escherichia coli nitrate reductase A (NarGHI) is a member of the Mo/W-bisPGD family
that allows anaerobic respiration using nitrate as terminal electron acceptor. Here, using protein film voltamm-
etry on NarGH films, we show that the enzyme is purified in a functionally heterogeneous form that contains
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Protein film voltammetry between 20 and 40% of inactive species that activate the first time they are reduced. This activation proceeds
EPR spectroscopy in two steps: a non-redox reversible reaction followed by an irreversible reduction. By carefully correlating

electrochemical and EPR spectroscopic data, we show that neither the two major Mo(V) signals nor those of
the two FeS clusters that are the closest to the Mo center are associated with the two inactive species. We also
conclusively exclude the possibility that the major “low-pH” and “high-pH” Mo(V) EPR signatures correspond

Mo/W bisPGD enzyme family
Respiratory nitrate reductase

to species in acid-base equilibrium.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Mo/W-bisPGD enzymes are ubiquitous enzymes characterized by an
active site in which a Mo (or W) ion is ligated by the dithiolenes of two
molybdopterin moeties [1,2]. Their oligomeric structures vary greatly,
with enzymes that contain only the Mo/W active site and others that
host a number of iron-sulfur clusters, hemes and/or other cofactors.
They catalyze a variety of reactions, mostly two-proton, two-electron
redox reactions, often coupled to the transfer of oxo groups. They can
process a large range of substrates, and play fundamental roles in the
bioenergetic metabolism of many prokaryotes. The metal ion (Mo or
W) at the active site is thought to cycle between the IV, V and VI
oxidation states during the course of the catalysis. Among other
techniques, researchers have therefore used EPR spectroscopy to obtain
information on the mechanism of these enzymes, as the intermediates
Mo(V) or W(V) are EPR-active. However, this technique is not always
conclusive. Indeed, a large number of Mo(V) signatures were identified
on the different members of the Mo/W-bisPGD enzyme family [3], and
sometimes many signatures on a single member (see Ref. [4] for an
example of this diversity for the case of periplasmic nitrate reductases),
but spectroscopy alone cannot tell whether a signature belongs to an
intermediate in the catalytic cycle or if it arises from an inactive species.
Indeed, it has been shown that some of the members of the Mo/W-
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bisPGD enzyme family are purified in an inactive form, such as the
soluble DMSO reductase [5]. This raises the possibility that some of
the signatures are those of inactive species, and indeed, some of us
showed that this is the case for the periplasmic reductase NapAB from
Rhodobacter sphaeroides (Rs), for which the major Mo(V) signature is
that of an inactive species that activates upon reduction [6,7].

Respiratory nitrate reductases (Nar) are membrane-bound mem-
bers of the Mo/W-bisPGD enzyme family that catalyze the reduction
of nitrate to nitrite coupled to the oxidation of quinols, leading to the
generation of a protonmotive force. They have been purified and char-
acterized from different organisms: Escherichia coli (Ec) 8], Paracoccus
pantotrophus (Pp) [9], Haloarcula marismortui [10], and Marinobacter
hydrocarbonoclasticus [11]. The prototypical Nar, Ec NarGHI consists of
three subunits: NarG bears the Mo active site for nitrate reduction and
a [4Fe-4S] cluster, NarH bears three [4Fe-4S] clusters and a [3Fe-4S]
cluster, and Narl is attached to the membrane and bears two b-type
hemes that oxidize quinols [12,13]. The iron-sulfur clusters form a
chain of electron-transfer relays from the quinol oxidation site to the
Mo; they are numbered from O to 4 according to their distance from
the Mo active site. Most of the Nars studied so far could be purified as
a NarGHI trimer using detergents to stabilize the membrane-bound
part, or as a soluble NarGH dimer. Removing the membrane subunit
(Narl) completely abolishes the quinol oxidation activity, but has only
a moderate effect on the nitrate reductase activity [14].

EPR spectroscopy has been extensively used to obtain structural
information about the NarGHI metal centers in their paramagnetic
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state. The S = 1/2 Mo(V) ion at the NarG active site displays two major
pH-dependent EPR signatures named from their pH domain of
predominance, the so-called “high-pH” and “low-pH” signals [44]. On
the basis of the closeness between the pKa value of 8.3 characterizing
the pH-dependent equilibrium between these two Mo(V) EPR species
and the one controlling the pH-dependence of enzyme activity, Vincent
and Bray suggested that only the low-pH Mo(V) form is catalytically
active [15]. However this pKa value was determined in the presence of
chloride and it was subsequently shown that anion binding modifies
the high-pH/low-pH signal transition pKa [16,17]. Later, a pH depen-
dence study of Mo(V) species reduction potentials performed in
absence of contaminating anions has suggested that both species
could be involved in the catalytic cycle [18]. Clearly, understanding
the molecular origin of the transition between the high- and low-pH
Mo(V) forms and their catalytic relevance still requires further work.

EPR analyses of the NarGH iron-sulfur clusters in combination with
redox potentiometry and site-directed mutagenesis allowed a detailed
characterization of their redox and magnetic properties. The higher-
potential FS4 and FS1 clusters exhibit well-resolved EPR signatures
with features around g ~ 2. The FS1 EPR signal is composite, with a
major (67%) rhombic component with g-values 2.049, 1.947, 1.869
and a minor (33%) quasi axial component with g-values 2.010, 1.885,
1.871. This was interpreted as arising from a mixture of valence
delocalisation in the cubane leading to different g-tensors [19]. The
individual EPR spectral contributions of the other lower potential
NarH clusters FS2 and FS3 are more difficult to resolve due to their
spin-spin interactions with reduced FS1 and FS4. Remarkably, the
NarG FSO cluster has an unusual S = 3/2 ground state that gives rise
to two peaks at g = 5.60 and g = 5.00 corresponding to the two low-
field resonances of the Kramers doublets [20,21]. Detailed spin quanti-
tation experiments of these signatures show that they account for
only 40% of the total FSO centers present in the enzyme implying that
60% of the FSO centers is present in another undetected spin state,
most likely in the S = 1/2 state [21]. The molecular origins of these
spectral heterogeneities and whether they are related to functional
heterogeneities remain unknown.

Functional information on NarGH has also been obtained using
protein film voltammetry (PFV), a technique in which the enzyme is
immobilized on an electrode and interfacial electron transfer is direct.
The current is proportional to the turnover rate [22]. Initial studies
revealed a complex dependence of activity on potential that is a signa-
ture of all the NarGH enzymes studied so far [9,23-26], and which
shares some features with that of other molybdenum enzymes
[27-31]. Field and coworkers [25] have shown that some of their prep-
arations of Pp NarGH require to be reduced at low potentials to obtain
maximum activity, but it is not known whether this also applies to
other Nars.

In this work, we use a combination of PFV and EPR spectroscopy to
evidence a reductive activation process in Ec NarGH, and to study its
kinetics and the relation between inactive species and spectral signa-
tures of the metal centers. We show that Ec NarGH is purified in a het-
erogeneous state in which about 20% to 40% are inactive species that
activate upon reduction. The activation proceeds in two steps, the first
being a non-redox reversible reaction while the second is an irreversible
reduction. The presence of the inactive species correlates neither with
the high- and low-pH Mo(V) EPR signatures nor with the heterogene-
ities of the signatures of the FSO and FS1 clusters. This means that the
chemical transformation between the inactive and active species does
not involve the first coordination sphere of these cofactors.

2. Results
2.1. Ec NarGH irreversibly activates the first time it is reduced

Ec NarGH readily adsorbs onto pyrolytic graphite edge (PGE)
electrodes to form stable electroactive films [24]. We studied such

films using cyclic voltammetry, which consists in sweeping the
electrode potential back and forth between two values. The resulting
current is shown in Fig. 1. The red trace is the first scan recorded on a
film, while the green trace is the subsequent scan. For the latter, the
currents of the sweep towards low potential and the sweep towards
high potential are identical; they are merely offset by the electrode
charging current, obtained in the absence of enzyme (blue trace); this
means that during the second scan, the current response is in a steady
state. On the first scan however this is not the case, as at each potential,
the current of the sweep towards high potential is larger in magnitude
than that of the sweep towards low potential; for instance, at —0.2 V
(vs SHE) the current on the sweep towards low potential is ~2.5 pA,
while on the sweep towards high potential it is =5 pA (black arrow in
Fig. 1). This indicates that the activity on the sweep towards high poten-
tial is larger than on that towards low potential, which means that the
quantity of active enzyme has increased about two-fold during the
sweep at low-potentials. The absence of hysteresis on second scan
shows that the enzyme has fully activated and that no inactive species
have been regenerated upon oxidation. This is confirmed by the fact
that subsequent scans are identical to the second one (data not shown).

We tried regenerating the inactive species after activation by oxidiz-
ing the enzyme (300 s at 0.64 V) or exposing it to air for 2 h, or to mil-
limolar concentrations of azide, nitrite, nitrate and sulfite but none of
these conditions restored the species that activate upon reduction,
which shows that the activation is irreversible under these conditions.

While cyclic voltammetry rapidly gives qualitative information
about (in)activation processes, it is not adapted to quantitative analysis
of their kinetics. A better technique is chronoamperometry, in which the
potential varies in a stepwise fashion and the current is recorded as a
function of time. We and others have used this technique successfully
to gain mechanistic insights on activation/inactivation processes of a
number of other enzymes [6,7,32-38].

2.2. About 30% of the enzyme is initially present in either of two inactive
forms that activate upon reduction

We submitted fresh films of NarGH to a sequence of two potential
steps (Fig. 2). The first step is at a high enough potential (E;) that
catalysis does not occur, the current is therefore null. The potential of
the second step, E», is such that the enzyme catalyzes the reduction of
nitrate. A significant nitrate reduction current is already visible at the
beginning of this step, and its magnitude increases slowly over time as
the enzyme activates, until a point where current magnitude decreases
again (at t = 100 s in Fig. 2C) because of film loss, i.e. the irreversible
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Fig. 1. Cyclic voltammograms of an Ec NarGH-coated PGE electrode. The red trace is the
first scan recorded on a film, the green trace is the second scan. In blue is a control exper-
iment recorded in the absence of enzyme. Experimental conditions: T = 40 °C, pH 5.5, ni-
trate concentration: 1 mM, scan rate: 10 mV/s, rotation rate: 3.5 krpm.



P. Ceccaldi et al. / Biochimica et Biophysica Acta 1847 (2015) 1055-1063 1057

[ —— L L L L AL R L L
S o0fF I A 3
M -05F £ 3
b I S T S T TR S T——— -
O-"l"'l"'l"'l-
2 i B ]
I _5F ]
— i N— ;
e L p
_10.—..1...1...1...1
-ssfF - T 1
< E ]
N~ - 4
= -65F ]
- vl
-"l"'l"'l"'-
< 100} D 1
E L ]
NS [ . ]
S Of -
ST TN NN SN SN U [ T T T S S T_—_— S_—_—

0 100 200 300

t(s)

Fig. 2. Chronoamperometry experiment in which an Ec NarGH-coated PGE electrode is
submitted to a series of potential steps. Panel A: electrode potential as a function of time
(E; =330 mV and E; = —670 mV). Panel B: resulting current. The blue dashed line is a
control experiment recorded without adsorbed enzyme; it is used as the baseline for the
curves shown in panel C. Panel C: baseline-subtracted data (black trace) together with
the mono- (red) and bi-exponential fits (green). Panel D: residuals for the mono- (red)
and bi- (green) fits. Experimental conditions: T = 40 °C, pH 5.5, nitrate concentration
1 mM, electrode rotation rate: 3.5 krpm. Parameters for the mono-exponential fit: 7, =
26's, a; = 0.18, kjoss = 2.310~* s~ ! and the bi-exponential fit: 7, = 4.8 5, o; = 0.11,
T = 335,05 = 0.16, kigss = 2.610 4571,

desorption of the enzyme [39]. We fitted mono- and biphasic exponential
functions (Eq. (1) below) to the traces shown in panel C, which are ob-
tained from those of panel B by subtracting the baseline (the current re-
corded in the absence of enzyme, shown as a dashed blue line in panel B):

i(t) = i=[1—0exp(—t/T1) —Q2eXp(—t/T2)] x eXp(—Kiosst)- (1

In this equation, i.. is the current that would be obtained asymptot-
ically if there were no film loss, kjoss is a first-order rate constant
describing film loss [39], oy (resp a») is the magnitude of the first
(resp. second) exponential phase relative to i., and 7; (resp. 7) its
time constant. The origin of time is the beginning of the step at E,. In
the case of a monophasic evolution, &, = 0 (and 75 is not relevant).
The sum oy + o is the fraction of enzyme that activates during the
step at Es, relative to the final amount of active enzyme.

The fits of Eq (1) to the data are plotted in Fig. 2C as red
(monophasic, a; = 0) and green (biphasic, « is a free parameter)
traces. The difference between the data and the fits is plotted in the
same colors in panel D. The monophasic fit significantly deviates from
the data, whereas the difference between the bi-phasic fit and the
data is small (just above noise) and evenly distributed around zero,
showing that the bi-phasic fit adequately reproduces the data.

To check that this behavior is independent of the activation
potential, we repeated this experiment using freshly made films, for a
number of values of the potential of the second step (E,), subtracting
a blank recorded under the same conditions, and fitting both a mono-
and bi-exponential function (Eq. (1)) to the resulting current trace.
We observed that the residuals (sum of squares of the difference of
the data minus the fit) of the bi-exponential fits were in average 3.5
times lower than those of the mono-exponential fit. This means that
the bi-exponential fit is always significantly better than the mono-
exponential one. The amplitudes of the two exponential phases are
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Fig. 3. Results of fits to chronoamperograms such as that in Fig. 2 using different models.
Each data point is the result of one fit, and the abscissa is the electrode potential applied
to trigger activation. Panel A: amplitudes of the fast (open squares) or slow (filled circles)
phases of the bi-exponential fit (the time constants are shown in SI Fig. S1). Panel B: de-
pendence of the best value of the parameter k; in model (3) as a function of E, (circles),
together with the unique values of k; and k_; indicated respectively as dashed and dotted
horizontal lines (by hypothesis, these two rate constants do not depend on E).

plotted in Fig. 3A. They correspond to a total of 30 to 40% of initially in-
active enzymes in the sample. The fact that both phases have significant
amplitudes (at least in the low-potential range) suggests that there are
two distinct inactive species. This is confirmed below by the consistency
of the results we deduce from this hypothesis.

2.3. The two inactive species interconvert

Different models give rise to a biphasic evolution of the current over
time (Eq. (1)) for a given value of E,, but they cannot be distinguished
on the basis of one experiment alone. However, these models give
different predictions with respect to how the fit parameters (time
constants and amplitudes) depend on the activation potential E, and
we use these predictions to discriminate between different hypotheses.

In the simplest kinetic model that gives rise to a biphasic irreversible
activation (see SI section S1.1), each of the two inactive species, I1 or 12,
reacts independently to form the active species A, in an irreversible, first
order step:

I Kop ke g 2)

According to this model, the initial fractions of inactive species, that
we name I;o and I,q, are equal to (and can be determined from) the
magnitudes of the slow and fast phases relative to the asymptotic
current i, i.e. oy = Ijp and oy = Ig (see SI Eq. S4). Therefore, if this
model were correct, the relative magnitudes of the slow and fast phases
would be independent of the value of E,, since the initial fractions of
inactive species do not depend on the conditions used for activating
the sample. As can be seen in Fig. 3A, the magnitudes of the two phases
strongly depend on potential, since they have close values at low
potential (about 15-20% for each phase), but at high potentials, the
magnitude of the slow phase is much larger than that of the fast phase
(30-40% vs 5%). The predictions of model (2) do not match experimen-
tal data, therefore, the two inactive species cannot activate indepen-
dently of each other.

In the following, we thus consider another model, which is the
simplest in which the species do not activate independently. According
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to this model, the activation proceeds in two sequential steps: the
reversible transformation between the two inactive species (forward
rate constant k; and backward rate constant k_;), followed by an
irreversible activation step (rate constant k).

I I"i L A 3)
K1

In this model, the amplitudes of the exponential phases, c; and o,
are complex functions of I, Io and of the rate constants (see SI Eq.
S13). However the total initial proportion of inactive species is still the
sum of the amplitudes of the slow and fast phases, like in model (2):

o1 + Oy :]]0-‘1-120. (4)

2.4. The transformation between I; and I, is not redox

To learn about the redox and/or acid/base reactions that occur
during the activation, it is useful to interpret how the rate constants
k4, k—1 and k, depend on the activation potential and on pH. However,
determining the three rate constants is not possible without making
further assumptions. Indeed, fitting the model (3) to kinetic traces
requires adjusting 7 parameters per chronoamperogram: the rate
constants ky, k_; and k», the initial concentrations of I1 and 12 (I;¢ and
I5), the current of the fully activated film i, and a rate constant that
accounts for film loss, kjoss. However, the corresponding equation can
be written in the same form as Eq. (1) (see SI Section S1.2), which
depends on only 6 parameters (i, Kioss, T1, T2, @1 and o). Thus model
(3) is intrinsically underdetermined.

We could lift this indetermination by assuming that the reversible
transformation between I1 and 12 is not a redox reaction; this constrains
the parameters as follows: (i) k; and k_; are independent of the
electrode potential E, and (ii) as this reaction proceeds even before
the making of the film, it is at equilibrium by the time the activation
starts, so that I,o = ki/k_1 x L.

Taking these constraints into account, we simultaneously fitted the
model to all the activation traces obtained for different values of E,
(which were already analyzed using Eq. (1) in Fig. 3A), adjusting a sin-
gle pair of values of k; and k_ . Proceeding this way significantly re-
duces the number of parameters in the fitting procedure. Indeed,
fitting a bi-exponential function to n activation traces requires the ad-
justment of 6 x n parameters (6 per trace); the unconstrained fit of
model (3) requires the adjustment of 7 x n parameters (hence the inde-
termination problem). In contrast, the fit constrained as described
above requires the adjustment of only 4 x n + 2 parameters: 4 param-
eters per trace (ig, k», I;o and kjoss), and 2 parameters that are the same
for all traces (k; and k_1). This number of parameters is just a little
above that of the mono-exponential fit, which requires the adjustment
of 4 x n parameters. We found that the residuals of the constrained fits
are much closer to the residuals of the unconstrained bi-exponential fits
(only 20% higher on average) than to the residuals of the mono-
exponential fits, which are 3.5 times greater than the residuals of the
bi-exponential fit (data not shown). This is so despite the fact that the
overall number of parameters of the constrained fit (4 x n + 2 = 162
for n = 40) is much closer to the number of parameters of the mono-
exponential fit (160) than the bi-exponential fit (240). Thus, model
(3) with the assumption that the first step is not a redox reaction is
consistent with the data.

An outcome of this analysis is the dependence of k, on electrode
potential, which is shown as black dots in Fig. 3B, together with the
values of (k; and k_ displayed as dashed and dotted horizontal lines.
The value of k; is constant over a large range of potential at low
potential, and decreases when the potential increases, consistent with
the fact that the activation slows down at high potential. This is reminis-
cent of the dependence on potential of the rate of irreversible activation

of the high-g resting Mo(V) species of Rs NapAB [6]. The decrease is very
gradual, less steep than a 1-electron sigmoid. The values of k; and k_;
indicate an initial ratio Lo/l =~ 3.

2.5. The transformation between I; and I does not involve proton transfer
in acidic conditions

We repeated the series of chronoamperometric experiments
changing the pH between 5 and 6 (at pH values below 5, the enzyme
film is unstable, and at pH values above 6, a very slow reorientation on
the electrode occurs that prevents quantitative analysis of the data
(data not shown)), and we analyzed the data using the kinetic Scheme
(3) as described above (SI Fig. S2). The values of k; and k_ 4 do not vary
much with pH, and their ratio k;/k_, does not depend on pH, which
means that the interconversion between I1 and I2 is not coupled to the
transfer of a proton, at least for pH values below 6. We cannot exclude
the possibility of a protonation/deprotonation of pKa greater than 6.

2.6. The inactive species are not related to the low-pH and high-pH
Mo(V) spectral signatures

To assess the relationship between the fraction of inactive species
detected by electrochemistry and the EPR signatures of the pH-
dependent Mo(V) species of the enzyme active site, NarGH samples
were prepared at pH 5.5 and 10 and studied by electrochemistry and
EPR spectroscopy. Previous spectroscopic studies of samples of Ec
NarGH and NarGHI have reported two characteristic pH-dependent
Mo(V) EPR signals, the so-called “low-pH” and “high-pH” signals, both
showing hyperfine coupling with a solvent-exchangeable proton. This
coupling is stronger for the low-pH signal which is sensitive to the
presence of anions like nitrate, nitrite, chloride and fluoride [16]. The
large hyperfine coupling between the unpaired electron of the
Mo(V) ion and the I = 5/2 nuclear spin of the 9>°’Mo isotopes present
in =~ 25% natural abundance leads to the presence of additional EPR lines
that overlap with the major Mo(V) signals arising from the diamagnetic
isotopes. This complicates the detailed analysis of Mo(V) EPR spectra
especially when several Mo(V) species with partially overlapping
signals contribute. Therefore, we have used NarGH preparations
enriched in the ®®Mo isotope (I = 0) throughout this work. The 50 K
spectrum of as prepared NarGH at pH 5.5 contains mainly typical low-
pH resonances (Fig. 4a, black trace). These constitute a rhombic signal
with g,, = 1.983 and a resolved hyperfine splitting of approximately
1 mT due to a single solvent exchangeable proton [40]. In the sample
prepared at pH 10, the Mo(V) spectrum has a typical “high-pH” form
[8,15] (Fig. 4b, black trace). This signal with g,, =~ 1.976 has no resolved
hyperfine features. Careful examination of the spectra revealed no
detectable contribution of the °>°”Mo isotopes, indicating that enrich-
ment of the enzyme with the %Mo isotope is at least 90%. Interestingly,
this approach allowed us to resolve a significant contribution of the low-
pH Mo(V) form on the low-field edge of the high-pH Mo(V) signal
measured on the pH = 10 sample. This contribution is pointed out by
lines in the zoom above trace b in Fig. 4. Spectral simulations (red dotted
lines in Fig. 4b) indicate that it accounts for approximately 14% of the
total Mo(V) content. Similarly, a significantly better agreement between
the simulated (red dotted lines in Fig. 4a) and the experimental
Mo(V) spectra of the pH 5.5 sample is found when a weak but
significant contribution (approx. 5% of the total Mo(V) signal, green
dotted lines in Fig. 4a) of the high-pH Mo(V) form is added to the
simulation. The parameters used for spectral simulations shown in
Fig. 4 are reported in Table 1.

Table 2 shows the concentrations of the Mo(V) ion in these samples
relative to that of the [3Fe-4S]' ™ cluster (FS4) evaluated from spin
quantitation measurements, together with the amount of initially
inactive species measured by PFV using the same conditions as in
Fig. 2 (all PFV measurements were conducted at pH 5.5, regardless of
the pH of the sample). Comparison of the amount of initially inactive
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Fig. 4. Experimental (continuous lines) and simulated (red dotted lines) Mo(V) EPR spectra
of ®Mo-enriched NarGH. Samples were prepared at pH 5.5 (a, ¢, d) or pH 10 (b, e). For (c),
NarGH has been activated by chemical reduction followed by reoxidation (see text). Spectra
(d) and (e) were measured after incubating during 56 h at 4 °C the samples prepared at
pH 5.5 and pH 10, respectively. Dotted line spectra under each experimental spectrum cor-
respond to the low-pH (orange), the high-pH (green) or the low g5 (blue) Mo(V) species.
They have been summed up in the following proportions to lead to the red dotted line spec-
tra: (a) 95% low-pH Mo(V) + 5% high-pH Mo(V), (b) 14% low-pH Mo(V) + 86% high-pH
Mo(V), (c) 64% low-pH Mo(V) + 36% low g3 Mo(V), (d) % 97 low-pH Mo(V) + 3% high-
pH Mo(V), and (e) 48% low-pH Mo(V) + 52% high-pH Mo(V). The trace above spectrum
b is a x5 zoom on the spectral region where the characteristic peaks of the low-pH
Mo(V) signature are visible. Measurement conditions: T = 50 K, microwave frequency,
9.4806 GHz (a), 94771 GHz (b) and 9.4769 GHz (c), 948159 GHz (d), 9.48159 GHz (e);
microwave power, 0.25 mW; modulation amplitude, 0.2 mT; modulation frequency,
100 kHz. Magnetic fields have been corrected against an offset using a weak pitch sample.

species with those of Mo(V) species reveals that in the pH 5.5 sample
(indicated as “t = 0” in table 2), there is about twice as much low-pH
Mo(V) species as initially inactive species. Similarly, in the pH 10 “t =
0” sample, there is twice as much high-pH Mo(V) species as initially in-
active species. This suggests that neither the low-pH nor the high-pH
form of the Mo(V) ion correlates with the initially inactive species that
activate upon reduction.

To further examine the correlation (or lack thereof) between the
inactive species and the Mo(V) signatures, we took advantage of the

Table 1

fact that the amount of activable enzyme slowly evolves over time
when the sample is kept at 4 °C (SI Fig. S3). We let the pH 5.5 and
pH 10 samples described above evolve under anaerobic conditions at
4 °Cinside the glove box for several days. While sample aging induces
only minor changes of the Mo(V) EPR signal in the sample prepared at
pH 5.5 (trace d in Fig. 4), a two-fold increase of the amount of inactive
species is measured by chronoamperometry in this sample (Table 2).
In contrast, the proportion of initially inactive enzyme of the pH 10 sam-
ple (=~20%) does not evolve over time whereas the concentrations of
Mo(V) species evolve significantly between the t = 0 and t = 56 h sam-
ples, with a three-fold decrease of the concentration of the high-pH
Mo(V) and a two-fold increase of that of the low-pH Mo(V) species
(the spectra at t = 56 h are shown as traces d and e in Fig. 4). This
further confirms that initially inactive species are unrelated to the
Mo(V) low-pH and high-pH EPR signals.

2.7. The inactive species are not related to the composite EPR signatures of
FSO and FS1

Having ruled out that the inactive species are linked to either of the
major Mo(V) signatures, we wondered if the initial functional heteroge-
neity (presence of inactive and active species) is related to the spectral
heterogeneities displayed by the FSO [21] and FS1 clusters [19]. We
therefore subjected the previously studied pH 5.5 preparation of
98Mo-enriched NarGH to a reversible redox titration as follows. From
the initial state, whose redox potential was measured at ~+ 240 mV
(the corresponding Mo(V) signals are shown in Fig. 4a), we first
reduced the sample with sodium dithionite to — 101 mV to observe
the signatures of both FeS clusters, and then to —300 mV, leaving the
sample to evolve long enough (i.e. =30 min) at this potential to fully
activate. We then reoxidized the sample with potassium ferricyanide
to —92 mV to evaluate the effect of the activation on the signature of
the FeS clusters, and then back to +240 mV to examine the
Mo(V) signal. At each of these steps, we collected two aliquots of the
sample: one that was analyzed by EPR spectroscopy, and another one
to determine the amount of inactive species using PFV (using the
same conditions as in Fig. 2). In the first three samples (4240, — 101
and —300 mV), we detected 30% of activable species, while in the
next two (—92 and + 240 mV), there is essentially none left. That the
—300 mV sample still significantly activates is consistent with the sam-
ple being examined in PFV at the beginning of the —300 mV poise, be-
fore the activation is complete.

Spin quantitation of the Mo(V) EPR signals indicates that the total
concentration of the Mo(V) species relative to that of the [3Fe-4S]' T re-
mains unchanged in the samples poised at 4240 mV before and after
enzyme activation (data not shown). After activation, the Mo(V) EPR
spectrum consists of a mixture of low-pH Mo(V) species and of an
additional Mo(V) species (Fig. 4c). The latter has a rhombic signature
with g = 1.996, g, = 1.984 and g3 = 1.956 and is hereafter referred
to as “low g3” Mo(V) species. The spectral simulations shown in Fig. 4c
indicate that it accounts for ~36% of the total Mo(V) content. This
species has been previously observed after reduction of nitrate reduc-
tase with sodium dithionite and reoxidation with nitrate [40,15] and it
was suggested to arise from a non-functional species. That this species
is not detected as “initially inactive species” in PFV experiments after
activation suggests that it does not activate upon reduction.

EPR parameters used to simulate the Mo(V) signals recorded in °®Mo-enriched NarGH prepared at pH 5.5 and pH 10 and shown in Fig. 4. We estimate that the g-values are accurate to

0.0005 and the A-values to 0.1 mT.

Mo(V) species & & g3 Zav Anisotropy gi-g3 Rhombicity (g1-82) / (81-83) A; (mT) A (mT) As (mT)
Low-pH 2.0009 1.9847 1.9638 1.9831 0.0371 0.4366 12 0.9 0.9
High-pH 1.9869 1.9800 1.9601 1.9757 0.0268 0.2575

Low g3 1.9952 1.9828 1.9557 1.9780 0.0395 0.3139
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Table 2

Relative proportion of the low-pH, high-pH and low g3 Mo(V) species (expressed in spin/molecule) in various preparations, estimated with respect to the amount of FS4 as described in
Materials & methods section and assuming one FS4 per enzyme. The last row gives the concentration of initially inactive species determined by PFV experiments using the same conditions
as those of Fig. 2 (systematically at pH 5.5), expressed as a fraction of the final activity. nd: Not detected.

Mo(V) species/FS4 pH5.5,t =0 (4a) pH5.5,t =56 h (4d)

PH 10, t = 0 (4b)

pH 10, t = 56 h (4e) pH 5.5, after activation (4c)

Low-pH Mo(V) 0.41 4+ 0.03 0.44 + 0.04
High-pH Mo(V) 0.020 £ 0.015 0.013 + 0.010
Low g3 Mo(V) nd nd

Lo + Ixo 0.23 4 0.03 0.45 £+ 0.03

0.07 + 0.02 0.13 + 0.02 0.19 + 0.02
0.41 + 0.04 0.14 + 0.02 nd

nd nd 0.10 + 0.02
0.20 + 0.05 0.20 + 0.05 0.02 £ 0.01

EPR spectra of the S = 3/2 FSO [4Fe-4S]' * cluster before and after
activation are shown in Fig. 5a and b, respectively. No variation of the
shape or of the amplitude of the two low-field components at g = 5.0
and g = 5.6 of the rhombic signatures associated to the two Kramers
doublets is observed.

The composite EPR signal of the [4Fe-4S]' ™ FS1 cluster before and
after activation is shown in Fig. 5c and d, respectively. Both spectra
could be satisfactorily simulated (dotted lines in Fig. 5c-d) by
superimposing a major (67%) rhombic component with g; = 2.049,
g, = 1.946 and g3 = 1.868 and a minor (33%) quasi-axial component
(with g, = 2.011, g, = 1.882 and g3 = 1.871) in agreement with previ-
ously published data [19]. This shows that the activation process has no
significant effect on the FS1 composite signal either.

Overall, our results show that there is no correlation between initial-
ly inactive species and the spectral heterogeneity of FSO and FS1.

g-value
7 6 5 4
T — T T T T
a
b
" 1 " " " 1 " " " 1 " " " 1 " " " 1 "
100 120 140 160 180

Magnetic field (mT)

g-value

320 330 340 350 360 370 380
Magnetic field (mT)

Fig. 5. EPR spectra of FSO (a, b) and FS1 (c, d) before (a, c) and after (b, d) a 30 min-long
poise at —300 mV. The isotropic signal at g = 4.3 (a, b) is due to the presence of adventi-
tious Fe>* ions. The red dashed lines in c) and d) are spectral simulations obtained by
superimposing a major (67%) rhombic component with (g;, g2, g3) = (2.049, 1.946,
1.869) and a minor (33%) quasi-axial component with (gi, g2, g3) = (2.011, 1.882,
1.871) using g-strain parameters (07, 03, 03) = (0.007,0.004, 0.007) for the rhombic com-
ponent, and (03, 03, 03) = (0.005, 0.009, 0.008) for the quasi-axial component. Experi-
mental conditions: T = 12.5 K, microwave frequency, 9.4769 GHz (a, c), 9.4817 GHz (b,
d); microwave power, 103 mW; modulation amplitude, 1 mT (a, b), 0.5 mT (c, d); modu-
lation frequency, 100 kHz. Samples are poised at —101 mV (a, c) or —92 mV (b, d).

3. Discussion

Several members of the Mo/W-bisPGD enzyme family were purified
in a mixture of species, some of which become active upon reduction.
This was first described in the case of the soluble DMSO reductase,
through the observation that a cycle of reduction and reoxidation
increases both the homogeneity of the UV/Visible molybdenum
signatures and the DMS oxidation activity [5,41-43]. The inactive
species was assigned to a form of the enzyme in which the two thiolate
ligands of a pterin have reversibly dissociated from the Mo. Some of us
observed a similar reductive activation with another member of the Mo/
W-bisPGD family, Rs periplasmic nitrate reductase NapAB. We have
shown that the inactive species gives the so-called Mo(V) high-g resting
signal [6], and proposed that the inactivation is due to one of the pterin
being in an oxidized open conformation [7]. Using PFV, Field and
coworkers have also observed such a reductive activation with samples
of Pp Nar [25], an enzyme closely related to Ec Nar, the subject of this
paper. They showed that Pp Nar activates the first time it is reduced,
independently of the presence of nitrate.

In this work, we have shown that Ec Nar also activates the first time
it is reduced, and that the initially inactive species that are activated
upon reduction amount to 20 to 40% of the final quantity of active
enzyme. The fact that a dithionite-reduced sample (such as that giving
spectrum b in Fig. 5) does not show reductive activation indicates that
this activation is not an artifact of the interaction of the enzyme with
the electrode. The activation process appears irreversible, in that we
could not regenerate the initially inactive state after the enzyme had
been activated, which is also what we found in the case of Rs NapAB
[6]. We studied the kinetics of activation using protein film voltamme-
try. With an original approach in which we fitted all the kinetic traces
at a given pH at once to constrain the fit parameters, we were able to
show that (i) the inactive species exists under two different forms,
and that (ii) the activation proceeds sequentially, first through a revers-
ible reaction involving neither proton (at least at pH values below 6) nor
electron transfer, and second through an irreversible reduction giving
the active form.

We observed that in samples equilibrated at pH 5.5 and left to evolve
at 4 °C, the amount of activable species slowly increased over time from
20% in as-purified enzymes to about 40% after a week (after which the
fraction of inactive form no longer evolves). The chemical changes
underlying this slow transformation are unknown. This increase in the
concentration of activable species could result from inactivation of
previously active species, which would suggest that the activation is in
fact reversible but that the inactivation is very slow. Alternatively, it
could result from the transformation of another inactive species that
does not activate upon reduction.

The presence of a significant amount of inactive species in the as-
prepared samples (those that were used for spectroscopic investigations)
raises the question of whether some of the spectroscopic signatures re-
corded on Nar are that of the inactive species, as it occurs in Rs NapAB.
To address this issue, we investigated the relation of the inactivation
with the major Mo(V) EPR signatures, the so-called low-pH and high-
pH Mo(V) signatures. We concluded that they are not related to the inac-
tive species that activate upon reduction because: (i) there are conditions
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under which either one Mo(V) signal or the other amounts to a fraction of
enzyme that is significantly larger than the fraction that activates, and (ii)
the evolution over time of the proportion of inactive enzyme and of the
Mo(V) species are anti-correlated: at pH 5.5, the inactive fraction evolves
while the fraction of Mo(V) species does not and at pH 10, the opposite is
observed. This shows that neither of these Mo(V) signatures arises from
the inactive species that activate upon reduction. Overall, these results
are consistent with the previous proposal by some of us that the high-
pH and the low-pH forms of the Mo(V) are both involved during the
redox turnover of the enzyme [18]. It should be emphasized however
that, from our data, we cannot rule out the possibility that these forms
correspond to inactive species that do not activate under the conditions
we used.

Upon discovery, the species giving the high-pH and low-pH
signatures were proposed to be respectively the basic and acidic forms
of a unique protonable species. This was supported by the fact that a
solvent-exchangeable proton was detected in the low-pH signal, but
not in the high-pH one, and this proton was thought to be the acidic
proton [15]. This hypothesis was weakened upon the discovery of a
solvent-exchangeable proton coupled to the Mo(V) in the high-pH
form, although the coupling is weaker [16]. Thanks to the use of
preparations enriched in °®Mo, we could detect small proportions of
the high-pH form at pH 5.5 and of the low-pH form at pH 10, and
quantify them. In the light of our data, the proposition that the low-
and high-pH forms are in an acid/base equilibrium becomes unlikely,
for two reasons (i) during the course of the exposure of the pH 10-
equilibrated sample at 4 °C, the ratio of the low-pH over high-pH form
evolves from 17% to 93%, which is not consistent with the fact that, as
the pH remains constant in the buffered solution, the ratio should not
change; and (ii) if the low-pH and high-pH forms were in acid-base
equilibrium, the mass action law implies that their ratio would be
proportional to the concentration of protons. However, the ratio of
low-pH/high-pH forms changes from =30 at pH 5.5 to ~0.2 at pH 10
(or =1 if one considers the data at t = 56 h), which gives at best a
change of 200 over 4.5 pH units. This is two orders of magnitude
below the 10*° expected if it were a true acid/base equilibrium.

The FSO and FS1 iron-sulfur clusters of NarGH show composite EPR
signatures in as-prepared samples. To assess whether this heterogene-
ity is related to the inactive species, we performed a reversible redox
titration, in which spectra are recorded twice at a given potential,
once before and once after a low potential poise that activates the
enzyme. This had no detectable effect on the signatures of the FSO and
FS1 clusters, which suggests that the activation process is not related
to the FSO and FS1 clusters.

Our redox cycling experiment performed at pH 5.5 reveals the
appearance of the low g3 Mo(V) species which then overlaps with the
major low-pH species and accounts for about 40% of the total
Mo(V) content. Comparison of the principal values of its g-tensor with
those measured for Mo(V) species in mononuclear molybdoenzymes
suggests that the low g3 species arises from a molybdenum cofactor in
which one pterin ligand has dissociated from the Mo ion. A similar
conclusion has been drawn for the low g signal detected in periplasmic
nitrate reductases [4]. This structural interpretation of EPR spectroscop-
ic data is consistent with the previous assignment by Bray and co-
workers of the low g5 Mo(V) signal to a non-functional species [15,40].

In summary, we have characterized the kinetics of reductive
activation of Ec NarGH, and we have shown that it has no observable
effect on the major Mo(V) signatures and of the FSO and FS1 clusters.
This means that the chemical change that transforms the inactive
species into the active one is sufficiently remote from these centers
that it does not affect their spin-carrying orbitals. The fact that the
activation proceeds via a reduction implies that the change must none-
theless occur close enough to one of the redox-active centers of NarGH.
One possibility is that, as proposed for Rs NapAB, the activation is linked
to a chemical change in one of the pterins [7], which may be related to
the fact that two crystal structures were obtained of Ec Nar that differ,

in particular, by the fact that the Q pterin (the one distal from FS0O)
has an open [12] or a closed [13] ring. In Nap, we could detect this
change via a modification of the coupling between the Mo(V) and the
nearby reduced FeS. In Nar, such a coupling could not be detected
because the FSO cluster and the Mo atom are not simultaneously para-
magnetic due to their redox properties. Alternatively, it is possible
that the activation is linked to a change in conformation in one of the
low-potential iron-sulfur clusters. Unfortunately their individual EPR
signatures are not observable due to large intercenter magnetic
couplings, which makes it very difficult to follow chemical changes in
their vicinity.

The origin of the inactive species remains to be determined. It is
possible that they are the result of slow oxidative damage, or it may
be as well that the reduction that activates the enzyme is the final
step in the maturation of the enzyme. Under normal physiological
conditions, the nitrate reductase complex is reduced by the quinone
pool via the Narl quinol oxidase domain. One may consider that the
activation step thus occurs in vivo as long as the NarGH complex is
connected to Narl, a situation not encountered in our study with the
purified soluble NarGH dimer. This mechanism may actually be general
in the Mo/W-bisPGD enzyme family, which is supported by the fact that
such a reductive activation has been observed on two other members of
this family, and often on recombinant overexpressed enzymes, for
which either the natural redox partner is absent [41,43] or not
overexpressed [6,7], so that the final reduction step never occurs.

4. Material and methods
4.1. Purification of Ec NarGH

Ec cells transformed with plasmid pNarGHy;sg) were grown under
aerobic conditions in minimal medium supplemented with *¥Mo03 ~,
2 uM (ORNL, Tenessee, USA).

We purified the protein in one step by affinity chromatography, as
described earlier [21]. Buffered solutions at pH 5.5 and 10.0 were
50 mM MES and CAPS, respectively. All solutions contained EDTA
(1 mM).

All the samples were stored inside a glovebox filled with N,
(po, <5 ppm) at 4 °C (for the samples used in electrochemical experi-
ments and time evolution of EPR spectra) or — 80 °C (for the sample
used in redox titration).

4.2. Titration experiments and EPR spectroscopy

4.2.1. Samples

All as-prepared EPR samples and those after 56 h at 4 °C were pre-
pared in the glovebox and frozen by quenching the EPR tube in a cold
ethanol solution (=200 K). The redox titration was performed in an
anaerobic cell flushed with argon. A cocktail of mediators (10 uM
each of 2,6-dichloroindiphenol, 2,5-dimethyl-p-benzoquinone, 1,2-
naphtoquinone, phenazine methosulfate, phenazine ethosulfate,
methylene blue, resorufin, indigo carmine, anthraquinone 2,6-
disulfate and phenosafranine) was added to accelerate the redox
equilibration. Reduction and oxidation steps were performed by
injecting small volumes (2 to 5 pL) of solutions of 50 mM Na-
dithionite and 10 mM KsFe(CN)g, respectively. Samples were anaer-
obically frozen in liquid nitrogen (77 K) after equilibration.

4.2.2. EPR spectroscopy and spectral simulations

X-band EPR spectra were recorded using a Bruker-Biospin EleXsys
E500 spectrometer equipped with a standard rectangular Bruker EPR
cavity fitted to an Oxford Instruments helium flow cryostat.
Mo(V) signatures were recorded using experimental conditions that
avoid overmodulation or saturation and allow proper parameterization
for the simulation of g-tensors, lineshapes and proton hyperfine
coupling.
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Simulations of frozen solution EPR spectra were carried out using the
EasySpin [44] package (release 4.5.5) that works under MatLab (The
MathWorks, Inc., Natick). Experimental magnetic fields were corrected
for an offset against a standard with known g-value (weak pitch, g =
2.0028). Experimental Mo(V) spectra were then simulated by adding
the contribution of two independent species (as described in the legend
of Fig. 4). Anisotropic spectral broadening was taken into account
through unresolved hyperfine couplings (HStrain function) or uncorre-
lated g strain effects (gStrain function) for simulations of Mo(V) or FS1
EPR spectra, respectively. The Hstrain parameters correspond to the full
width at half maximum (in MHz) of Gaussian lines along the three g-
tensor principal axes. These were adjusted to (22 + 4,16 + 3,20 + 3),
(20 + 4,18 £ 2,25 4+ 3),and (14 + 4,16 £ 2,13 & 1) for the simulations
of the low-pH, high-pH and low g3 Mo(V) species, respectively. For g-
strain effects, the full widths at half maximum characterized by standard
deviations (07, 0, 03) of the Gaussian distributions of the principal g-
values (g1, g2, £3) are assumed to be completely uncorrelated. Simula-
tions of the low-pH Mo(V) species were carried out by considering an
additional proton hyperfine coupling tensor with principal axes assumed
to be collinear to those of the Mo(V) g-tensor. Quantitation of the total
Mo(V) content in a sample was achieved by comparing the double
integral of the Mo(V) EPR signal measured at 50 K with the double inte-
gral of the oxidized FS4 signal measured at 12.5 K, 100 mW microwave
power and 0.5 mT modulation amplitude at 100 kHz and corrected to
account for weak saturation effects of the FS4 signal in these conditions.
Each individual Mo(V) species was then quantitated on the basis of their
proportion relative to that of the total Mo(V) content as inferred from
spectral simulation.

4.3. Electrochemical experiments

The electrochemical setup has been described previously [6]. All
electrochemical experiments were carried out in an anaerobic glovebox
(JACOMEX) filled with N, (residual O2 < 5 ppm). To form the enzyme
films, we polished the pyrolitic graphite-edge electrode (surface approx
2 mm?) with an alumina slurry (Buehler, 1 um), then we painted it with
0.6-0.8 pL of a solution of NarGH (1-2 uM, pH 5.5 or 10.0). Buffers used
in electrochemical experiments contained 5 mM of each of MES, sodium
acetate, HEPES, TAPS and CHES and 0.1 M NaCl, pH 5.5 (excepted for the
results described in Section 2.5, for which the buffer was the same, but
titrated to pH values between 5 and 6). We analyzed and fitted the
data using in-house programs called SOAS [45] and QSoas, available
on our Website at http://www.qsoas.org. Both programs embed the
ODRPACK software for non-linear least squares regressions [46]. All
data were plotted using ctioga2 (http://ctioga2.sourceforge.net). All
potentials are quoted with respect to the standard hydrogen electrode.
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