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More than a third of known enzymes are oxidoreductases, and
of these, many possess multiple redox active centers. These centers
are positioned to form chains that relay electrons between “active”
sites where intermolecular electron transfer results in the oxidation
and compensating reduction of selected redox partners.1 The
proximity of neighboring relay stations, typically<14 Å, suggests
that even relatively endergonic electron tunneling between these
centers will occur at rates much greater than are typical for catalysis,
a suggestion that may explain the lack of an obvious correlation
between the reduction potential and position of relay stations in
many intermolecular electron transfer chains. However, other exper-
iments suggest that relay center oxidation state is not entirely inno-
cent in the definition of catalytic rate. Resolution of oxidoreductase
activity across the electrochemical potential domain by catalytic
protein film voltammetry (PFV), in particular, has revealed that
certain relays also act as redox switches.2-7 Reduction of these
centers can accelerate or attenuate catalysis, but the mechanisms
inducing such effects have remained elusive. We previously reported
that the nitrite-limited catalytic rate of a cytochromec nitrite
reductase operating at pH 7 was attenuated by reduction of a heme-
based relay.5-7 Here we show that this center acts as a switch only
when its reduction is uncoupled from proton transfer.

Escherichia colicytochromec nitrite reductase crystallizes as a
homodimer containing 10 c-type hemes.8 It belongs to a group of
homologous enzymes that catalyze the reduction of nitrite to
ammonium.9 PFV in 1µM nitrite with an electrode rotated at 3000
rpm reveals an activity-potential profile for nitrite-limited reduction
that is independent of the scan direction and that has strong pH
dependence (Figure 1). At pH 8, maximal reductive (negative)
catalytic current appears only in a narrow window of potential.
Approximately 60% of this activity is lost on taking the film from
-0.22 to-0.50 V despite application of an increased driving force
for the reaction being catalyzed. This behavior, observed in reverse
on returning to more positive potentials, was termed the “tunnel-
diode” effect when it was first observed in a succinate-dehydro-
genase.10 By contrast, reduction of the nitrite reductase at pH 4
produces a sigmoidal increase of activity with the maximal catalytic
current sustained below-0.2 V. Transferring the film between
solutions of distinct pH shows that the effects of pH are fully
reversible. Thus, the activity-potential profile of cytochromec nitrite
reductase is transformed between that of “tunnel-diode” and “diode”
simply by a change of pH.11

Voltammetry at pHg 8 was independent of electrode rotation
rate above 1000 rpm and is thus free from mass-transport limitation.
At more acidic pH, the film has greater activity (vide infra). Here
voltammograms were never completely independent of rotation rate.
However, even at pH 4, the rotation rate dependence of key
voltammetric features indicates that properties determined at 3000
rpm are expected to differ from those at infinitely high rotation

rates by less than 15 mV. Thus, we consider that the voltammo-
grams at 3000 rpm provide a good reflection of steady-state
behavior across the pH range studied.

Overlaid plots of the first derivatives of catalytic current with
respect to applied potential highlight their pH-dependent features
(Figure 1B). The positive peak describes the increase of activity
observed on lowering the potential sufficiently to reduce the enzyme
to a state competent in nitrite reduction. The half-height width (52
( 5 mV) is indicative of a coordinated 2e- process at each pH,
and the peak potential (Ecat) is displaced-38 mV per pH unit
(Figure 2). Thus, nitrite reductase activity is turned on by a coor-
dinated 2e- reduction of the enzyme that is coupled to a single
protonation event. That theEcat versus pH plot shows no deviations
from linearity indicates that the proton binds to a site with pKa >
8.5 when the 2e- center is reduced and pKa < 4 when the 2e-

center is oxidized.
Under the experimental conditions, with the NO2

- concentration
well below the Michaelis constant at each pH, the enzyme sees
substrate only occasionally. The electrode potential defines oxida-
tion state, and modulations of activity are most simply interpreted
as Nernstian titration of those centers whose oxidation state
influences enzyme activity.5,7 In agreement with this proposal, the
value ofEcat at pH 7 correlates with the midpoint potential of the

Figure 1. Representative PFV ofE. coli cytochromec nitrite reductase in
1 µM NO2

- at the pH indicated. (A) Catalytic current-potential profiles.
Each profile was recorded with a separate film, and the magnitude was
normalized to that recorded in 1µM nitrite, pH 7, to remove the effects of
film-to-film variation in catalytic magnitude. (B) First derivatives of the
catalytic currents in A with respect to applied potential normalized to the
height of the positive peak. The positions ofEcat, Eatten, and Efoot are
illustrated for the pH 8 data set. Measurement conditions: temperature 25
°C, scan rate 30 mV s-1.

Published on Web 10/05/2005

14964 9 J. AM. CHEM. SOC. 2005 , 127, 14964-14965 10.1021/ja054160s CCC: $30.25 © 2005 American Chemical Society



pair of spin-coupled hemes (Em,7 ∼ -107 mV) defined by EPR
spectroscopy and potentiometric titration.7 This pair incorporates
a bis-histidine-coordinated heme and its neighbor that has axial
ligands of lysine and H2O(OH-), with the latter displaced by nitrite
during catalysis. Protonation of a porphyrin propionate or the side
chains of Tyr216, Arg106, or His264 found on the distal face of
the lysine-coordinated heme may be coupled to reduction of this
heme pair to facilitate nitrite reduction.

Where further reduction of the enzyme results in attenuation of
activity, a negative feature appears in the catalytic current deriva-
tives (Figure 1B). That the potentials at the peak (Eatten) and foot
(Efoot) of this feature show the same pH dependence argues that
the feature is not significantly convoluted with changes in activity
at higher potentials for any pH. When the negative feature is well
defined, its half-height width (93( 18 mV) is indicative of a 1e-

transformation. The variation ofEatten and Efoot is then described
by a model in which 1e- reduction is accompanied by two, inde-
pendent protonation events with pKa values of 7.1( 0.2 and 6.0
( 0.3 (Figure 2).12 Thus, at pH∼ 8, where the “low” potential re-
duction occurs without accompanying protonation(s), attenuation
of nitrite reductase activity is most pronounced. On moving to more
acidic pH, this reduction is increasingly coupled to protonation(s),
and the extent of attenuation decreases until it is no longer detectable
at pH 4.

At pH 7, the attenuation is centered on a potential (Eatten) of -300
( 20 mV. Again, this correlates with the results from potentiometric
studies and the midpoint potential (Em,7 ∼ -323 mV) of the heme-
(s) giving rise to a largeg-max signal and whose reduction leads
to EPR silent and presumably fully reduced enzyme.7 Largeg-max
signals arise from bis-histidine-coordinated hemes whose imidazole
rings take an approximately perpendicular configuration and there
are two such hemes in nitrite reductase. They form a plausible elec-
tron transfer chain between the pair of spin-coupled hemes and a
region on the enzyme surface that may facilitate intradimer electron
exchange and/or intermolecular electron exchange with the physi-
ological redox partner, NrfB. An accumulation of uncompensated
negative charge in this area of the enzyme is clearly detrimental to
catalysis. Sites where protonation may negate this effect include
the propionates of the low potential heme(s) and the side chains of
His388 and His391 that lie in the vicinity of these hemes.

Our proposal that protonation coupled to reduction of a heme-
based redox switch is a direct determinant of enzyme activity is
supported by the pH dependence of the catalytic current at-0.6 V
(Figure 2 insert). The relative errors across the data set preclude
an unambiguous fit to the data and reflect the less robust films that
resulted from exposure to pHe 5 in the film transfer experiments

used to generate the data. Nevertheless, the decrease in activity
between pH∼5.5 and∼8.5 is clear and in line with the more
quantitative description of the consequences of protonation afforded
by the pH dependence ofEatten (andEfoot).

Proton coupled electron transfer (PCET) is a feature of many
proteins and one that underpins proton translocation in enzymes
essential for biological energy transduction.13 The chemistries un-
derlying such systems are beginning to emerge, but correlating
individual PCET events with their catalytic consequences remains
a considerable experimental challenge. Simultaneous definition of
activity in the potential and pH domains by PFV has allowed us to
present such data here for a multi-centered oxidoreductase. It is
clear that PCET at redox centers remote from, and intimately asso-
ciated with, the nitrite-binding site play important roles in determin-
ing the activity of the enzyme. With respect to the attenuation at
lower potentials, it seems unlikely that changes in the reduction
potential of a relay could give rise to the observed effects.1 It is
also difficult to see how significant changes in heme spacing can
be accommodated within the enzyme. Thus, we favor redox driven
conformational change as the mechanism responsible for the rate
attenuation as manifest through a change in reorganization energy
associated with ET or the rate of a chemical event associated with
nitrite reduction. Both possibilities could explain why the attenuation
is less pronounced at higher nitrite concentrations.5 Under these
conditions of increased electron flux, electrons may not reside on
the relay for sufficient time to permit the change in conformation
that would otherwise attenuate the catalytic rate. Crystallographic
studies and site-specific mutagenesis in combination with PFV are
now planned to resolve the molecular details behind PCET and
the regulation of activity in this key N-cycle enzyme.
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Figure 2. The pH dependence of features in the steady-state catalytic
current-potential profiles fromE. coli cytochromec nitrite reductase in 1
µM nitrite. Ecat, Eatten, andEfoot are defined in Figure 1B. Broken line: linear
fit to Ecat with gradient-38 mV per pH unit. Solid lines: fit to model for
1e- reduction coupled to two protonation events with pKa

1 ) 7.1, pKa
2 )

6.0, whereEatten) -335 mV andEfoot ) -420 mV in the alkaline limit.12

Inset: pH variation of the catalytic current magnitude at-0.6 V normalized
to the average of the pH 5 data points.
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