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The respiratory nitrate reductase (NapAB) fromRhodobacter
sphaeroides1 is a 108 kDa, periplasmic, heterodimeric enzyme
which belongs to the DMSO reductase family2 and houses a
molybdenum bis-MGD cofactor, a [4Fe-4S] cluster in close
proximity to the active site, and two surface-exposed,c-type hemes.
Here, we report a study of NapAB by protein film voltammetry3

(PFV), and we present the first quantitative interpretation of the
complex redox-state dependence of activity that has also been
observed with several other related enzymes.4 These results show
that reduction potentials cannot always be directly used to
understand the behavior of an enzymatic system under turnover
conditions.

In PFV, a redox enzyme is adsorbed onto an electrode surface,
in such a way that electron transfer (ET) is direct and fast. The
redox state of the enzyme can be tuned by poising the electrode
potential while the activity is measured as a current which is
proportional to turnover number.3 In the simplest cases,5 the catalytic
wave is sigmoidal and centered on the active-site reduction potential.
In contrast, Figure 1 shows steady-state voltammograms for nitrate
reduction by NapAB adsorbed onto a pyrolytic graphite edge (PGE)
electrode.6 As the electrode potential (E) is taken to more negative
values, the activity first increases to a maximum (the currenti
decreases to a minimum), before it levels off at high driving force.
This is remarkably counterintuitive, as activity decreases whenE
becomes lower than the reduction potential of the MoV/IV couple1

(-225( 10 mV), whereas the activity is expected to appear when
E is sufficiently low that the catalytically competent MoIV state
accumulates.

The qualitative interpretation of such waveshapes3,4 is usually
based on a mechanism such as that depicted in Scheme 1, which
will now be used to model the data. Binding of substrate can occur
to the Mo in its oxidation state V or IV, with dissociation constants
KV ) k-V/kV andKIV ) k-IV/kIV, respectively. The active site has
to be fully reduced and bound to nitrate before the catalytic cycle
is completed by formation and release of nitrite with a first-order
rate constantkc. We noteEV/IV

0 andEV/IV,sat
0 ) EV/IV

0 + (RT/F) ln-
(KV/KIV), the reduction potentials of the MoV/IV couple in the
absence of substrate and under saturating conditions, respectively.7

The MoVI/V transition of the nitrate-free form of the active site is
not explicitly considered because the corresponding reduction
potential is so high1 that MoVI never accumulates in the electrode
potential range over which catalysis is observed. The fact that no
typical feature revealing sluggish interfacial ET8 appears in the
voltammograms suggests that redox equilibria are not displaced
by turnover. NotingeX ) exp[(F/RT)(E - EX

0 )], the steady-state

current equation for Scheme 1 reads7 (see Supporting Information):

Provided that binding of substrate partly limits turnover, and is
faster and weaker when the Mo ion is in the V oxidation state than
when it is fully reduced (kV > kIV, KV > KIV), activity is the greatest
at moderate driving force, when the reaction proceeds via MoV:
NO3

-. The values ofEcat andEsw (Figure 1) can be derived from
eq 1:

that is, activity appears atE close toEV/IV,sat
0 , while Esw tends to

EV/IV
0 at low substrate concentration. From eq 1, it can also be

shown that the limiting and peak currents depend on substrate
concentration according to the Michaelis-Menten equation with
Michaelis constantsKm ) kc/kIV andkc/kV, respectively.

TheX-intercepts and average slope of the Hanes plots in Figure
2A gaveKm ) 30 ( 5 µM, kc/kV ) 7.5 µM (thus kV/kIV ) 4.1),
and 2FAΓkc ) 119 ( 5 nA. Using these values, all five
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Figure 1. Catalytic voltammograms obtained for NapAB adsorbed at a
PGE electrode.T ) 20 °C, pH 7, electrode rotation rateω ) 4 krpm, scan
rateν ) 20 mV/s. The voltammogram recorded in the absence of enzyme
is plotted using long dashes.Ecat andEsw are the inflection points of the
wave, andS is the substrate (nitrate) concentration.

Scheme 1. Catalytic Cycle for the Reduction of Nitrate by NapABa

a Species within dotted boxes remain at equilibrium.

-2FAΓkc/i ) 1 + eV/IV,sat + (kc/kIVS)[(1 + eV/IV )/(1 +
(kV/kIV)eV/IV )] (1)

Ecat ) EV/IV,sat
0 + (RT/F) ln(1 + kc/kVS) (2a)

Esw ) EV/IV
0 + (RT/F) ln[(kc + kIVS)/(kc + kVS)] (2b)
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voltammograms in Figure 2B could be simultaneously fit to eq 1
with EV/IV

0 ) -185 ( 5 mV (in fair agreement with the value
determined in ref 1,-225( 10 mV) andEV/IV,sat

0 ) -5 ( 5 mV.
In all cases but one,9 multicentered Mo enzymes of the DMSO

reductase family for which PFV data are available3,4 (E. coli DMSO
reductase,Paracoccus pantotrophusnitrate reductase,E. coli nitrate
reductase, andSynechococcus sp.nitrate reductase) exhibit an
optimal potential window for catalysis, as observed here for NapAB,
and the waveshape is highly dependent on substrate concentration
and/or pH. Moreover, except in the case ofE. coli NarGHI,10 (i)
activity appears at low driving force, 100-200 mV aboveEV/IV

0

(as predicted by eq 2a providedKV > KIV), and (ii) the “swich
off” is observed at an electrode potential close (within 40 mV) to
the reduction potential of the MoV/IV couple (cf. eq 2b) (see Table
S1).

Remarkably, eq 2a predicts that catalytic activity appears at
E close to the reduction potential of the nitrate-saturated MoV/IV

couple even under nonsaturating conditions (S, Km in Figure 2B).
This results directly from substrate binding being essentially ir-
reversible in Scheme 1:11 if substrate binding and release steps were
at equilibrium, the catalytic waveshape would be sigmoidal with a
substrate-concentration dependent midpoint potential given by:5

thusEcat would tend toEV/IV
0 at low substrate concentration. While

catalytic systems are maintained out of equilibrium during turnover,
there are cases5a where the ratios of steady-state concentrations of
intermediates are so close to their equilibrium values that the cycle
can be understood on the basis of reduction potentials obtained
from potentiometric (equilibrium) titrations. In contrast, the enzymes
discussed here exemplify the situation where the presence of
irreversible steps has a profound effect on the catalytic cycle.

In the case of NapAB, the fact that binding steps are not at
equilibrium results in a large (ca. 200 mV) decrease in the driving
force required to reduce the MoV ion and to produce nitrite. This
has interesting consequences regarding intramolecular electron
transfer. Indeed, the fact that the reduction potential of the proximal
[4Fe-4S] cluster that donates electrons to the Mo active site (in
NapAB) is substantially higher than that of the MoV/IV couple (-80
versus-225 mV) seems to make the last intramolecular ET step
endergonic. Although one may argue that it could yet be fast
because of the small distance between the proximal cluster and the
active site,12 the present study sheds new light on the thermo-
dynamic properties of this ET step: the reduction potential of the
[4Fe-4S] cluster is sufficiently low that reduction of substrate-bound
MoV by [4Fe-4S]+ is exergonic, and the reduction potential of the
substrate-free MoV/IV couple is irrelevant.

Because the corresponding potentiometric data are not available
in the case of most enzymes discussed here,13 it is not yet possible
to establish whether the mechanism we propose to explain favorable

ET between the proximal [4Fe-4S] cluster and the Mo ion in NapAB
applies to other multicentered enzymes of the DMSO reductase
family.

The model presented here allows the very quantitative interpreta-
tion of the voltammetric data in the low, physiological substrate-
concentration range (S e kc/kV ) 7.5 µM )Km/4): at a higher
concentration of nitrate, the waveshape deviates from that predicted
by eq 1, and the plot ofS/ipeak againstS in Figure 2A shows
significant curvature. This occurs because as the rate of binding
increases, other chemical steps become partly rate limiting and
influence the waveshape. Work is in progress to determine which
mechanism (more complex and general than that depicted in Scheme
1) is required to interpret the results over the entire range of
substrate concentration.

Supporting Information Available: Table S1 and derivation of
all equations (PDF). This material is available free of charge via the
Internet at http://pubs.acs.org.
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Figure 2. Panel A: Hanes plots ofS/i lim (0) and S/ipeak (9) againstS.
Panel B: Best fit to eq 1 (dashed lines) of a set of catalytic voltammograms
(plain lines).T ) 20 °C, pH 7.8,ω ) 6 krpm,ν ) 10 mV/s. The data have
been corrected by subtracting the voltammogram recorded before nitrate
was added in the cell.

Ecat ) EV/IV
0 + (RT/F) ln[(1 + S/KIV)/(1 + S/KV)] (3)
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