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ABSTRACT: Cytochromec nitrite reductase is a dimeric decaheme-containing enzyme that catalyzes the
reduction of nitrite to ammonium. The contrasting effects of two inhibitors on the activity of this enzyme
have been revealed, and defined, by protein film voltammetry (PFV). Azide inhibition is rapid and
reversible. Variation of the catalytic current magnitude describes mixed inhibition in which azide binds

to the Michaelis complexl(Z" ~ 40 mM) with a lower affinity than to the enzyme aloné§(~ 15 mM)

and leads to complete inhibition of enzyme activity. The position of the catalytic wave reports tighter
binding of azide when the active site is oxidizeKudo(~ 39 uM) than when it is reduced. By contrast,
binding and release of cyanide are sluggish. The higher affinity of cyanide for reduced versus oxidized
forms of nitrite reductase is immediately revealed, as is the presence of two sites for cyanide binding and
inhibition of the enzyme. Formation of the monocyano complex by reduction of the enzyme followed by
a “rapid” scan to high potentials captures the activipptential profile of this enzyme form and shows

it to be distinct from that of the uninhibited enzyme. The biscyano complex is inactive. These studies
demonstrate the complexity that can be associated with inhibitor binding to redox enzymes and illustrate
how PFV readily captures and deconvolves this complexity through its impact on the catalytic properties
of the enzyme.

Redox enzymes are characterized by their ability to couple domain B). The enzyme of interest is adsorbed on an
long-range electron transfer with catalysis. Within such electrode surface in such a way that there is direct and facile
enzymes, at least one center couples a change of oxidatiorelectron exchange between them. Changes in oxidation state
state to events such as bond breakage and formation, ligandnduced by the electrode potential are reversed by the
binding, or conformational change to define the pathway by transformation of the substrate to product during catalysis,
which substrates are transformed to products. This intimateand enzyme turnover is quantitated by the corresponding flow
relationship between redox-linked chemistries and progressof “catalytic” current. Activity (current)-potential profiles
through the catalytic cycle provides a considerable op- defined by cyclic voltammetry reveal boosts and attenuations
portunity for electrochemical potential to modulate redox of activity due to modulation of the rates of processes
enzyme activity. In a first approximation, the reduction intrinsic to the catalytic mechanismM-{15). These modula-
potentials of centers within the enzyme define potentials at tions are characteristic of each enzyme and the turnover
which modulations of activity can be anticipated. In practice, conditions, e.g., substrate concentration and pH, employed.
the operational reduction potentials can show marked devia-They have been variously attributed to redox-linked chem-
tions from those measured at equilibrium; they may be istries associated with active site centers or the consequence
modulated by association of the substrate with the enzymeof oxidation-state change at centers remote from the active
or when the electron flux achieved during catalysis is site and normally considered electron relay stations. In each
sufficient to tune out slower, redox-linked chemical or case, they have provided fresh mechanistic insights into the
conformational eventsl( 2). The result is a dependence of enzymes under investigation.
the catalytic rate on electrochemical potential that informs  We recently employed PFV to complement structural and
on the mechanisms and regulation of redox enzyme activity. more conventional time-resolved studiesssicherichia coli

Protein film voltammetry (PF\})provides a ready resolu-  cytochrome ¢ nitrite reductase 15, 16). This enzyme
tion of enzyme activity across the electrochemical potential catalyzes the six-electron reduction of nitrite to ammonium
(Km ~ 26 uM) within a homodimeric structure containing
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potentials has a position dependent on substrate concentration

influence enzyme activity through modulation of the affinity
for inhibitors (12, 18). Cyanide and azide are known

[ :\} and so is unlikely to arise from reduction of hemes 4 and 5.
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inhibitors of cytochromec nitrite reductase, but little
information about their mechanism(s) of inhibition is avail-
able (19, 20). Here we use PFV to visualize and define the
contrasting mechanisms employed by these inhibitors and
at the same time shed greater light on the operation of a key
N-cycle enzyme.

EXPERIMENTAL PROCEDURES

Cytochromec nitrite reductase (NrfA) was purified from
E. colias described previously and stored as aliquots in liquid
nitrogen (L6). Samples had a specific activity of 150fol

B 1 of nitrite consumed mint mg* (keat = 7930 electrons 8
L P S PR U monomer?) in 50 mM Hepes and 2 mM Cag(pH 7.0)

-06 -03 0.0 0.3 using dithionite-reduced methyl viologen as the electron
E (V) vs SHE donor. Concentrations of the air-equilibrated enzyiad

— i H 1
FiGuRE 1: E. coli cytochromec nitrite reductase. (A) Structure of Azsgl— 2.5) were determined using @, of 497 650 M

the enzyme with the hemes of one monomer numbered accordingCMm (16).

to the order in which their CxxC binding motifs occur in the amino All chemicals were of Analar quality or better. Solutions
acid sequence. (B) Steady-state catalytic waveforms displayed by, are prepared in water with a resistivity 8f18 MQ cm

films of cytochromec nitrite reductase in 1, 20, and 1281 nitrite . .
at pH 7, with a scan rate of 30 mV*5and electrode rotation rate (Purelab Maxima, ELGA). A buffer/electrolyte solution

of 3000 rpm. The waveforms have been normalized to emphasizeComposed of 50 mM Hepes and 2 mM CaQiH 7.0) was
their different features; the final relative magnitudes of current at used for all experiments and the preparation of stock

—0.6 V are 1, 11.6, and 21.7 for 1, 20, and 12B! nitrite, solutions unless stated otherwise. A fresh NaNgibck
respectively. The same information is portrayed as derivative plots solution was prepared each day by dissolution of the
(di/dE) in Figure 3 of refil5. . ) . .
appropriate mass in the ice-cold buffer/electrolyte solution.
requires the application of potentials well below the NO  Solutions of the desired azide concentration were prepared
NH;* couple Enz = 340 mV) (Figure 1B). A further by dilution o a 5 M NaN; stock solution. A KCN stock
increase in the driving force for the reaction being catalyzed solution was prepared by dissolution in water and the cyanide
leads to attenuation of the nitrite-limited turnover rate but concentration determined to be 490 mM by titration against
boosts the rate of turnover under enzyme-limited conditions. Silver nitrate @1). The stock solution was diluted in the
The nitrite-limited waveform is rationalized by correlation ~buffer/electrolyte solution to provide cyanide solutions of
with reduction potentials defined by potentiometric titration the desired concentration. Measurement of the solution pH
of the enzyme monitored by electron paramagnetic resonanceédefore experimentation and after removal from the electro-
(EPR) spectroscopylb, 16). Activity is initiated by reduction chemical cell confirmed that the pH was 7.0. Replacement
of the heme 1,3 paiff,7= —103 mV,n=2). Heme 1 has  0of NaNG, with KNO; produced no detectable change in the
axial ligands provided by a lysine side chain and water results.
(hydroxide), with the latter ligand being displaced when  Voltammetry was performed using a three-electrode cell
nitrite binds to the enzymelf). Heme 3 has bishistidine  configuration with the sample chamber thermostated at 25
axial ligation, and its porphyrin ring lies parallel to that of °C (11). The Ag/AgCI reference electrode was used (satu-
heme 1, placing the porphyrin rings within 4.5 A at the point rated KCI), and the counter electrode a platinum wire. The
of closest approach. The attenuation of activity at lower cell was housed in a Faraday cage inside a nitrogen-filled
potentials correlates with the reduction of bishistidine- anaerobic chamber (atmospheric @vel of <5 ppm).
coordinated hemes 4 and 5 that lie near the dimer interfacelmmediately prior to each experiment, the pyrolytic graphite
(for each centerEn7 ~ —323 mV). It remains to be  edge (PGE) working electrode (3 mm diameter) was polished
established whether this reduction has an adverse effect orwith an aqueous 0.2m alumina slurry, sonicated, rinsed,
a conformational or electronic contribution to catalysis. There and dried with a tissue. An ice-cold AL aliquot of 0.65
is no evidence that the oxidation state of the bishistidine- «M nitrite reductase in 2 mM Caghand 50 mM Hepes (pH
coordinated heme X, ; ~ —37 mV) has an effect on nitrite ~ 7.0) was placed on the electrode for ca. 10 s; excess solution
reductase activity. was removed, and the electrode was immediately placed into
At higher nitrite concentrations, the low-potential attenu- the electrochemical cell. Electrode rotation was achieved with
ation is “tuned out”. The process that gives rise to it is too an EG&G model 306 rotator. Voltammetry and chrono-
slow to engage under conditions of rapid substrate associatioramperometry were performed with an AutolabPGSTAT 30
with the enzyme. The boost of activity that emerges at lower instrument under the control of GPES software. All potentials
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are reported relative to the standard hydrogen electrode

aN

(SHE) following addition of 0.197 V to the experimental A 0 Frle)%] e
potential. T ///,/ /

Control experiments performed with freshly polished ol 100C /|
“pbare” PGE electrodes in solutions composed of the nitrite, z ] / “
cyanide, or azide concentrations described in this work S 4l 20 = \«;“‘//
produced baselines with no evidence of Faradaic current. A s |
small but reproducible increase in the charging current was 3

noted when experiments were performed with the enzyme
film in place. To compensate for this effect, the charging
current of the appropriate baseline was scaled to match that il I i sy
of the voltammogram with the film in place prior to baseline
subtraction. Values oOE., were obtained from the position

\V4

of the appropriate peak in a plot of the first derivative of the 09 -06 -03 00 03
catalytic current versus applied potential. E(V) vs SHE

For a given inhibitor concentration, the catalytic parameters B
Ky andVinax (imay) Were determined from a single film poised 5 [NaNif"}M)
at—403 mV. Following each addition of nitrite, the electrode 3 4 e
was rotated at various speeds to allow the current at infinite :i—; " ‘ //// :./ T
rotation rate i(,) to be obtained through a Koutecky gz’ [ e
Levich analysis 15). Where instability of the film neces- 2 o 7;4%13/-‘/”' 0
sitated, values of;,, were corrected for a first-order loss of 2 2000 0 s wiew

signal intensity with time (i.e., for the uninhibited response, [Nitrite] (1M)
for all azide concentrations, and for cyanide concentrations
of <1 uM). Comparison of the response from each film
under standard conditions (204 nitrite without inhibitor)
was used to account for slight film-to-film variation in the
signal magnitude. Hanes plots of the resulting data allowed
values ofKy andVmaxto be defined through a linear fit using
Microcal Origin.

Spectrophotometric assays of nitrite reductase activity were 0 2w m
performed anaerobically in cuvettes containing 1 mM methyl aMs] (mM)

. . . 2 . ° FGURE2: Azide inhibition ofE. coli cytochrome nitrite reductase.
viologen and appropriate concentrations of nitrite and inhibi- (A) Cyclic voltammograms from an enzyme film in 204 nitrite

tor in 3 mL of buffer/electrolyte solution. Dithionite was and the indicated azide concentrations).(Voltammogram at a
added to give a stable absorbance of 2 at 600 nm and thebare electrode in 2@M nitrite (- - -). Other conditions: 50 mM
reaction initiated by the addition of 0.3@) of enzyme. Rates ~ Hepes, 2 mM CaGJ pH 7.0, 25°C, scan rate of 30 mV-3, and

2000

E, (mV)vs SHE )
2

W,

: . : electrode rotation rate of 3000 rpm. (B) Hanes plot for nitrite
O]]: Tgt?g(l)vll\(/):?gen_?xﬂatlon W?re calculated usmgegbh d reduction by a film poised at403 mV in 0, 10, 25, 50, and 100
0 cm %, Hanes plots were constructed and mm azide. (C) Variation ofE.y with azide concentration for
analyzed as described above. catalysis in 2QuM nitrite. (—) Best fit to eq 1 with the following:
RESULTS K = 39 uM, K§ = 17.6 mM, andEY,, = —152.5 mV.

At 30 mV st with an electrode rotation rate of 3000 rpm, The simplest mechanism for reversible inhibition of
PFV of cytochrome nitrite reductase in 28M nitrite shows cytochromec nitrite reductase involves rapid, reversible
a peak of activity at—=290 mV (Figure 2A). Under these binding of the inhibitor as the distal ligand to heme 1 with
conditions, the catalytic currents of the forward and reverse an affinity that is independent of enzyme oxidation state. In
scans overlay, experience minimal limitation from substrate this scenario, inhibition is competitive and the catalytic wave
mass transport, and reflect steady-state turnd®r Enzyme at each inhibitor concentration is simply determined by the
activity is diminished by the introduction of millimolar amount and catalytic properties of active, i.e., uninhibited,
concentrations of sodium azide (Figure 2A) or micromolar enzyme. As the concentration of such an inhibitor increases,
concentrations of potassium cyanide (Figure 3), in agreementthe magnitude of the catalytic wave will decrease in direct
with the previously reported potencies of these inhibitors proportion to the population of the active enzyme. The
(19). Interestingly, the catalytic wave shapes are also changedcatalytic properties of the active enzyme are not changed
by the presence of the inhibitors. Azide induces a displace- by the presence of an inhibitor, so the shape and position of
ment of the peak of activity toward more negative potentials features within the catalytic wave are independent of inhibitor
(Figure 2A). Cyanide induces dramatic and distinct changes concentration.
to the activity-potential profiles of the forward and reverse Voltammetry with neither azide- nor cyanide-inhibited
sweeps (Figure 3). However, both azide and cyanide inhibi- films of cytochromec nitrite reductase conforms to the
tion are fully reversible. Returning the films to solutions of behavior described above. The implications for the mecha-
20 uM nitrite restores the wave shape to that of the nism of inhibition in each case are discussed separately
uninhibited enzyme, and the catalytic current magnitudes below.
return to within 90% of those seen prior to exposure to the  Azide Inhibition of Nitrite Reductas&teady-state volta-
inhibitors. mmograms are observed in the presence of azide, showing



Inhibition of Nitrite Reductase Biochemistry, Vol. 43, No. 47, 200415089

2e- NO,-
O <=——» R<—— RINO, — O + product

N Ko N KR=KE Ny- KM
~39uM ~15mM ~39mM

z 2e
2 O:Ny RiN; R:NO, Ny
]
| v—i | |
] . v

Defined by ;

E..,vs [N,] Defined by

i VS [Ny 1and [NO,]

Ficure 4: Thermodynamic description of azide bindingEocoli
cytochromec nitrite reductase derived from protein film voltam-
metry. O and R represent the enzyme with the heme 1,3 pair
oxidized and reduced, respectively.
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respectively. The electron stoichiometny) quals 2, and

FiIGURE3: Cyclic voltammograms from a film d&. coli cytochrome R, T, andF have their usual meanings. Variationi with

¢ nitrite reductase in 2«M nitrite and the indicated cyanide

azide concentration in 20M nitrite is described well by eq

concentrations. Second cyclic voltammogram recorded after scan-1 with aKdO of 39+ 10uM and aK? of 174+ 5 mM (Figure

ning was initiated at 0.3 V under the stated condition$. (Third
cyclic voltammogram in 2.8M cyanide @), where arrows indicate

2C). Similar dissociation constants were obtained from

the scan direction. Voltammogram recorded at a bare electrode in€XPeriments performed with lower nitrite concentrations
20 uM nitrite (-++). All other conditions were as described in the =~ supporting the assumptions implicit in the use of eq 1 in the
legend of Figure 2A. present context, namely, th&t,; experiences a negligible

. _ o o _ influence of the feature describing the attenuation of activity
that there is rapid equilibration of the inhibitor with the at Jower potentials and reflects the reduction potential of the
enzyme (Figure 2A). Catalytic current magnitudes quantitated heme 1,3 pair at the nitrite concentrations used in these
at —403 mV for a range of azide and nitrite concentrations experiments.

as described in Experimental Procedures are presented as a 1,
Hanes plot in Figure 2B. The decrease in apparent maximuMyjon, of £, and .., respectively with azide concentration,
velocity (Vyi2) and the increase in the apparent Michaelis jngicates their reflection of the same equilibrium. The
constant Ki™) as the azide concentration is increased are resulting thermodynamic description of the azide inhibition
typical of mixed inhibition where the affinity of the inhibitor  of cytochromec nitrite reductase is illustrated in Figure 4.
for the Michaelis complex is weaker than for the enzyme. Since product is only generated from enzyme to which azide
Following the Cornisk-Bowden method, plots df;y7Vih is not bound, the persistence of the attenuation of activity at
and VPP against azide concentration were found to be lower potentials in the presence of azide is explained. The
linear, yielding aK§ of 11 + 8 mM and aK' of 39 + 8 “foot” of the attenuation is independent of azide concentra-
mM as the dissociation constants for azide binding to the tion as indicated by the vertical line in Figure 2A because it
enzyme and Michaelis complex, respectived?)( reflects the reduction potential of hemes 4 and 5 in the

In addition to the inhibition of activity induced by the uninhibited enzyme. The width of the attenuation feature
presence of azide, it is apparent that lower potentials mustdecreases as the azide concentration is increased since it is
be applied to “turn on” nitrite reductase activity by reduction increasingly eclipsed by the displacement of the feature that
of the heme 1,3 pair (Figure 2A). Quantitation of this feature describes the onset of activity.
shows that its steepness is insensitive to changes in azide Cyanide Inhibition of Nitrite Reductas®oltammetry at
concentration despite displacement of the potenEgl)(at 30 mV s tin the presence of cyanide produces inequivalent
its steepest point (Figure 2C). Thus, azide has a highercurrent-potential profiles for the forward and reverse
affinity for the enzyme when the heme 1,3 pair is oxidized sweeps, toward more negative and more positive potentials,
than when the heme 1,3 pair is reduced but does not alterrespectively (Figure 3). Most significantly, a peak of activity
the cooperativity of electron transfer at these centers. on the forward sweep is absent from the return.

Reversible binding of azide to nitrite reductase can be Comparison of the voltammetry in 0 and 2:81 cyanide
described by a four-species square scheme based around theuggests the explanation. These voltammograms, recorded
reversible two-electron reduction of the heme 1,3 pair (Figure with the same enzyme film, exhibit similar catalytic currents
4). CorrelatingEc, with the apparent reduction potential of as catalysis is initiated on the forward scan. Only when the
the heme 1,3 pair gives potential drops below ca—200 mV does inhibition of
activity in the cyanide solution become apparent. Activity
then remains at an inhibited level until all detectable signs
of catalysis are lost upon returning to most positive potentials
on the reverse sweep. Allowing cyclic voltammetry to
continue in the cyanide-containing solution produces exactly
cat IS the operating potential of the enzyme in the the same activitypotential profile (Figure 3, symbols). The
absence of azide, [N] is the azide concentration, arf film regainsits activity at positive potentials, and inhibition
and K" are the dissociation constants for azide binding to is triggered once again by exposure to lower potentials.
the enzyme with the heme 1,3 pair oxidized and reduced, Cyanide has a lower affinity for oxidized than for more

e similarity betweerk? and K§, derived from varia-

RT [1+ N3 I/Kg
Eca= Egat+ nF —,.,0 1)
1+ [N, VKS

where E°
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reduced states of cytochromgenitrite reductase. At higher
cyanide concentrations, the extent of inhibition is greater and
so is the rate of inhibition, the peak describing cyanide
binding to the enzyme becoming smaller and displaced
toward more positive potentials.

— 00
/m
None of the voltammograms recorded in the presence of
cyanide provide evidence for an increase in activity upon 11 00
. ” . R SmVs
sweeping toward more positive potentials that would indicate
release of cyanide during this part of the voltammogram.
The activity—potential profiles of the reverse sweeps must
reflect catalysis frontyanide-bound enzymehis profile is
distinct from that of the uninhibited enzyme; most notably,
. L A 200
the attenuation of activity at low potential is absent, and so 30mV s
the rate-defining events of catalysis in these two forms of
the enzyme must also be distinct. That addition of sufficiently
high cyanide concentrations (ca. #M) leads to the
complete loss of the catalytic response (not shown) indicates
the presence of a second, lower-affinity site for cyanide 200
association with the enzyme that when fully occupied results 50mV s
in complete inhibition of activity.
Confirmation and further elucidation of the two modes To.5uA
for cyanide binding to, and inhibition of, nitrite reductase
are provided by a steady-state analysis. Lowering the scan
rate to 1 mV s! produces essentially superimposable B - 00

activity—potential profiles for the forward and reverse 50mV st
sweeps, showing that steady-state turnover can be achieved

in a reasonable time frame (Figure 5). Hanes plots derived Tosua
from films poised at-403 mV, i.e., in experiments with an

infinitely slow scan rate, are illustrated in Figure 6A. 06 03 0.0 03
Introduction of up to 2«M cyanide results in noncompetitive E (V) vs SHE

Cb PP app i - ;
inhibition; at ca. 30uM, Vi decreases bufy™ remains  Fgure5: Scan rate dependence of the cyclic voltammetry with a
constant. A further increase in the cyanide concentration film of E. coli cytochromec nitrite reductase in 22M nitrite and

continues to diminisig>, but this is now accompanied by 4/3'\/' KCN. d(A) l?ase|ine-.Slébtfézched(é/)Ol\t/arl?mogra{ms, scar& rati%S.t
: s Leapp : and sweep directions as indicated. oltammetry carried out a
an increase inKy™ to ca. 150uM. The low catalytic 0 mV s! with a second scan initiated by reversing the sweep

currents introduce some uncertainty into the analysis at thedirection at—100 mV. Other experimental conditions were as
higher cyanide concentrations but suggests noncompetitivedescribed in the legend of Figure 2A.
inhibition may also accompany binding of the second cyanide

molec_ule. : . adduct under conditions where it is most informatively
A simple mechanism that combines the steady-state and;ompared to that of the uninhibited enzyme. Voltammetry
dynamic descriptions of nitrite reductase inhibition by ¢ gcan rates from 1 to 50 msproduces the same catalytic
cyanide is presented in Figure 6B. Cyanide binds with higher ¢, rrent at—600 mV, reporting full equilibration of cyanide
affinity to a reduced form of the enzyme, R, than 10 itS ity the enzyme by this point in each scan (Figure 5A).
oxidized state; given the potential window in which this Changing the scan direction atl50 mV on the reverse
process occurs, it is likely that it is triggered by reduction sweep confirms that the monocyano complex persists

of the heme 1,3 pair. The monocyano complex retains nitrite throughout the reverse sweeps of voltammetry at 30 and 50
reductase activity, and its affinity for cyanide is not altered [,/ 51 (see, for example, Figure 5B).

by formation of the Michaelis complex. Inspection of the 5 comparison between the activitpotential profiles

reverse sweeps from voltammetry at 30 mV* sluring during nitrite-limited turnover of the monocyano complex

titration of cyanide into solutions with a fixed nitrite 54 the uninhibited enzyme is depicted in Figure 7. Under
concentration indicates that the dissociation constant for these conditions, the features within the activipotential

binding of the first cyanide molecule to the reduced enzyme profile of the uninhibited enzyme are well separated and
(K&" = K§") is on the order 0f-0.5xM (see the Support-  correlate with the reduction potentials of specific heme
ing Information). Occupation of the second cyanide-binding centers {5). Activity from the uninhibited enzyme is turned
site leads to formation of a biscyano complex that lacks nitrite on by cooperative two-electron reduction of the heme 1,3
reductase activity. Inhibition of the monocyano complex in pair ‘while the corresponding feature in the wave from the
this way is suggested to be noncompetitik§i= Ky'* ~ 8 monocyano complex is centered eri27 mV and has the
uM). width expected for a one-electron process. Thus, the lower
The monocyano complex predominates when the enzymeturnover number of the monocyano complex appears to be
is reduced in the presence of-2 uM cyanide. This can be  a consequence of an uncoupling of the electron transfer
used together with the variable time scale accessible to PFVcooperativity between hemes 1 and 3. The boost of activity
to define the activity-potential profile of the monocyano displayed on further reduction of the monocyano complex
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Z Nitrite Concentration (uM) 0.0 ——— . 4B
B NO, | bare electrode
R <«=——» RINO; — O +product =
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NO,- =) protein film +2 uM KCN
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Ficure 6: Cyanide inhibition ofE. coli cytochromec nitrite Time (seconds)
reductase. (A) Hanes plot of the nitrite reductase activity of an _
enzyme film poised at-403 mV in 0, 0.5, 1, 2, 4, 8, 10, and 20 § 100.0 C
#M KCN; all other conditions were as described in the legend of = ' et R
Figure 2A. Symbols represent experimental data and lines linear £  80.0 g
fits to the data, with broken and solid lines used for clarity. The 5
inset shows the detail around the origin with symbols removed for 60.0 . .
clarity. (B) Schematic correlation of the mechanism of cyanide & 400 increasing
inhibition and the voltammetric response from the uninhibited = ’ [NOz-]
enzyme and the monocyano adduct. R and O represent reduced % 20.0
and oxidized forms of the enzyme, respectively. See the text for Z 0.0 .
details. 30 40 50 60 70

Current (uA)

0.0 03
E (V) vs SHE

Ficure 7: Nitrite-limited cyclic voltammetry with a film oE. coli
cytochromec nitrite reductase. Steady-state catalytic waveform of
the uninhibited enzymeX) and Nernst plot for whictn = 2 and

En, = —105 mV (). Catalytic waveform from cyanide-bound
nitrite reductase®@) and Nernst plot for whicm = 1 andE,
—127 mV (- - -). Experiments were performed i nitrite with

the indicated concentration of KCN and all other conditions as
described in the legend of Figure 2A. The currepbtential profile

of the cyanide-bound enzyme is a “reverse sweep” at 30 mV s
See the text for details.

-09 -06 -03

is centered or-248 mV, a potential positive of the reduction
potentials for hemes 4 and 5 in the uninhibited enzyme
(Figure 7). Since the potentials of hemes in the cyanide-
complexed enzyme have not been defined, the origin of this
boost is difficult to assess.

Time (seconds)

Ficure 8: Deconvolution of time- and potential-dependent phe-
nomena in the interaction of cyanide with films &. coli
cytochromec nitrite reductase. (A) Typical baseline-subtracted
voltammogram in 2«M KCN and 20uM NO,~, with a scan rate

of 30 mV sL. The arrows indicate the potentials applied during
chronoamperometry. (B) Chronoamperometry ini®0nitrite from

a nitrite reductase film-{) with cyanide as indicated and a bare
electrode {++). (C) Normalized changes in the catalytic current from
a nitrite reductase film after application of a step from 297853
mV in 2 uM KCN and 5, 10, 20, 40, 80, and 16@M nitrite.
Experiments were performed with electrode rotation at 3000 rpm;
other conditions were as described in the legend of Figure 2A.

Finally, we return to consider the activitpotential
profiles of the forward sweeps at scan rates=& mV s
(Figures 5 and 8A). We have already seen that the peak of
activity describes cyanide inhibition as the enzyme is taken
from oxidized to more reduced states. Another reproducible
observation is that certain combinations of scan rate and
nitrite and cyanide concentration produce a window of
potential in which the activity on the forward sweepaser
than that on the return to more positive potentials. The
immediate product of cyanide association with nitrite reduc-
tase is transformed to a more active (less inhibited) form as
the voltammetric sweep continues. A fuller interpretation of
these aspects of voltammetry requires definition of any
influence from cyanide mass transport limitations and that
the effects of potential and time be resolved independently.

Limitation from cyanide mass transport can in principle
be detected as a sensitivity of the catalytic waveshape to
changes of electrode rotation rate. In this case, such an
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analysis is complicated because the voltammetry in nitrite as the enzyme slowly returns to the less active form that
alone shows a marked dependence on rotation rate betweepredominates at the higher potential. The rates of these
0 and 3000 rpm X5). However, the catalytic reduction of transformations appear to be independent of cyanide con-
hydroxylamine, an alternative substrate for the enzyiae ( centration (data not shown) so rearrangement of, or within,
~ 127 mM), viewed by PFV is relatively insensitive to the cyanide-inhibited enzyme is the most likely explanation.
electrode rotation rate. At 30 mV'’5 cyanide inhibition of

the hydroxylamine reductase activity is slow, reversible, and DISCUSSION

triggered by reduction of the enzyme as described here for
nitrite reduction 23). The peak of hydroxylamine reductase
activity recorded on the forward sweep with an electrode
rotation at 3000 rpm is reproduced at 200 rpm. Since the
cyanide concentrations required to inhibit nitrite and hy-
droxylamine activities are comparable, the voltammetry
reported here will be free from limitation by cyanide mass

The interactions of cyanide and azide with cytochrame
nitrite reductase illustrate the complexity that can be associ-
ated with inhibitor binding to redox enzymes. PFV readily
captures and deconvolves this complexity through its impact
on the catalytic properties of the enzyme. In this particular
case, the contrasting actions of two inhibitors have been

transport. Thus, while these experiments performed at SOOOflearlytr.eSOBIEd art1_d m?]dels Sccountmg ftO:j the key vol-
rpm experience slight limitation from nitrite mass transport, amme r|<? 0 .serva lons have -een presgn ed.

they can be considered to provide a fare reflection of the The azide-induced perturbations f coli cytochromec
rates of processes that would be observed at infinitely fast Nitrite reductase activity can be rationalized against the azide-

rotation speeds and so to reflect the relative rates of processe§ound structure of the homologous enzyme fidfolinella
intrinsic to the enzyme film. succinogene20). Azide is bound to residues lining the

Resolution of the potential and time domains, intimately €ntrance to the active site, and water remains as the distal
convoluted in cyclic voltammetry, was achieved by chro- Ilgqnd to heme 1. It was sugges_ted that bmdlng of azide and
noamperometry as the potential was stepped 287 to nitrite would be mutually exclusive for steric reasons. In the
—353 mV and then te-653 mV before returning te-353 case of theE. coli enzyme, azide and nitrite bind simulta-
mV (Figure 8A). With a bare electrode placed in 2 neously when the heme 1,3 pair is reduced. That azide binds
nitrite, a transient current due to charging of the electrode More tightly to the enzyme in the absence of nitrite is
electrolyte interface follows each potential step (Figure 8B, consistentwith their binding in proximity to one another and
dashed line). With a film of nitrite reductase in place, these Most likely in positions similar to those occupied by each
transients are superimposed on much larger changes ofnolecule inisolation17, 20). Certainly, retention of azide
current magnitude that report an essentially immediate in the roof of the active site could prevent product egress
change in enzyme activity in response to each change inffom the nitrite- and azide-bound enzyme, leading to its
potential. The relative current magnitudes reflect the steady- Complete inhibition. The increased affinity of azide for the
state activity of the uninhibited enzyme under these condi- €nZyme upon oxidation of the heme 1,3 pair may reflect an
tions (see, for example, Figure 3). The slow decrease inincrease in positive charge within the active site pocket.
catalytic current magnitude is consistent with the decrease In contrast to azide, cyanide binds more tightly to the
in signal magnitude noted during continuous cyclic vol- e€nzyme when the heme 1,3 pair is reduced. Two other
tammetry (5). enzymes that function as nitrite reductases share this property,

Introduction of 2uM cyanide results in smaller catalytic ~Paracoccus pantotrophusytochromecd; nitrite reductase
currents whose relative steady-state magnitudes are consister@gnd E. coli siro-heme sulfite reductas@g, 26). Crystal
with those in steady-state voltammetry for these conditions structures of these enzymes show that cyanide binds as the
(not shown but comparable to that in Figure 5A). There is a distal ligand to the reduced active site heme. It is unlikely
marked increase in the stability of the steady-state responsghat cyanide binds in an equivalent way to cytochrome
as compared to that of the uninhibited enzyme and as notednitrite reductase since it is not a competitive inhibitor of the
in cyclic voltammetry (Figure 3). More interestingly, a slow €enzyme.

approach to steady-state turnover follogeehpotential step Where then does cyanide bind? Given that the rate of
as described below. cyanide inhibition decreases as the nitrite concentration is

When the potential was stepped from 297853 mV, increased, the site of cyanide binding should be accessed
the time to reach steady-state turnover reflectsitkr@nsi- through the substrate-binding pocket or the channels that lead

cally slow rate of cyanide association with a reduced enzyme. to it from the protein surface2(, 24). Cyanide could bind
This rate increases as the cyanide concentration is raised buait the top of the substrate-binding pocket in a manner
decrease§ the nitrite concentration is increased (Figure 8C). analogous to that of azide, although it is difficult to
Thus, there i&ineticcompetition between cyanide and nitrite  rationalize how this mechanism would lead to uncoupling
for association with the enzyme, and it is likely that cyanide of electron transfer at the heme 1,3 pair. Alternatively,
binds in the active site or one of the channels that provide cyanide could bind in the vicinity of the active site, pushing
access to it from the external solutio®Q( 24). amino acid side chains into the substrate binding pocket and
The step from-353 to—653 mV is followed by a gradual ~ perhaps causing them to ligate the distal face of heme 1.
increasein catalytic current that reports a gain of activity There is also precedent for exogenous molecules to bind to
upon exposure to the lower potential (Figure 8B). Thus, heme proteins by displacing proteinaceous axial ligands, and
transformation of the first formed cyanide adduct to a more cyanide could feasibly become an axial ligand to any one of
active form is an intrinsically slow procegssggered by hemes 15 through a similar proces&7, 28). The confor-
exposure of the enzyme to more negative potentials. Uponmational and electronic changes that are likely to accompany
returning to—353 mV, the current stabilizes to a lower level these alternative modes of cyanide binding could readily
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account for the uncoupling of electron transfer at the heme the exquisite redox-driven chemistries of redox enzymes.
1,3 pair and inactivation of the mechanism by which Experiments are now underway to define the crystal structure
reduction of hemes 4 and 5 attenuates activity. A cyanide- of reduced, cyanide-bound nitrite reductase and so provide
induced conformational change could explain the slow ratesa structural framework for further elucidation of the func-
of cyanide equilibration with the enzyme and the enhanced tional properties defined here by PFV.
voltammetric stability of the cyanide-complexed enzyme.

It may be significant that cyanide inhibition ditrosomo- ~ CONCLUSIONS
nas europaedydroxylamine oxidoreductase (HAO) is also
noncompetitive 29). HAO is an octaheme protein in which
the arrangement of hemes-8 overlays that of hemes-5
in cytochromec nitrite reductase despite little conservation
of other structural feature2@, 30). Heme 4 (P460) provides

PFV has revealed the contrasting interactions of cyanide
and azide with cytochrome nitrite reductase. The affinity
for each molecule is critically dependent on enzyme oxida-
tion state, although in opposing manners. The mechanisms

the site of hydroxylamine binding and transformation and of ir!hibiti.on employgd_ by. ggch molecu]g are also distinc't,
10 be five- dinate with histidi ial ligand but in r_1e|ther case is |nh_|b|t_|on competitive. Spectrospoplc_:
appears to be five-coordinate with istidin€ as an axial 19and .o, tion of such chemistries presents a challenge in this
in the .abs?Ece 02 si:Jbstrg\Fe..dThe.f_um_que SFr)fCtrosc.gp'Cmulti—heme enzyme, but they are readily captured and
E.rog.emes.to eme t‘."‘ O\ftvr? t'ts' ent |cat:pn azt N cyg_nldet- resolved by PFV through simultaneous definition of enzyme
Inding site, suggesting that exogenous ligands can bin Oactivity across the electrochemical potential and time do-
both faces of this heme. Analogy with HAO would have :
. ; : . ~ mains.
cyanide displacing Lys from the proximal face of heme 1 in
cytochrome ¢ nitrite reductase. This need not lead t0 ACKNOWLEDGMENT
complete inactivation of activity since tHe. coli enzyme
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indicate that histidine is the natural ligand to heme 1 of and nitrite reductase interactions by PFV, Prof. Jeff Cole
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cyanide to nitrite reductase, the result is two inequivalent
sites for cyanide binding to, and inhibition of, the enzyme. SUPPORTING INFORMATION AVAILABLE

Occupation of the higher-affinity site leads to partial Cyclic voltammograms at 30 mV/in solutions of 1 and
noncompetitive inhibition. Occupation of the lower-affinity 10 4M nitrite containing 0, 0.5, 1.5, and 38V cyanide
s!te leads to complete ir_1hi.bition. These two cyanide—binding and Hanes plots for cyaniae a’nd a,zide inhibition of nitrite
sites may be located within a monomer. Alternatively, they roctase using dithionite-reduced methyl viologen as the
may represent binding of a single cyanide to each monomer g acron donor. This material is available free of charge via
within the dimer. In this scenario, the first cyanide would ., |nternet at http://pubs.acs.org.

bind and completely inhibit the activity of one monomer.
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