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Abstract: The Cu-containing nitrite reductase from Alcaligenes faecalis S-6 catalyzes the one-electron
reduction of nitrite to nitric oxide (NO). Electrons enter the enzyme at the so-called type-1 Cu site and are
then transferred internally to the catalytic type-2 Cu site. Protein film voltammetry experiments were carried
out to obtain detailed information about the catalytic cycle. The homotrimeric structure of the enzyme is
reflected in a distribution of the heterogeneous electron-transfer rates around three main values. Otherwise,
the properties and the mode of operation of the enzyme when it is adsorbed as a film on a pyrolytic graphite
electrode are essentially unchanged compared to those of the free enzyme in solution. It was established
that the reduced type-2 site exists in either an active or an inactive conformation with an interconversion
rate of ∼0.1 s-1. The random sequential mechanism comprises two routes, one in which the type-2 site is
reduced first and subsequently binds nitrite, which is then converted into NO, and another in which the
oxidized type-2 site binds nitrite and then accepts an electron to produce NO. At high nitrite concentration,
the second route prevails and internal electron transfer is rate-limiting. The midpoint potentials of both
sites could be established under catalytic conditions. Binding of nitrite to the type-2 site does not affect the
midpoint potential of the type-1 site, thereby excluding cooperativity between the two sites.

Introduction

Copper-containing nitrite reductase (NiR) is an important
enzyme in denitrifying microorganisms, including many bac-
teria, archaea, and fungi,1-3 in which it catalyzes the one-
electron reduction of nitrite to nitric oxide:

This reaction is an important step in the denitrification
pathway. The enzyme catalyzes bidirectionally, and the maxi-
mum rates of the forward and reverse reactions are ap-
proximately the same at pH 7.5.4 NiR is known to enhance
resistance to human sera inNeisseria gonorrhoeae,5 and it
allows Neisseria meningitidisto respire on nitrite under the
microaerobic conditions encountered during host colonization

and disease.6 There is also an interest7-9 in applying NiR in
amperometric biosensors to monitor nitrite in body fluids, natural
streams, and wastewaters.

NiR is a homotrimer10 in which each subunit contains a type-1
Cu electron-transfer (ET) site and a type-2 Cu catalytic site.11,12

The type-1 site is near the surface and accepts an electron from
a physiological electron donor, like pseudo-azurin,13-15 before
transferring it to the buried catalytic type-2 site. The type-2 Cu
is coordinated by the Nε atoms of three histidine residues, with
the fourth coordination position being available for binding
nitrite.16 Two other conserved residues in the active site, an
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aspartate and a histidine, are needed for efficient catalysis.17-20

As shown previously, during the catalytic cycle, nitrite binding
and type-2 site reduction may occur in random order; i.e., the
type-2 Cu can be reduced before (A) or after (B) binding of
NO2

- (Scheme 1).21 The steady-state rate of reduction is given
by21

in which kt is the turnover rate of NiR,KM
A andKM

B are the
Michaelis constants for the A and B routes in Scheme 1,
respectively, andkcat

A andkcat
B are the rate constants for the A

and B routes.21 Below pH 6.5,kcat
B < kcat

A, and above pH 6.5
the reverse holds.

Elsewhere21 we presented evidence for the existence of the
two routes depicted in Scheme 1. However, the occurrence of
a fifth step, representing the equilibrium between active and
inactive forms of the enzyme,22 could not be established
definitely. The present work focuses on the behavior of the
enzyme when immobilized on a graphite electrode and, in

particular, on the transition of the active into the inactive form
andVice Versa. Protein film voltammetry (PFV),23-25 in which
a film of enzyme molecules is immobilized on an electrode, is
an attractive technique for studying redox-active enzymes
because it probes the potential dependence of catalytic activity
(the rate is measured directly as current) and reveals aspects
that are normally not resolved with traditional methods. This
study focuses on the catalytic activity of the immobilized redox
enzyme as a function of electrode potential, substrate concentra-
tion, and time. The homotrimeric structure of the enzyme is
reflected in the distribution of the ET rates. Quantitative
information is provided on a slow isomerization between an
inactive reduced state (IRS) and a “normal” reduced type-2 site.
At saturating nitrite concentrations, we find that the type-1f
type-2 electron transfer is the rate-limiting step, and we establish
that the midpoint potential of the type-1 site is not altered by
the binding of nitrite to the nearby type-2 site.

Materials and Methods

General.Wild-type NiR fromAlcaligenes faecalisS-6 was prepared
as described4 with omission of the gel filtration step, which did not
improve the response on the electrode. All experiments were carried
out with a rotating disk pyrolytic graphite edge (PGE) working electrode
described previously.21 For NiR immobilization, the PGE electrode was
polished thoroughly on a polishing cloth (Buehler) covered with 6µm
diamond, sonicated in H2O, washed with buffer, exposed to NiR (>100
µM) for 30 s, rinsed with H2O, and inserted in the buffer. After the
cell was sealed, oxygen was removed by purging the solution with
water-saturated argon for several minutes. Subsequently, the electrode
was cycled between 560 and-140 mV to verify that oxygen was
absent. Anaerobic conditions were maintained during the experiment
by flushing the headspace with argon. Potentials are quoted versus the
normal hydrogen electrode (NHE). Voltammograms were measured
using an Autolab electrochemical analyzer (EcoChemie, Utrecht, The
Netherlands). The typical rotation rate of the working electrode was
2000 rpm, and it was ascertained that faster rotation did not increase
the current, regardless of nitrite concentration. The kinetic constants
KM

A, KM
B, and kcat

B/kcat
A were determined as described in ref 21.

Potentiometric titrations were carried out as described in ref 26. Nitric
oxide gas (British Oxygen Co. (BOC), 0.5% NO in 99.5% N2) was
scrubbed with 1 M KOH and 0.1 M potassium phosphate, pH 7, prior
to application. Bubbling with this gas-mixture gives a 16µM nitric
oxide solution at 1°C.27 Unless mentioned otherwise, all experiments
were carried out with the sample cell maintained at 1( 1 °C. This
temperature was chosen to stabilize the protein film formed on the
electrode surface.21

Pre-Steady-State Kinetics.The enzyme kinetics were studied by
starting with the fully reduced or oxidized enzyme, applying a change
in the electrode potential, and watching the kinetics reach a steady state.
Referring to the catalytic cycle shown in Scheme 1, ifk5 andk-5 are
much slower than the other steps, thenkt (the catalytic turnover rate)
will change exponentially with time to reach its steady-state value.
When the assay is initiated with oxidized enzyme,kt will decrease with
time (the assay starts with 100% active enzyme and part of it ends up
in the IRS), whereas when the assay is initiated with reduced enzyme
(where there is an equilibrium between active reduced enzyme and
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Scheme 1. Proposed Catalytic Cycle of NiRa

a Depicted is the type-2 Cu site, where the catalytic conversion of nitrite
to NO takes place. At the left, the site is in the oxidized form. It may accept
a nitrite ion and then an electron from the type-1 site (upper route, labeled
B) or first an electron and then the nitrite (lower route, labeled A). The
reduced species in the lower route may (reversibly) convert to an inactive,
three-coordinate species (step 5). In step 6, the nitrite is converted to NO,
and the reaction cycle is closed. The nitrite is depicted as deprotonated,
but it may also be protonated in the catalytic cycle. The type-2 Cu atom is
depicted with the Nε atoms of the ligating histidines. The scheme applies
at low pH. At high pH, the water molecules coordinating to the type-2 Cu
are replaced by hydroxyl groups.

kt ) kcat
A[NO2

-]( 1 + (kcat
B/kcat

A)([NO2
-]/KM

B)

KM
A + [NO2

-] + ([NO2
-]2/KM

B)) (2)
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enzyme in the IRS),kt will increase with time (nitrite indirectly draws
the enzyme out of the IRS by depleting the reduced water-bound type-2
site; direct binding of nitrite to the IRS can be ruled out on the basis
of the nitrite concentration dependence of the inactivation rates,Vide
infra). Using Scheme 1, it can be shown28 that the rates of activation
(kact) and inactivation (kinact) are identical29 and depend on nitrite
concentration according to

with

Equation 3 contains more parameters than can be extracted reliably by
fitting the data, but it does show that, when the nitrite concentration
approaches zero,kact ) k-5 + k5, while at very high nitrite concentration,
kact ) k-5.

Potential Dependence of Current.The dependence of enzymatic
current (i) on electrode potential yields information on the midpoint
potential of the active site and/or that of its electron relay centers. The
simplest model24,25 with which to analyze the dependence of the NiR
enzymatic current on electrode potential is one in which electron transfer
between electrode and type-2 active site (interfacial and intramolecular
via the type-1 site) is fast compared to the turnover rate of the enzyme
kt. Within this limit, depletion of electrons from the type-2 site via
turnover of nitrite is too slow to disturb the redox equilibrium between
the electrode and both type-1 and type-2 sites. Then, becausei is
proportional to the fraction of reduced type-2 sites, the catalytic current
depends on the electrode potential according to the Nernst equation
(Figure 1A). The first derivative (Figure 1B) of this catalytic voltam-
mogram shows a single symmetrical peak with a maximum at the
position of the midpoint potential (EM) of the electrochemical “control
center” of the enzyme25sthat is, the center along an ET pathway up to
which electron exchange with the electrode is fast. (Note that the rate-
determining step in catalytic electron flow will thus occur after the
control center.) Because our simple model invokes fast electron transfer
between the type-2 and type-1 Cu centers, this midpoint potential should
correspond to the type-2 site, and the limiting current (i lim) in Figure
1A corresponds to the activity of the enzyme when the type-2 site is
100% reduced. An alternative scenario is that electron transfer between

(28) Huang, C. Y.Methods Enzymol.1979, 63, 54-84.
(29) Fersht, A.Enzyme Structure and Mechanism; W. H. Freeman and Co.:

New York, 1985; p 136.

Figure 1. Effect of heterogeneity on catalytic voltammograms for a one-electron reductase with type-1 and type-2 Cu sites. Catalytic voltammograms
calculated on the basis of eq 5. The value ofi lim is normalized to 1 nA reduction current andEM ) 0 mV for all plots. (A) Voltammogram (i versusE curve)
when electron transfer with the electrode and electron transfer within the enzyme are fast. The catalytic current is determined bykt andEM of the type-2 site
according to the Nernst equation. The resulting shape of the catalytic response is shown. (B) The first derivative of the curve shown in panel A. (C)
Voltammograms calculated (see eq 5) by assuming that the distances between the redox site and the electrode are distributed over a rangedR; k0

max is the
rate of electron transfer when the type-1 center is closest to the electrode. For a trimeric enzyme, there are three sets ofkt/k0

max (labeled A, B, and C), while
dR is assumed to be identical for each monomer. In the present example, the following values were chosen:kt/k0

max_A ) 0.01 (trace 1),kt/k0
max_B) 10 (trace

2), kt/k0
max_C ) 1000 (trace 3), andâdR ) 100. (D) First derivatives of the traces shown in panel C. See text for further details.

kact ) kinact ) k-5 + k5( 1 + KA[NO2
-]

1 + KB[NO2
-] + KC[NO2

-]2) (3)

KA ≡ k1k3k-4

k2(k6 + k-4)(k-1 + k3)
(3a)

KB ≡ k1k3k-4 + k4k-1k6 + k4k3k6 + k4k2k-1 + k4k2k3

k2(k6 + k-4)(k-1 + k3)
(3b)

KC ≡ k1k4(k6 + k3)

k2(k-1 + k3)(k6 + k-4)
(3c)
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type-1 and type-2 centers is slow, in which case the potentialEM

corresponds to the type-1 site and the turnover ratekt depends on the
fraction of reduced type-1. The currenti t is directly related24 to the
catalytic ratekt via

in whichF is Faraday’s constant,A is the surface area of the electrode,
andΓ is the surface coverage expressed in active subunits of NiR per
unit area.

Yet another scenario is that a fraction of the immobilized NiRs are
oriented on the electrode in a nonoptimal manner and electron transfer
between the electrode and the type-1 site (the electron entry point) is
rate-limiting.30 This situation can be modeled30 with three extra
parameters: a range of distances (dR) between electrode and redox
center, the decay constantâ for electron transfer (âdR in eq 5), and the
rate of electron transfer when the enzyme is optimally oriented for
electron transfer to the electrode (k0

max). With an even distribution of
enzyme molecules having a tunneling distance in the rangedR, the
model predicts30 a linear increase in current with increasing driving
force (Figure 1C). This nonideality is, indeed, found for most
immobilized enzymes but need not be too detrimental.30 In the derivative
of the catalytic voltammogram (Figure 1D), a peak still occurs at the
midpoint potential of the control center unlesskt/k0

max is so low that
that the peak becomes negligible compared to the subsequent linear
increase in current versus electrode potential.

Equation 5 describes the dependence of catalytic current on electrode
potential (E) for a one-electron reductase displaying heterogeneity with
respect to orientation on the electrode. Equation 5 was derived along
the same lines as used30 for a two-electron reductase:

with

The fitted parameters in eq 5 areEM, i lim/âdR, andkt/k0
max. Information

about i lim/âdR is contained in the slope of thei vs E plot, while the
initial curvature reports onkt/k0

max andEM. In the case of NiR, there is
the added complication that there are three catalytic centers per
molecule, that each may contribute to the catalytic current. The
voltammograms were modeled, therefore, by using a population
consisting of three subpopulations of active sites (close to the electrode,
farther away, and farthest away, see Figure 1C,D). The data were fitted
to single values ofEM and i lim/âdR, and three values ofkt/k0

max, i.e.,
kt/k0

max_A, kt/k0
max_B, kt/k0

max_C, corresponding to the three subunits
according to eq 6,

which is the first derivative of eq 5. TheEM value is far more
conspicuous in the first derivative compared to the normal voltammo-
gram (compare the sum traces in panels C and D of Figure 1). In eqs
5 and 6,R is the gas constant, andT is the absolute temperature.

Results and Discussion

Reductive Inactivation.Nitrite reductase (NiR) immobilized
on a PGE electrode is catalytically active. In the presence of

nitrite, a strong catalytic current is observed as the electrode
potential is taken below 0.3 V versus NHE (Figure 2A). This
current continues to increase as the potential is taken more
negative, indicating that a substantial population of the enzyme
molecules undergo slow electron transfer from the electrode (see
Material and Methods). In the absence of nitrite, no voltammetric
features were present that could be assigned to the type-1 or
type-2 sites, which suggests that the surface coverage of the
enzyme is too low (below 3 pmol cm-2 31) for a signal to be
detectable.32

By subtracting the capacitance, it was determined that, when
commencing the sweep from the high-potential limit, the
catalytic current observed on the forward scan (in the direction
of negative potential) was always higher than that observed on
the return scan (Figure 2B). When commencing the sweep from
the low-potential limit, the reverse result was obtained (results
not shown). Again, starting from the high-potential limit,
variations in the scan rate reproducibly gave diminished catalytic
currents at lower scan rates (Figure 2B). These observations
suggest that a slow reductive inactivation occurs; i.e., at
decreased scan rates, the inactive form has more time to
accumulate at reducing potential. To investigate this further,
controlled potential amperometric measurements were made.

The reductive inactivation was measured by first holding the
electrode at an oxidizing potential (560 mV versus NHE, 100
s) to ensure that all enzyme was in the active state. After

(30) Léger, C.; Jones, A. K.; Albracht, S. P. J.; Armstrong, F. A.J. Phys. Chem.
B 2002, 106, 13058-13063.

(31) Jones, A. K.; Lamle, S. E.; Pershad, H. R.; Vincent, K. A.; Albracht, S. P.
J.; Armstrong, F. A.J. Am. Chem. Soc.2003, 125, 8505-8514.

(32) From eq 4, assumingkt ) 103 s-1, as measured in solution,4 and i t ) 500
nA (Figure 2A), a surface coverage of∼0.1 pmol cm-2 was estimated.

Figure 2. Effect of scan rate on catalytic amplitude. (A) Cyclic voltam-
mogram in the absence (a) and in the presence (b) of nitrite (1 mM), scan
rate 25 mV s-1. (B) Baseline-subtracted current (b- a) at different scan
rates. The PGE electrode with the NiR film was rotated at 3000 rpm in
malate/MES/HEPES buffer (each component 25 mM, 1°C, pH 6.7).

it ) ktFAΓ (4)

i )
i lim
âdR

u
1

1 + V2
(5)

u ≡ ln((1 + V2 +
kt

k0
max

V)/
kt

k0
max

V) (5a)

V ≡ exp[ F
2RT

(E - EM)] (5b)

di
dE

) -
i lim
âdR

F
2RT

1 + 2u(V2 + V4 + (kt/k0
max)V3) - V4

(1 + V2 + (kt/k0
max)V)(1 + V2)2

(6)
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initiation of the catalytic turnover by stepping the potential to
60 mV versus NHE, the catalytic current was monitored over a
short period of time (Figure 3A). The resulting decrease in
catalytic activity was complicated by slow electrode charging
effects, which could be measured independently in the absence
of nitrite (traces labeled (i) in Figure 3A).33 This contribution
from the electrode surface was reproducible, and corrected time
curves were produced by subtraction of the average of traces
(i) from the traces (ii)-(vii), measured in the presence of nitrite.
The resulting traces (Figure 3B) could be fitted with single
exponentials with rate constantskobs. The magnitude of the
decrease (i(0) - i(∞)) and the steady-state current (i(∞)) were
fitted as functions of [NO2-] (Figure 3C) using eq 2. This
procedure resulted in similar values ofKM

A, KM
B, and kcat

B/
kcat

A (Table 1), thus providing further evidence that bothi(∞)
and (i(0) - i(∞)) reflect the true activity of NiR. On the basis
of Scheme 1, it is expected that eq 2 should also apply when
no IRS has yet formed.21

The observedinactiVation rate constants,kobs, are plotted as
a function of [NO2

-] in Figure 3D. The [NO2
-] dependence is

described by eq 3. Figure 3D shows that lower rates are observed
at higher nitrite concentrations. This agrees with the predictions
based on Scheme 1, in which a reducedinactiVe state equili-
brates with anactiVe state that is able to bind nitrite. The
alternative, by which nitrite binds directly to the IRS, is ruled
out as this would result in an increase inkobs at higher nitrite
concentrations, contrary to observations (Figure 3D). As re-

marked earlier, as the nitrite concentration approaches zero,kobs

) k5 + k-5, whereas at high nitrite concentrations,kobs ) k-5.
Thus, at pH 5.3,k5 + k-5 ≈ 0.2 s-1 andk-5 ≈ 0.1 s-1 (Figure
3D).

We also investigated theactiVation of prereducedNiR by
the addition of nitrite. First the steady-state current was measured
as a function of nitrite concentration (Figure 4A).34 The activity
shows a maximum around 300µM (see arrow 1 in Figure 4A).
In the next experiment, the electrode was first poised at a
reducing potential (60 mV versus NHE), after which a 320µM
concentration of nitrite was added to the solution (see Figure
4B, arrow 1). The current showed a rapid increase followed by
a slower, exponential phase, withkobs ) 0.2 s-1, which we
ascribe to slow activation of the inactive form of the enzyme.

(33) Armstrong, F. A.; Camba, R.; Heering, H. A.; Hirst, J.; Jeuken, L. J.; Jones,
A. K.; Leger, C.; McEvoy, J. P.Faraday Discuss.2000, 191-203.

(34) This figure is similar to Figure 3C but with a logarithmic abscissa. The
higher current achieved in this experiment is due to a higher surface
coverage of the enzyme.

Figure 3. Chronoamperometry of PGE-immobilized nitrite reductase. (A) The electrode was poised at 560 mV versus NHE for 100 s, and the current was
measured as a function of time after the potential was switched to 60 mV versus NHE. Traces measured for different concentrations of nitrite: (i) 0µM
(three traces); (ii) 5µM; (iii) 20 µM; (iv) 80 µM; (v) 318 µM; (vi) 1.27 mM; (vii) 5.07 mM. (B) The traces shown in Figure 3A after subtraction of the
average of the three traces (i). The resulting traces (ii)-(vii) were fitted (solid line) to a single exponential [i(t) ) i(∞) + [i(0) - i(∞)] exp(-kobst)]. Data
for the first second after the start of the assay were not used for the fit. (C) Plot of the parameters obtained from the fits in panel B as a function of nitrite
concentration. Triangles,i(∞); squares,i(0) - i(∞); lines, group fit to eq 2. Additional points represent data obtained at the following nitrite concentrations:
2.5 µM, 10 µM, 40 µM, 160 µM, 637 µM, and 2.54 mM. (D) Plot ofkobs versus nitrite concentration. Data obtained for experiments with less than 20µM
nitrite were omitted, as the errors were excessively large. For all panels the conditions were as stated in Figure 2, except that the pH was 5.3.

Table 1. Kinetic Constants Obtained from Data Fitting

KM
A (µM) KM

B (µM) kcat
B/kcat

A

Figure 3C:
group fit to eq 2a 20 ( 2 (1.8( 0.5)× 103 0.3( 0.1
i(∞) 16 ( 1 (2.4( 0.8)× 103 0.3( 0.1
i(0) - i(∞) 27 ( 3 (1.1( 0.3)× 103 0.3( 0.1

Effect of glycerol:
without glycerolb 40 ( 3 (2.4( 0.6)× 103 0.3( 0.1
with glycerolc 61 ( 2 (3.6( 0.5)× 103 0.32( 0.03

a Data points of bothi(∞) andi(0) - i(∞) were fitted simultaneously to
eq 2 to obtain the values forkcat

B/kcat
A, KM

A, andKM
B. b pH 5.95.c pH 6.05.
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To check to what extent the mixing time of the added nitrite
might affect the time behavior of the current, a second addition
of nitrite was made to give a solution concentration of 3200
µM nitrite (Figure 4A, arrow 2). From Figure 4B, it is clear
that this higher concentration (arrow 2) causes immediate
inhibition and that the time needed for the added nitrite to mix
with the solution plays no detectable role.

The data in Figure 4B (arrow 1) indicate approximately equal
amounts of reduced NiR with active and inactive type-2 sites
in the absence of nitrite; thus, we find again thatk5 is
approximately equal tok-5. The rates of inactivation and
activation have been collected in Table 2. It is clear that the
rates do not depend on the electrode potential in the range-200
to +100 mV versus NHE (Table 2).

Dependence of Catalytic Activity on Electrode Potential
and Nitrite Concentration. The catalytic voltammograms were
investigated further in the absence and in the presence of
glycerol (Figure 5) and as a function of nitrite concentration
(Figure 6) to obtain more information about the nature of the
ET processes occurring between electrode and immobilized NiR.
The scan rates used (1-2.5 mV s-1) were slow enough to ensure
equilibrium between active and inactive forms of the reduced
NiR (as shown by the semi-reversible traces in Figures 5A and
6). Slow, irreversible loss of enzyme activity precluded the use
of even slower scan rates. (The loss of activity amounts to a
few percent on a time scale of 100 s; see, for instance, the small
change in activity in Figure 4B in the 400-500 s interval.)
Again, rather than reaching a constant plateau, the catalytic
current increased steadily at potentials more negative thanEM

(Figure 5), suggesting a spread of electron tunneling distances
between the electrode and the electron entry point of the enzyme.
As explained in the Materials and Methods section, the
derivative curve (Figure 5B, gray line) was fitted by three
subpopulations reflecting the trimeric structure of NiR (see
caption of Figure 5 for values). In the presence of 20% glycerol,
the peak marking theEM value is more conspicuous (Figure
5B). From the fitted values ofkt/k0

max for the different
subpopulations, it appears that glycerol improves the electronic
coupling to the closest subpopulation of type-1 sites (see Figure
caption). The midpoint potential was approximately the same
in the presence (281 mV versus NHE) and in the absence (286
mV versus NHE) of glycerol, as were the values forKM

A, KM
B,

Figure 4. Reactivation of NiR on a rotating disk electrode. Chronoamper-
ometry of PGE-immobilized NiR. (A) Semi-logarithmic plot34 of steady-
state current versus nitrite concentration (pH 5.5). The solid line is a fit to
eq 2 (the catalytic current is proportional tokt in eq 2), yieldingVA ) -2.1
× 10-8 A, KM

A ) 36 µM, KM
B ) 1.0 mM, andkcat

B/kcat
A ) 0.3. (B)

Catalytic current as a function of time. Att ) 325 s, nitrite was injected to
give a concentration of 320µM (arrow 1). At t ) 510 s, a second addition
of nitrite was made (arrow 2, to a final concentration of 3200µM). The
small initial current is the background (corrected for in panel A). The
exponential fit is indicated with a thick line (panel B). The experiments in
panels A and B were carried out on different enzyme films (resulting in
slightly different amplitudes). The electrode was rotated at 4000 rpm.

Table 2. Rates of Inactivation and Activation versus Electrode
Potentiala

E vs NHE (V) kact (s-1) kinact (s-1)

-0.19 0.20( 0.03 0.29( 0.06
-0.07 0.17( 0.05 0.26( 0.07

0.11 0.17( 0.02 0.20( 0.03

a The rate ofactiVation was measured by changing the nitrite concentra-
tion in a single step from 0 to 320µM (Figure 4B, arrow 1), while the rate
of inactiVation was measured as illustrated in Figure 3A after a stepwise
increase of electrode potential at 3200µM nitrite (both at pH 5.6).

Figure 5. Effect of glycerol on shape of voltammogram. (A) Cyclic
voltammograms scanned at 2.5 mV s-1 at pH 6.7, with 1 mM nitrite in the
absence of glycerol (gray line) and in the presence of 20% glycerol (black
line). (B) First derivatives and fits (solid lines) of these scans (same color
code). The fit to eq 6 produced the following values (the values in the
presence of glycerol are in parentheses):EM ) 286 mV versus NHE (281
mV), kt/k0

max_A ) 0.22 (0.06),kt/k0
max_B ) 18 (58),kt/ko

max_C) 105 (279),
i lim/âdR ) -18.5 nA (-15.9 nA).
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andkcat
B/kcat

A (Table 1). Thus, addition of glycerol resulted in
a more precise determination ofEM, although it did not alter
the catalytic properties of the enzyme.

The dependence ofEM on nitrite concentration was studied
in some detail, and the voltammograms and their derivatives
are reproduced in Figure 6A,B, respectively. A gradual decrease
from 385 to 300 mV was observed upon increasing the nitrite
concentration from 5µM to 5 mM (Figure 6C), whileEM

remained constant beyond 5 mM (up to 50 mM). The simplest
explanation for this observation is that, at increasing nitrite
concentrations, route B in Scheme 1 prevails21 and that, with
nitrite bound to the type-2 site, the type-1f type-2 electron
transfer (step 3) is much slower than electron exchange between
the type-1 site and the electrode. Therefore, as [NO2

-] is

increased,EM gradually approaches the midpoint potential of
the type-1 site. For the related NiR fromAchromobacter
cycloclastes(82% identical amino acid sequence), it was indeed
found that the type-2 site midpoint potential is 50 mV higher
than the type-1 site potential at pH 6.35

Catalytic voltammograms at saturating nitrite concentrations
(Figure 7A) were recorded over the pH range 5-8.5. The pH
dependence of the midpoint potential of the type-1 site was also
determined by potentiometric titrations under the same condi-
tions.36 Oxidative and reductive titrations gave identical results
(Figure 7B). As the pH is raised, theEM value (Figure 7C)
decreases by 100 mV. Over the range pH 4.8-8.8, the midpoint
potentials of the type-1 site, as determined by the potentiometric
titrations (Figure 7C, circles with error bars), were identical to
the EM values determined in catalytic voltammograms at
saturating nitrite concentration (squares). This shows that, at
saturating nitrite concentration, the reduction of the type-2 site
is rate-limiting and that the midpoint potential of the type-1
site is not altered by nitrite binding to the type-2 site.

A catalytic current could be observed with nitric oxide as
the substrate, but this was restricted to a narrow pH range
(Figure 8A). In experiments conducted at 1°C, the catalytic
oxidation of nitric oxide is barely detectable at pH 7 (a few
nanoamperes at 0.6 V versus NHE), increases to a maximum
that is stable from pH 8 to 9, and then decreases and is no longer
detectable at pH 10 (baseline subtraction became too cumber-
some at the latter pH, and the trace is not shown in Figure 8A).
Increasing the scan rate from 5 to 25 mV s-1 did not influence
the current amplitudes, and reversible inactivation could
not be detected under these conditions. We compared the
catalytic current, on a single protein film, for either nitrite or
nitric oxide (Figure 8B). The slopes of the catalytic current are
equal to i limF/âdR2RT (eq 6); therefore, the ratio of the
slopes equals the catalytic bias of the enzyme on the electrode
(i limforward/i limreverse≈ 2 at pH 6.8, 20°C, Figure 8B), which is
in reasonable agreement with the known catalytic bias (kcat

forward/
kcat

reverse) 6, pH 7.0, 25°C4) in solution.

Summary and Conclusions

The similarity in catalytic bias (Figure 8) and steady-state
kinetics between solution studies21 and the present PFV results
indicate that NiR immobilized on a graphite electrode has the
same catalytic properties as in solution. Earlier, using scanning
probe microscopy, it was observed that nitrite reductases from
other organisms remain intact when immobilized on a gold
electrode.37,38 The shapes of the catalytic voltammograms can
be fitted assuming that the trimeric structure of NiR results in
slower ET rates between the electrode and the type-1 centers
that are farther away from the electrode. The close agreement
betweenEM obtained from the catalytic voltammograms and
EM obtained from potentiometric titrations (Figure 7C) shows
that the modeling is sufficiently accurate for conclusions to be
drawn.

Both cyclic voltammograms (Figure 2) and chronoamper-
ometry (Figures 3 and 4, Table 1) are consistent with Scheme

(35) Kobayashi, K.; Tagawa, S.; Deligeer Suzuki, S.J. Biochem.(Tokyo) 1999,
126, 408-412.

(36) pH 4-9, 20% glycerol, mixed malate/MES/HEPES buffer, 1°C.
(37) Zhang, J.; Welinder, A. C.; Hansen, A. G.; Christensen, H. E. M.; Ulstrup,

J. J. Phys. Chem. B2003, 107, 12480-12484.
(38) Contera, S.; Iwasaki, H.Ultramicroscopy2002, 91, 231-243.

Figure 6. Observed midpoint potential versus nitrite concentration. (A)
Baseline-corrected voltammograms at a scan rate of 1 mV s-1 at pH 5.6
for nitrite concentrations increasing from 5µM to 50 mM (see lower panels
for color code). Continuous lines denote forward scans, from positive to
negative potential, and dashed lines denote backward scans. (B) First
derivatives fitted with eq 6. Closed circles are the data from the forward
scans and are fitted with a thick line, while open circles are the data for the
backward scans that are fitted with a thin line. (C)EM values as a function
of nitrite concentration.
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1. The novelty of Scheme 1 is that there is an equilibrium
between two conformations of the reduced type-2 site: an active
one, in which the type-2 site binds nitrite, and the IRS, in which
the type-2 site does not bind nitrite. Earlier it was concluded22

from EXAFS and X-ray crystallography17-20 that that the
reduced type-2 site was three- instead of four-coordinate and
incapable of binding nitrite or other external ligands. The IRS
that we observe possibly corresponds to this three-coordinated

species.17-20,22 Figures 2 and 3 show that, during catalytic
turnover, a significant part of the NiR is inactivated. Most
importantly, our data show that the inactivation of active reduced
state to IRS is slow and reactivation of the reduced NiR is
possible. This has profound implications for understanding the
catalytic cycle of NiR and the properties of the reduced type-2
site.

The presence of the IRS as a function of pH has not been
investigated in this study. In preliminary experiments at alkaline
pH, similar to the experiments presented in Figure 3, an
exponential decrease in current is less pronounced or absent.
This is a subject of further investigation. The occurrence of a
three-coordinated Cu species is not unprecedented.39-42 Type-1
Cu sites have a tendency to change their coordination from four
to three upon reduction, and the same may apply to type-2 sites
like the IRS in our case. It is conceivable that binding of a
neutral fourth ligand, like a water molecule, by the three-
coordinate reduced copper is thermodynamically still a pos-

(39) Gray, H. B.; Malmstrom, B. G.; Williams, R. J.J. Biol. Inorg. Chem.2000,
5, 551-559.

(40) Guss, J. M.; Harrowell, P. R.; Murata, M.; Norris, V. A.; Freeman, H. C.
J. Mol. Biol. 1986, 192, 361-387.

(41) Canters, G. W.; Kolczak, U.; Armstrong, F.; Jeuken, L. J.; Camba, R.;
Sola, M.Faraday Discuss.2000, 205-220; discussion 257-268.

(42) Jeuken, L. J. C.; van Vliet, P.; Verbeet, M. P.; Camba, R.; McEvoy, J. P.;
Armstrong, F. K.; Canters, G. W.J. Am. Chem. Soc.2000, 122, 12186-
12194.

Figure 7. pH dependence of the midpoint potential of the type-1 center.
(A) Example of background-subtracted voltammograms (1 mV s-1) at two
different pH values (5.3 and 7.1). (B) Example of a potentiometric titration
(at pH 5.4). The open triangles are of the oxidizing titration, and the closed
triangles are of the reductive titration. The solid line is a fit of all data to
the Nernst equation. (C) Plot of the midpoint potentialsEM versus pH.
Squares depictEM values as obtained from the PFV measurements at
saturating nitrite concentrations (10 mM between pH 5 and 5.6, 50 mM
between pH 5.8 and 6.2, 100 mM above pH 6.2). Circles with error bars
depictEM values of the type-1 site obtained from potentiometric titrations.

Figure 8. Nitric oxide oxidation by PGE-immobilized NiR. Baseline-
corrected voltammograms of PGE-immobilized NiR in the presence of NO.
The scans were started at a reducing potential. (A) Cyclic voltammograms
at 1 °C obtained in the presence of 16µM nitric oxide at a scan rate of 5
mV s-1. Scans at different pH values are from different protein films. (B)
Voltammograms recorded in the presence of either nitrite or nitric oxide
with a single protein film, 20°C, pH 6.8, and a scan rate of 1 mV s-1. The
buffer consisted of 25 mM concentrations of each of the buffer components
(malate, MES, HEPES, TAPS, CHES, and CAPS) and was adjusted to the
desired pH using NaOH. The nitrite concentration was 10 mM; the nitric
oxide concentration was 16µM.
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sibility at room temperature, while the binding of a charged
ligand, like nitrite or a hydroxide ion, is not.

The catalytic voltammograms obtained at saturating nitrite
concentration (Figures 6 and 7) are in agreement with a rate-
limiting type-1f type-2 ET step. This was inferred earlier on
the basis of less direct evidence (activation energy and steady-
state kinetics).21,43 The midpoint potential of the type-1 site is
not altered by nitrite binding to the type-2 site (Figure 7B),

which rules out any cooperativity between the type-1 and type-2
sites during the catalytic cycle.
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