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been previously isolated and mistaken for catalytic intermediates. In particular, the enzyme slowly and reversibly
inactivates when exposed to high concentrations of nitrate. Here, we study the kinetics of substrate inhibition
and its dependence on electrode potential and substrate concentration to learn about the properties of the active
and inactive forms of the enzyme. We conclude that the substrate-inhibited enzyme never significantly accumu-
lates in the EPR-active Mo( + V) state. This conclusion is relevant to spectroscopic investigations where attempts
are made to trap a Mo(+ V) catalytic intermediate using high concentrations of nitrate.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Enzymes of the DMSO reductase family use a mononuclear
Mo-bis(pyranopterin guanine dinucleotide) cofactor (MoCo) to cata-
lyze a variety of reactions, mostly transfers of oxo groups [1]. The dis-
similatory nitrate reductase (NapAB) from Rhodobacter sphaeroides
(Rs) belongs to the DMSO reductase family and catalyzes the reduction
of nitrate into nitrite. It is a 108 kDa, periplasmic, heterodimer which
houses a [4Fe-4S] cluster in close proximity to the MoCo, and two
surface-exposed, c-type hemes [2]. The coordination sphere of the Mo
ion consists of the four thiolate ligands of two pyranopterins, a sulfur
atom from a cysteine that attaches the MoCo to the protein backbone,
and a sixth inorganic ligand, proposed to be oxygen or more recently
sulfur [3,2,4,5]. Functional information on nitrate reductase has been
obtained mostly from EPR spectroscopy, but this technique is not
always conclusive because the EPR signature of the MoCo is heteroge-
neous, and which signals correspond to species that are actually
involved in the catalytic cycle is not entirely clear yet [1].

The heterogeneity of the MoCo is also revealed in direct electro-
chemistry (or “protein film voltammetry”, PFV) experiments [6]. In
this technique, Rs NapAB is adsorbed onto a rotating pyrolitic graphite
edge electrode and the enzyme molecules receive electrons directly
from the electrode. When substrate is present in solution, the measured
current is proportional to turnover rate. The electrode is spun at a high
rate to ensure that there the current is not limited by the diffusion of
substrate towards the electrode. The changes in turnover rate in
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response to changes in experimental conditions (electrode potential,
substrate concentration) are instantly detected as changes in current,
which makes it very easy to monitor changes in activity resulting from
activation or inactivation.

Previously, we used site-directed mutagenesis, EPR and PFV to dem-
onstrate that the MoCo in Rs periplasmic nitrate reductase (NapAB) is
subject to a slow, irreversible reductive activation [7]. The amount of ini-
tially inactive form quantitatively correlates with the amount of the so-
called “Mo(V) high-g resting” EPR signal. More recently, we have pro-
posed that the inactive form features an open, oxidized pyranopterin,
which is closed upon reduction [8].

The subject of this paper is a slow, reversible inactivation/reactivation
process that occurs at high nitrate concentration [9] and is distinct from
that reported in ref [8]. Indeed, one is reversible and nitrate
concentration-dependent, while the other process is irreversible and in-
dependent of nitrate concentration. This inactivation/reactivation is
most easily detected in cyclic voltammetry experiments [9], where
the electrode potential is repeatedly swept upward and downward to
monitor the current/potential response. Fig. 1 shows cyclic voltammo-
grams of Rs NapAB recorded at pH 6 and two concentrations of nitrate.
According to the conventions we use, a reductive current is negative;
therefore, the more negative the current, the higher the turnover rate.

At low nitrate concentration (red trace in Fig. 1), the forward and
backward current traces are merely offset by the electrode charging cur-
rent (dotted black trace). This indicates that catalysis is in a steady-state
at each value of the electrode potential. The peculiar wave shape, with a
maximum of activity under moderately reducing conditions and a de-
crease at lower potential, has already been observed with NapAB
(from Rs [10,11] and Paracoccus pantotrophus [12]), and other members
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Fig. 1. Cyclic voltammograms of Rs NapAB adsorbed onto a rotating PGE electrode.
Conditions: pH 6, T = 25 °C, electrode rotation rate @ = 5 krpm, nitrate concentration
as indicated. The dotted black line is a blank voltammogram recorded in the absence of
enzyme.

of the DMSO reductase family (such as membrane-bound DMSO reduc-
tase [13], and respiratory nitrate reductase Nar [14]). Regarding NapAB,
a comparison between PFV and solution assays demonstrated that
the greater activity in the intermediate range of potential is not an arti-
fact from the electrochemical experiments [15]. The decrease in activity
at higher driving force has been attributed to a change in the reaction
pathway under more reducing conditions [10,11,13].

At higher nitrate concentrations (green trace in Fig. 1), the voltam-
mogram shows a clear hysteresis: at a given potential, the absolute
value of the current, and therefore the activity, is much lower on the
sweep towards low potential than on the sweep towards high potential
(the arrows in Fig. 1 indicate the direction of the sweeps). This hysteresis
reveals a potential-dependent process that is slow on the voltammetric
time scale (recording the complete voltammogram takes 80 s).

In a previous work, we showed that this hysteresis stems from a
slow potential-dependent inhibition by substrate [9]. In this paper, we
characterize in detail the kinetics of inhibition. The information we ob-
tain allows us to compute the proportion of substrate-inhibited species
as a function of substrate concentration and potential, and the sub-
fraction of inactive species that are paramagnetic. This analysis will
prove crucial to determine if a given spectroscopic signature obtained
in turnover conditions is likely to be that of an active species.

2. Results

2.1. Thermodynamics of substrate inhibition: the potential dependence of
the inhibition constant

Regarding NapAB, we have shown before [9] that the turnover rate
tends to zero at high nitrate concentration, as predicted by the following
rate law [16,9]:

s Imax
"“T7K,/s 1 s/K, e

where s is the substrate concentration, iy, is the maximum current that
would be obtained at infinite substrate concentration if there were no
inhibition, K, is the Michaelis constant and K; the inhibition constant.
The mechanism that gives substrate inhibition in Nap will be
discussed below.
It is possible to determine both K;,, and the inhibition constant K;
using protein film voltammetry, in an experiment where the electrode

potential is held constant and the substrate concentration is increased
in a stepwise fashion by repeatedly adding aliquots of a concentrated
solution of nitrate. Fig. 2 shows the result of such an experiment, with
in panel A the concentration of nitrate as a function of time, and panel
B the resulting current. When we carried out this experiment, we
waited long enough between each injection for the current to reach its
asymptotic value. This steady-state current is plotted against substrate
concentration in Fig. 3.

The result in Fig. 3 is consistent with a steady-state current that as-
ymptotically decreases to zero at infinite nitrate concentration, which
demonstrates that the nitrate-inhibited form has no residual activity;
Eq. (1) is therefore appropriate to fit the data (dotted line).

We repeated the experiment shown in Fig. 2 for different values of
the electrode potential (and at two pH values), analyzed the results
with Eq. (1), and plotted the values of K; against potential in Fig. 4.
Consistent with our earlier findings that inactivation occurs at high
potentials [9], Fig. 4 shows that K; decreases as the potential increases.
In fact, K; depends on potential in a way consistent with a reaction in-
volving one electron and two nitrate molecules (that is, one decade of
K; per 120 mV). K; increases only weakly with pH (less than expected
for a reaction that would involve 1 proton and two nitrate molecules),
which suggests that inhibition is not coupled to a protonation.

Fig. 2 shows that at high substrate concentration (i.e. when substrate
inhibition occurs) the current relaxes slowly to its steady state value
after each addition of nitrate; in contrast, at low substrate concentra-
tion, a steady-state is obtained within the mixing time (<1 s).
The slow relaxation at high substrate concentration is consistent with
the presence of hysteresis in cyclic voltammograms (Fig. 1), and it
reveals a transformation that occurs on the voltammetric time scale
(=100 s). This inactivation process is sufficiently slow that it is possible
to measure the rate constants of the interconversion between the active
(A) and inactive (I) species:

A=L )

The knowledge of the apparent inactivation (k;(E)) and reactivation
(ka(E)) rate constants is valuable to understand the chemistry of the
process. Indeed, the dependence of the rate constants on potential and
substrate concentration can reveal the properties of the active and inac-
tive forms as well as the involvement of substrate molecules in the
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Fig. 2. Chronoamperometric experiment in which an electrode with a film of adsorbed Rs
NapAB is poised at a constant potential (here —50 mV vs SHE), and various volumes of
stock solutions of nitrate are stepwise added into the buffer. Panel A shows the nitrate con-
centration and panel B the resulting catalytic current.



J.GJ. Jacques et al. / Biochimica et Biophysica Acta 1837 (2014) 1801-1809 1803

T T T T T T
oty
A K ~
4| AN .
, \
N \
K
I‘ ‘\
s ; \
3F J A -
L J \
- [ i
< bs \
S 7 ;! A
gy ; \ i
; \
; \
I l‘ ‘l
! ke
/A ‘u‘
/
I’ ‘\
L Y -
1 / N
JA N
re A
g
A
0 KA ! 1 ! 1 1 -

10© 10 104 1073 102 10!
[NO3] (mol.L'")

Fig. 3. Steady-state currents of Fig. 2 as a function of nitrate concentration. Film loss was
corrected using the method we described earlier [17]. The dotted line shows a fit of
Eq. (1) to the data, with parameters i;, = —4.7 pA, K, = 38 uM and K; = 36 mM. Note
the log scale for abscissa. Conditions: pH 6, 25 °C, potential: —50 mV vs SHE.

transformation between active and inactive forms [18,19], as illustrated
below.

2.2. Study of transients: a strategy based on potential steps, rather than
concentration steps

Two approaches can be used to measure the (in)activation rate
constants and their dependence on potential and nitrate concentration.

(i) Ata given potential, add substrate in a stepwise fashion (as in
Fig. 2), fit an exponential decay to the transients, combine the
values of the time constant and the magnitude of the exponential
variation (using Eqgs. (3)-(6) below) to obtain the rate constants
as a function of nitrate for a given potential; repeat for different
values of the electrode potential.

(ii) At a fixed concentration, change the potential in a stepwise
fashion to monitor the ensuing inactivation or reactivation and
deduce the rate constants by fitting an exponential decay to the
transients; repeat for several values of the potential to obtain
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Fig. 4. K; as a function of potential for two pH values (as indicated). The dashed lines
correspond to a slope of 2 nitrate molecules per electron. Temperature 25 °C.

the potential dependence of the rate constants; repeat for differ-
ent values of the concentration.

We found that the latter approach (potential steps at a fixed concen-
tration) is the more reliable for several reasons: (i) it is experimentally
difficult to repeat the same concentration steps, due to the intrinsic
experimental errors in the concentrations (whereas the electrode po-
tential can be set accurately); (ii) the injection of substrate and homog-
enization of the buffer is not an instantaneous process, even with an
electrode spinning at a high rate, and uncontrolled variations in the
rates of injection and mixing may affect the transients; and (iii) one
can only add substrate, not remove it, which means that one can only
obtain transients in the direction of inactivation whereas repeatedly
going forward and back between experimental conditions improves
the precision with which the rate constants are determined. We there-
fore chose to perform potential steps at fixed concentration of nitrate to
determine the (in)activation rate constants.

2.3. Determination of the inactivation/reactivation rate constants from
chronoamperometric experiments

We used a five-step procedure, as illustrated in Fig. 5A. We start with
a step at low potential, Ep, long enough to ensure that the enzyme is fully
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Fig. 5. Chronoamperometric experiments in which an electrode coated with a film of Rs
NapAB is poised at different potentials in stepwise fashion (panel A). The resulting
(blank-subtracted) current is plotted in panel C as a black line, along with a fit using the
kinetic model (dashed red line, see text). Panel D shows the residuals of the fit, while
panel B shows the evolution of the fraction of active form during the course of the exper-
iment. Conditions: 25 °C, pH 6, 10 mM NO3 .
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active; we step to an intermediate potential E; and then to a higher po-
tential E;, back to E; and E,. The values of E; and E, are chosen to ensure
that the magnitudes of the inactivation at E; and the ensuing
reactivation at E; are significant." We could fit the current traces using
equations derived from the above model (Eq. (2)). The fraction of active
form on a step starting at ty is given by:

A(t) = (Ag—Ax) x exp(—kir(t—to)) + As 3)

where Ay is the initial active fraction at t = t,

kor = ki (E) + ko (E) (4)
and

_ ki(E)
Ao = ki(E) + k,(E)” ()

The current is given by:
i(t) = i(E) x A(t) x exp[—kjs5(E) x (t—to)]. (6)

The rightmost term in Eq. (6) accounts for the irreversible desorp-
tion of enzymes from the electrode, assuming that it proceeds with a
potential-dependent first order rate constant kjoss(E). As in our previous
works [19,18], we assume that the fractions of active and inactive forms
do not instantly change after a potential step: the instantaneous change
in current is due to the change in i(E) alone, and the fraction of active
enzyme is a continuous function of time (i.e. there is no instantaneous
inactivation or reactivation). This condition makes it possible to
compute the parameter A in Eq. (3) at the beginning of each step,
which is necessary for the unambiguous determination of k; and k..
With this assumption, we are therefore able to follow the evolution of
the fraction of active enzyme as the enzyme (in)activates in response
to potential steps (Fig. 5B).

We analyzed a number of chronoamperometric traces such as those
in Fig. 5 by adjusting in each case the values of 4 parameters at each
potential: ki(E), ka(E), i(E) and kjoss(E). This model nicely reproduces
the data, as attested by the quality of the fit in Fig. 5C and D. We checked
by running several fits with different initial conditions that the fits
solutions were unique.

A single potential step experiment can be interpreted to obtain the
values of k; and k, for two potentials (E; and E;) and one concentration
of nitrate. Repeating these experiments for different values of the poten-
tials and nitrate concentration (1-100 mM) gave the data points shown
in Fig. 6 (at 10 and 50 mM nitrate) and supplementary Fig. S3 (all nitrate
concentrations).

The rather large errors on the values of the (in)activation rate
constants come from two different experimental limitations. First, at
high potential, the current is small, making it difficult to monitor the
(in)activation. Second, when either k; or k, is more than two orders of
magnitude smaller than the other, determining its value requires the re-
liable detection of changes in activity of less than 1%. The value of k; is
often less accurate than k,, since the former is always the smaller, except
at high potential where the small current impairs the reliable determi-
nation of both k; and k,.

2.4. The inactive species exists under three redox states

We first focus on the activation rate constants (green markers in
Fig. 6). It is important to understand that they report on the inactive
forms of the enzyme. It is indeed easy to realize that if, for example,

1 While the first step at E; is not essential for the determination of the rate constants, it
reduces the charging current on the step at E, and therefore improves the reliability of the
data.
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Fig. 6. Rate constants of activation (green) and inactivation (red) as a function of potential
for two different nitrate concentrations: 10 mM (panel A) and 50 mM (panel B). Dashed
lines are the global fits described later in text, whose parameters are plotted in Fig. 8.
Conditions: 25 °C, pH 6.

we were to observe that the rate of inactivation at very low potential
is zero, this would imply that the reduced active enzyme does not inac-
tivate. In general, studying the dependence of the rate constant of a re-
action on experimental conditions informs on the properties of the
reactants of the reaction, not on the products.

Fig. 6 shows that the activation rate constant depends on potential;
this indicates that the inactive species exists under distinct redox states.
The bell-shaped dependence on potential further suggests that the
inactive species exists in three redox states: an oxidized form that
reactivates slowly (cf the plateau at high potential), an intermediate
form that reactivates quickly (peak at intermediate potential) and a
fully reduced form that reactivates a bit more slowly than the interme-
diate form (low potential plateau). We shall assume that these three
forms correspond to the three redox states of the Mo ion (VI, V and IV).

The dependence of k, on potential can be well described by Eq. (7),
which is derived under the assumption that all three redox states are in
equilibrium with the electrode, so that the apparent reactivation rate

-NO,™ ,+NO ;-
vi X > Vv X > IV A
T 198 FE Dy
+NO;~, +NO;~, +NO;™,
k! kY kY = ka(E) || ki(E)
KM KY KN
P i \
vi X > V > IV 1
HCpF +e, EL o

Fig. 7. Kinetic scheme for the inactivation/reactivation process. With the assumption that
the different redox states are in equilibrium, the system is equivalent to just two forms
that interconvert with apparent rate constants k, and k; (rightmost scheme).



J.GJ. Jacques et al. / Biochimica et Biophysica Acta 1837 (2014) 1801-1809 1805

constant is the average of the rate constants of reactivation for each
redox state of the inactive species weighted by their respective equilib-
rium fraction (Fig. 7):

_ k' +epky + ejesky’

k,(E 4
a(E) 1+e,+elel

)

In this equation kY! (resp. kY and k&) are the reactivation rate
constants of the most oxidized inactive state (resp intermediate, most
reduced), and e} and e} are given by:

el = exp{F(E—E{,I/V)/RT] (8)

e = exp[F(E—E{,/,V) /RT] (9)

where we introduced E{,W (resp. E{,/lv), the reduction potential of the
VI/V (resp. V/IV) couple of the inactive form (hence the "i" superscript).

2.5. The two redox transitions of the active form can be detected from the
dependence on E of the inactivation rate constants

Fig. 6 shows that the inactivation rate constant also depends on po-
tential, which is consistent with the fact that the active form must exist
in different redox states within the catalytic cycle. The inactivation rate
constant changes in a sigmoidal manner as a function of potential in the
high potential region, indicative of a redox transition. The low-potential
data points are harder to interpret due to the greater errors on the inac-
tivation rate constants in this region. However, the inactivation rate
constants tend to decrease at low potentials for all nitrate concentra-
tions (Figs. 6 and S3): this can be interpreted as the beginnings of a sig-
moidal decrease at the potential of the second reduction of the two-
electron active site. The potential dependence of the inactivation rate
constant can therefore be modeled using the following equation (see
Fig. 7 above):

k(b Kt ek +etesk 10
<1( )_ 1+ea +eaea ( )
2 1%2

where k! (resp. ki’ and k) are the inactivation rate constants of the

most oxidized active state (resp intermediate, most reduced), and e
and e3 are given by:

e = exp{F(E—Esl/v) /RT] (11)

el = exp {F(EfE{‘,/IV> /RT] (12)

where we introduced Eyyy (resp. Eyv), the apparent reduction poten-
tial of the VI/V (resp. V/IV) couple of the active form (hence the "a"
superscript).

2.6. The effect of nitrate

We analyzed the dependence on electrode potential and nitrate con-
centration of the data in Figs. 6 and S3 using Eqs. (7) and (10). However,
instead of adjusting ten parameters at each concentration of nitrate
(three activation rate constants, three inactivation rate constants and
four redox potentials), we constrained the model as follows.

(i) Regarding the kinetics of the interconversion between the vari-
ous inhibited species, we chose to adjust the three rate constants

of activation and three inhibition constants k!, K! and K"

defined by the relation:
NO;
| o Lk (13)
1

(and similar equations for the V and IV redox states). The impor-
tant difference between these two sets of parameters (six rate
constants versus three rate constants plus three inhibition con-
stants) is that the inhibition constants are independent of the
concentration of substrate. Therefore, instead of having to adjust
six independent parameters for each substrate concentration, we
now have three kinetic parameters for each concentration and a
single set of three thermodynamic constants that should take the
same values for all concentrations.

(ii) The number of parameters can be further reduced by assuming
that the potentials of the redox couples of the inactive form are
independent of nitrate concentration, as expected if all redox
states of the inactive form have the same number of nitrate
molecules bound.

Using these constraints, we fitted the model to the 380 data points
(eight distinct concentrations of nitrate spanning two orders of magni-
tude) adjusting 45 parameters: 5 parameters for each concentration
(3 activation rate constants, k&Y, k¥, k¥' and 2 reduction potentials of
the active form) and 5 parameters that are independent of concentra-
tion, and whose values are therefore identical for all data sets (the 3
equilibrium constants K}, KY and K!¥, and the two reduction potentials
of the inactive form). While this corresponds to almost half as many pa-
rameters as for an unconstrained fit (10 parameters for each of the 8
concentrations), the fits were nearly as good, with the residuals increas-
ing by only 15%. The dashed lines in Figs. 6 and S3 are the results of such
constrained fits. The resulting parameters are shown in Fig. 8 and in
Table 1. Rate constants as a function of potential for all concentrations
along with the global fit are shown in supplementary Fig. S3.

The values in Table 1 show that the affinity for the inhibiting nitrate
is two orders of magnitude greater for the VI state than for the V and IV
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Fig. 8. Results of the global fit of (in)activation rate constants described in the text. Panel A
shows the dependence on nitrate concentration of the activation rate constants, while
Panel B shows the dependence on nitrate concentration of the reduction potentials of
the redox transitions of the active and inactive forms. Equilibrium constants are given in
Table 1. The error bars represent the 5% linearized confidence interval of the fit.
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Table 1

Values of the nitrate-concentration-independent parameters of the global fit (see text).
Parameter Value Error
Ebyv (V vs SHE) -0.19 +0.01
Evnv (V vs SHE) -0.27 +0.01
KV (mM) 2000 +400
K (mM) 500 4100
K" (mM) 6 +1

states, the latter having comparable affinities. In other words, the inhi-
bition is more pronounced when the inactive form is in the VI state.
The two reduction potentials of the inactive form are close to one anoth-
er and much lower than the reduction potential of the VI/V couple of the
active form (and possibly the V/IV too).

The potential of the VI/V redox transition of the active form could be
determined with satisfactory accuracy for most substrate concentra-
tions; it increases slightly as nitrate concentration increases. The
potential of the V/IV redox transition of the active form could only be
determined for a small number of concentrations.

The activation rate constants could be accurately determined at al-
most all nitrate concentrations. They would be independent on nitrate
concentration if nitrate binding and release were elementary reactions.
That their values decrease slightly as nitrate concentration increases in-
dicates otherwise. In supplementary section S2, we demonstrate that,
under the assumption that intramolecular transport of nitrate is much
faster than the inactivation itself, the reactivation rate constant is ex-
pected to decrease as nitrate concentration increases. This assumption
is reasonable as intramolecular transport of nitrate has to be at least as
fast as turnover rates (of the order of 100 s~ '), while the rates of
inactivation/reactivation never exceed 1 s~ .

Release of nitrate from the VI state is significantly slower than from
the V and IV states. Together with the higher affinity of nitrate for the VI
state, this indicates that electrostatics probably governs the energetics
and kinetics of nitrate binding/release.

2.7. Simulation of experimental voltammograms

With a full kinetic description of the system, we could simulate cyclic
voltammograms showing a strong hysteresis, such as the green trace of
Fig. 1. We used the same strategy as that described in ref. [19], in which
one expresses the current thus:

i(E,t) = i(E) x A(t) (14)

where i(E) is the current of the active form as a function of potential and
A(t) the fraction of active enzyme as a function of time. Eq. (2) gives the
variation in time of the active species:

dA

a5 = KED) x A+ ki (E@) x (1-A) (15)

where k;(E) and k,(E) are given by Eqs. (7) and (10). It is not possible to
obtain a closed form for A(t), but Eq. (15) is readily integrated by
standard numerical techniques.

Having an equation for the current response of the active form, i(E),
is another matter altogether. We described previously [ 10] a model that
reproduces faithfully the dependence on potential of the current at low
nitrate concentration, but it does not account for the broadening of the
catalytic wave observed at higher nitrate concentration [11]. We there-
fore chose another, self-consistent approach: rather than deriving i(E)
from a model, we compute it from the scan towards high potential
using Eq. (14) and A(t). The latter is calculated using Eq. (15), with
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Fig. 9. Simulation of cyclic voltammograms with hysteresis. Conditions: pH 6, T = 25 °C,
electrode rotation rate omega = 5 krpm, 10 mM NOs'. Panel A: experimental cyclic volt-
ammogram (red trace), i(E) deduced from the scan towards high potentials and calculated
A(t) (green dashed trace), simulated scan towards low potentials (blue dotted trace).
Panel B: A(t) during the course of the voltammogram, computed by integrating Eq. (15)
(purple trace).

the initial condition A = 1 (the enzyme is fully active before the
electrode potential is swept upward). Knowing i(E) (shown as a green
dashed line in Fig. 9B), it is possible to compute the backward scan
(dotted blue trace in Fig. 9A). The agreement between the simulated
scan and the actual scan is excellent, thereby validating the kinetic
model used and the kinetic data obtained by our approach.

2.8. Domain of existence of the paramagnetic inactive species

From the data in Fig. 8 and Table 1, it is possible to compute the frac-
tion of inactive species at pH 6 for a given electrode potential and nitrate
concentration:

1 1
S ltka/k K rebky e eky!
1+e,+eje,

I(E,[NO; )

(16)
1+es+ejes
X TV a1V padpa VI
ki’ +esky +-ejesk;

1+

where the values of k¥, k¥ and k! are determined for each concentra-
tion of nitrate by using Eq. (13). The steady-state fraction of inactive en-
zyme is plotted as contour lines in Fig. 10A. The values of K; obtained
earlier (Fig. 4) are shown as triangles in the same figure. They overlay
well the 50% contour (purple line), showing that the results of the
potential steps approach are consistent with the inhibition constants
determined using “concentration steps” (Figs. 2 and 3).

Furthermore, it is possible to compute the steady-state fraction of
inactive species that is in the Mo(V) state from the values of the redox
potentials of the inactive form (Table 1) combined with Eq. (16). This
gives the overall concentration of inactive Mo(V) species:

e

I,(E.NO; ) = — %2
v(E.INO5 ) 1+eb+elel

x I(E,[NO; ). (17)

This is shown as contour lines in Fig. 10B.
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Fig. 10. Panel A: steady-state fraction of the enzyme that is in the inactive form as a func-
tion of nitrate concentration and potential, pictured as contour lines; solid lines corre-
spond to multiples of 10%. The purple level lines correspond to 50% inactive form. The
red triangles are the values of K; at pH 6 (replotted from Fig. 4). Panel B: steady-state frac-
tion of the enzyme that is in the paramagnetic state of the inactive form as a function of
potential and substrate concentration, pictured as contour lines; solid lines correspond
to multiples of 1%. The purple level line corresponds to 4% MoV. Conditions: pH 6, 25 °C.

The maximum of fraction of inactive MoV is about 8% for a very nar-
row region around — 200 mV and 50 mM nitrate but its concentration
rapidly decreases outside of that region, to amount to less than 4% at
20 mM nitrate whatever the value of E (the 4% level line is drawn in pur-
plein Fig. 10B). On the other hand, the fraction of enzyme in the inactive
form increases steadily with increasing potential and/or nitrate, to ex-
ceed 80% at potentials above 0 V and nitrate concentration above
20 mM.

Given the high experimental uncertainty in the value of Ej;y and its
presence in the expression of I(E, [NO3 " ]) (and, hence Iy (E, [NO5 ™ ])) via
the e5 term in Eq. (16), we sought to assess the impact of this uncertain-
ty on the maps of Fig. 10. We have therefore studied the influence of its
variation on the calculated fraction of inactive Mo(V) species (supple-
mentary Fig. S4). We show that, even if E{;y were as low as -400 mV
for all nitrate concentrations, the total amount of inactive Mo(V)
would only increase to 12%, but at higher nitrate concentrations
(at the same potential). Changing the reduction potential does not sig-
nificantly extend of the region in which the concentration of inactive
Mo(V) is greater than 4%. It is important to emphasize that the value

of E{v is unlikely to be that low, as all reduction potentials values deter-
mined with reasonable accuracy from Fig. 8 are much higher than that
(about —200 mV).

Using the same approach, we wanted to determine the fraction of
active species in the Mo(V) state as a function of potential and nitrate
concentration. While this would be desirable in order to design experi-
ments that maximize the chances to trap active paramagnetic species,
this was unfortunately not feasible from our data. Indeed, if the value
of the Ej,v potential does not affect the concentration of inactive
Mo(V) as demonstrated above, it directly affects the stability range of
the active Mo(V). With the experimental uncertainty on Ey,y, the
fraction of active Mo(V) cannot be accurately determined.

3. Discussion

Periplasmic nitrate reductase adsorbed at a graphite electrode gives
a voltammetric signal (Fig. 1) where the already complex steady-state
catalytic response is distorted by a reversible, slow, redox- and substrate
concentration-dependent (in)activation process [9]. Cyclic voltammo-
grams showing a hysteresis that results from a reversible inactivation
process have been recorded before by PFV for several enzymes: NiFe
[20,19] and FeFe hydrogenases [21,18]. This was also observed with
horseradish peroxydase using mediated electrochemistry [22]. The
case of nitrate reductase is particularly intriguing since neither the
structure of the inactive state nor the mechanism of inhibition are
known. The observation that the enzyme is inhibited by its substrate
has consequences on the design of experiments where one tries to
trap and characterize catalytic intermediates. It is essential to find out
whether or not the substrate-inhibited form of the enzyme is one of
the species that has been isolated and characterized using EPR. Our
goal was therefore two-fold. We aimed at quantitatively analyzing the
electrochemical data to learn about the (in)activation process and ob-
tain molecular information about the inactive state(s). We also wanted
to better define which experimental conditions are best suited to
accumulate catalytic intermediates and avoid inactive species.

We used the strategy that we recently developed for studying the re-
versible redox-driven (in)activation of NiFe and FeFe hydrogenases [19,
18]. The activity of the enzyme is monitored as a function of time, in an
experiment where the electrode potential is repeatedly stepped up and
down to trigger inactivation and reactivation (Fig. 5). The data are fitted
using a simple two-state model (Eq. (2)), where the active and inactive
forms of the enzyme interconvert with apparent rate constants k; and k..
The dependence on potential (Fig. 6) and nitrate concentration (Fig. 8)
of these two apparent rate constants is interpreted to learn about the
different redox states of the active and inactive states, and how they in-
terconvert (Fig. 7). This analysis shows that the potential dependence of
the inactivation stems from the fact that the inhibiting nitrate has a
much higher affinity for the VI state of the enzyme rather than the
more reduced states V and IV.

The information we gained is summarized in the two contour plots
of Fig. 10, where we show the steady-state fraction of the enzyme that
is in the inactive form as a function of nitrate concentration and poten-
tial (panel A) and the steady-state fraction of the enzyme that is in the
paramagnetic state of the inactive form as a function of potential and
substrate concentration (panel B).

The map in Fig. 10A shows that, as emphasized in our earlier work
[9], inactive forms of the enzyme accumulate at high potentials and
high concentrations of nitrate. However, by combining the information
in Fig. 10A and B, we conclude that the substrate-inhibited states accu-
mulate mostly in the EPR-silent Mo(VI) state. This is a consequence of
the inhibition constant being much lower for the VI state than for the
other redox states (Table 1). At pH 6 and nitrate concentrations below
100 mM, the fraction of EPR-active substrate-inhibited enzyme is
expected to be lower than 10%, regardless of the potential.

Regarding the experiments aimed at trapping catalytic intermedi-
ates in solution, carried out at very high concentration of nitrate, we
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conclude that the risk of mistaking an Mo(V) signal of the substrate-
inhibited form for a catalytically active species is actually low. However,
unless very reducing conditions are employed, the use of a high concen-
tration of nitrate favors the accumulation of the inactive form, which de-
creases the chances of detecting a catalytically competent EPR-active
state. As a consequence, concentrations of nitrate above 10 mM should
be avoided.

As explained in e.g. section 5.9.1 of ref. [16], substrate inhibition
cannot result from the non-productive binding of nitrate in a manner
that prevents (or competes with) normal binding. Substrate inhibi-
tion is usually rationalized in terms of a second molecule of substrate
binding to the enzyme-substrate complex (idem, section 5.9.2). This
led us to label the substrate inhibited species as “Mo-S2” (i.e. active
site bound to two molecules of substrate) in our earlier work [9].
However, we show in SI section S1 that substrate inhibition may
also occur if, in the catalytic cycle, a substrate molecule binds the en-
zyme between the release of the product and the return of the en-
zyme to its “resting state” (we define the resting state as the form
of the enzyme that accumulates in the absence of substrate): two
molecules of substrate are needed for substrate inhibition, but they
do not necessarily exist at the same time in the active site pocket.
This situation has also been described for dimeric glucose oxidase
[23].

Several aspects of the catalytic cycle of Nap remain to be elucidated,
but it is commonly accepted that nitrate binds to the active site through
one of the oxygen atoms, which is retained as an oxo or hydroxo group
upon release of nitrite, and must be removed before another nitrate
molecule can bind to start the next catalytic cycle [24]. We observed
that inhibition by nitrate in Nap is very sensitive to the redox state of
the active site (Table 1), which indicates that the inhibiting molecule
of nitrate binds either at, or very close to, the active site. Since the active
site cavity is too small to simultaneously accommodate two molecules
of nitrate, we consider as most likely that inhibition results from a
molecule of nitrate entering the cavity after nitrite has been released,
but before the remaining oxo group has detached from the active
site. According to this hypothesis, the inhibiting nitrate would pre-
vent the release of the oxo group, thus blocking the enzyme in a
state that is a dead-end species because it cannot bind nitrate (this
state is named E’S in supplementary Fig. S2). This mechanism is like-
ly to be specific of periplasmic Nap; indeed, substrate inhibition has
never been reported with the related membrane-bound, respiratory
nitrate reductases (NarGHI), and despite an extensive search, we
could not evidence nitrate inhibition in the case of Escherichia coli
NarGHI (unpublished results). The coordination sphere of the Mo
in Nap is different from that in Nar (a cystein binds the Mo in
NapA, itis an aspartate in NarG), and this may impact both the nature
of the catalytic intermediates and the existence of dead-end,
substrate-inhibited states.

Many Mo(V) EPR signatures of periplasmic nitrate reductases have
been reported [7,3,8]. The most studied are those from the so-called
“high-g” family (“high-g resting”, “high-g nitrate” and “high-g turn-
over”). According to DFT investigations, their EPR spectra are consistent
with a Mo coordinated by 6 sulfur ligands [3]. We recently proposed
that the “high-g resting” signal arises from an inactive species where
one pyranopterin is open and therefore non-functional [8]. The implica-
tion in the catalytic cycle of the species that give the “high-g nitrate” and
“high-g turnover” signals has been proposed based on the observation
that they are formed during turnover conditions [25,26], but the argu-
ment is actually weak, since the present study and earlier works [9]
show that, even in turnover conditions, inactive species can accumulate
to a significant extent. Clearly, that a species is formed only in turnover
conditions does not imply that it is catalytically relevant. However, the
detailed analysis herein suggested that the inactive form of Nap that
accumulates under very high concentrations of nitrate is not present
in the intermediate (Mo(V)) redox state, and therefore does not
correspond to a species that has been detected by EPR before.

4. Conclusion

Using electrochemical potential step techniques, we were able to
characterize the kinetic and thermodynamic aspects of the potential-
dependent substrate inhibition of periplasmic nitrate reductase. We
have shown that in the inhibited form, the affinity for nitrate is much
greater for the Mo VI state than for the V and IV states. We could precise-
ly define the experimental conditions (in terms of potential and nitrate
concentration) where the inactive forms accumulate, and which portion
of it is in a paramagnetic state. We found that inactive species do
accumulate at high nitrate concentration, but not in a paramagnetic
form. This will be useful for designing experiments aimed at trapping
and characterizing catalytic intermediates.

5. Methods
5.1. Purification of NapAB

Samples of R. sphaeroides f. sp. denitrificans IL106 NapAB were
purified as previously described [2].

5.2. Protein film voltammetry experiments

The electrochemical setup was the same as that described in refs.
[7,9]. It consisted of a pyrolytic graphite edge (PGE) rotating electrode, a
saturated calomel reference electrode and a platinum counter electrode.
Before each measurement, the PGE electrode was abraded with o alumi-
na (Buehler), sonicated, rinsed and dried. 0.6 L of a 0.2 M neomycin sul-
fate solution was then deposited on the electrode, allowed to dry for
5 min. 0.6 L of a stock solution of NapAB was deposited and allowed
to dry. The electrolytic solution, buffered with (2-(N-morpholino)
ethanesulfonic acid) MES, (N-cyclohexyl-2- aminoethanesulfonic acid)
CHES, (2-[4-(2-hydroxyethyl)piperazin-1-yl| ethanesulfonic acid)
HEPES, (3-[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl| amino]
propane-1-sulfonic acid) TAPS and sodium acetate (5 mM each),
contained 0.1 M sodium chloride.

5.3. Data analysis

We analyzed and fitted the data using in-house programs called
SOAS [27] and QSoas. The former is available free of charge on our
Web site at http://bip.cnrs-mrs. fr/bip06/software.html. It
is being replaced by an entirely new, powerful, open-source program
called QSoas, which will become available soon. Both programs embed
the ODRPACK software for non-linear least squares regressions [28].
For the measurement of K;, we corrected film loss as illustrated with
the experiments aimed at measuring K, in ref. [17]. The data were plot-
ted using ctioga2 (http://ctioga2.sourceforge.net).
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