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ABSTRACT: Among the enzymes that catalyze the oxidative denitrification of nitroalkanes to carbonyl
compounds, 2-nitropropane dioxygenase is the only one known to effectively utilize both the neutral and
anionic (nitronate) forms of the substrate. A recent study has established that the catalytic pathway is
common to both types of substrates, except for the initial removal of a proton from theR carbon of the
neutral substrates [Francis, K., Russell, B., and Gadda, G. (2005)J. Biol. Chem. 280, 5195-5204]. In the
present study, the mechanistic properties of the enzyme have been investigated with solvent viscosity,
pH, and kinetic isotope effects. With nitroethane or ethylnitronate, thekcat/Km and kcat values were
independent of solvent viscosity, consistent with the substrate and product binding to the enzyme in rapid
equilibrium. The abstraction of the proton from theR carbon of neutral substrates was investigated by
measuring the pH dependence of theD(kcat/KNE) value with 1,1-[2H2]-nitroethane. The formation of the
enzyme-bound flavosemiquinone formed during catalysis was examined by determining the pH dependence
of the kcat/Km values with ethylnitronate and nitroethane and the inhibition bym-nitrobenzoate. Finally,
R-secondary kinetic isotope effects with 1-[2H]-ethylnitronate were used to propose a non-oxidative
tautomerization pathway, in which the enzyme catalyzes the interconversion of nitroalkanes between their
anionic and neutral forms. The data presented suggest that enzymatic turnover of 2-nitropropane dioxygenase
with neutral substrates is limited by the cleavage of the substrate CH bond at low pH, whereas that with
anionic substrates is limited by the non-oxidative tautomerization of ethylnitroante to nitroethane at high
pH.

2-Nitropropane dioxygenase (E.C. 1.13.11.32) fromNeu-
rospora crassais a flavin mononucleotide (FMN)-dependent
enzyme that catalyzes the oxidative denitrification of ni-
troalkanes to their corresponding carbonyl compounds and

nitrite (1).1 Among the enzymes that are known to oxidize
nitroalkanes, which comprise nitroalkane oxidase, horseradish
peroxidase,D-amino acid oxidase, glucose oxidase, and
propionate-3-nitronate oxidase (2-6), 2-nitropropane dioxy-
genase is unique in that it can effectively utilize both the
neutral and anionic nitronate forms of the substrate (Scheme
1) (7). The study of the biochemical and mechanistic
properties of 2-nitropropane dioxygenase is of considerable
interest for both applied and fundamental reasons. In
industrial applications, nitroalkanes are widely used as
synthetic intermediates (8, 9); however, many are anticipated
to be toxic or carcinogenic (10-15). The enzymatic oxidation
of nitroalkanes into less toxic species can therefore be
exploited in bioremediation applications. From a fundamental
standpoint, 2-nitropropane dioxygenase is the only reported
flavin-dependent enzyme in which a transient anionic fla-
vosemiquinone species has been observed in catalysis (1).
Consequently, the enzyme serves well as a model system to
understand the reactivity of anionic flavosemiquinones in the
enzymatic catalysis of flavoproteins.

The crystal structure of 2-nitropropane dioxygenase from
Pseudomonas aeruginosahas been recently solved both for
the free enzyme and the enzyme in complex with 2-nitro-
propane (16). A conserved histidine is located in the active
site of the bacterial enzyme near theR carbon of 2-nitro-
propane and has been proposed to act as the catalytic base
for the oxidation of neutral nitroalkanes. In the enzyme from
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1 As pointed out by one of the reviewers, the mechanistic data

presented in this and a previous study (1) suggest that 2-nitropropane
dioxygenase may be a misnomer for the nitroalkane-oxidizing enzyme
from N. crassa, because the reaction mechanism is not a dioxygenase
reaction and the enzyme is not the most specific for 2-nitropropane
(1). In contrast, the available evidence suggest that the enzyme, which
has broad substrate specificity (1), catalyzes a monooxygenase reaction
in which a single oxygen atom from molecular oxygen is incorporated
into the organic product of the reaction, suggesting that the enzyme
may be properly named as nitroalkane monooxygenase. However, as
pointed out by the same reviewer, it is not even proven to be a
monooxygenase, because this would require isotopic-labeling experi-
ments showing that the aldehyde oxygen atom incorporated in the
product of the reaction originates from molecular oxygen, which might
not be conclusive because of the expected rapid exchange of the
aldehyde oxygen with the solvent as a result of hydration-dehydration
equilibrium. For these reasons, we prefer to refer to the enzyme with
its official IUBMB name, 2-nitropropane dioxygenase.
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N. crassa, this conserved residue is His196, which likely
plays a similar role in the yeast enzyme.

The steady-state kinetic mechanism of 2-nitropropane
dioxygenase has been recently elucidated with both the
neutral and anionic forms of nitroethane, nitrobutane, nitro-
hexane, and 2-nitropropane (1). With nitronates as the
substrate (Scheme 2), the formation of the enzyme-substrate
complex (1) is followed by the transfer of a single electron
from the organic substrate to the enzyme-bound flavin (2),
yielding an anionic flavosemiquinone species (E-FMNsq-
S‚). Molecular oxygen then reacts with the E-FMNsq-S‚

complex to oxidize the flavosemiquinone (3), resulting in
the formation of the product of the reaction, which is
subsequently released from the enzyme (4). Catalysis with
nitroalkane substrates (Scheme 3) is initiated by an enzyme-
catalyzed proton abstraction from the substrateR carbon (2)
to yield an enzyme-bound alkyl nitronate. This species is
then oxidized through the same pathway described above.
In the present study, solvent viscosity, pH, and deuterium
kinetic isotope effects with neutral and anionic nitroethane
(ethylnitronate) as the substrate have been used to gain further
insights into the mechanism of nitroalkane oxidation cata-
lyzed by 2-nitropropane dioxygenase and the kinetic steps
that limit enzymatic turnover with neutral and anionic
substrates. A non-oxidative tautomerization pathway, in
which the enzyme converts the substrate from its anionic to
neutral forms, is proposed on the basis of measurements of
R-secondary kinetic isotope effects at saturating oxygen
concentrations.

MATERIALS AND METHODS

Materials. 2-Nitropropane dioxygenase was obtained
through the expression and purification protocols described

previously (1). Nitroethane, 1,1-[2H2]-nitroethane, andm-
nitrobenzoic acid were from Sigma-Aldrich. All other
reagents were of the highest purity commercially available.

Methods.Enzyme activity was measured with the method
of initial rates (17) in air-saturated buffer containing 1%
ethanol, by monitoring the rate of oxygen consumption with
a computer interfaced Oxy-32 oxygen-monitoring system
(Hansatech Instrument Ltd.), equipped with a water bath
thermostated at 30°C. The enzyme concentration was
expressed per enzyme-bound FMN content, using anε444 nm

value of 11 850 M-1 cm-1 (1), and ranged from 0.02 to 3.9
µM. Stock solutions of nitroethane were prepared in 100%
ethanol. The nitronate form of the substrate was prepared
through a reaction of the nitroalkane with a 1.2 molar excess
of potassium hydroxide for 24 h at room temperature. To
minimize changes in the ionization state of the nitroalkane,
enzymatic assays were initiated by the addition of the
substrate to the assay reaction mixture.2 When both the
organic substrate and oxygen were varied, the assay mixtures
were equilibrated with the appropriate O2/N2 gas mixture
by bubbling the gas for at least 10 min, before the reaction
was started with the addition of the enzyme and the organic
substrate. Substrate concentrations ranged from 0.5 to 10
mM. When the pH was varied, 50 mM sodium pyrophos-
phate was used as a buffer between pH 5.5 and 10.
Deuterium substrate kinetic isotope effects were determined
using 1,1-[2H2]-nitroethane in air-saturated buffers or 1-[2H]-
ethylnitronate at varying concentrations of both the organic
substrate and oxygen. Activity assays were carried out by
alternating substrate isoptomers, andD(kcat/Km) values were
calculated from the ratio of the kinetic parameter obtained
with the unlabeled substrate to that with the labeled substrate.
The effect of solvent viscosity on the kinetic parameters of
the enzyme was determined in 50 mM sodium pyrophosphate
at pH 10 with nitroethane and at pH 6.5 with ethylnitronate
using glycerol as viscosigen. The relative viscosities at 30
°C were calculated from the values at 20°C reported by
Lide (18).

The reductive half-reaction of 2-nitropropane dioxygenase
with ethylnitronate as the substrate was monitored using a
Hi-Tech SF-61 stopped-flow spectrophotometer thermostated
at 30 °C. The rate of flavin reduction was measured by
monitoring the increase in absorbance at 370 nm that results
from anaerobic mixing of the enzyme with the substrate at
pH 8.5. A∼28 µM solution of 2-nitropropane dioxygenase
was loaded into a tonometer and was made anaerobic by a
25 cycle treatment of vacuuming and flushing with oxygen-
free argon (pretreated with an oxygen-scrubbing cartridge,
Agilent, Palo Alto, CA). The anaerobic enzyme solution was
then mounted onto the stopped-flow instrument, which had
been pretreated with an oxygen-scrubbing system composed
of 5 mM glucose and 450 units of glucose oxidase.
Ethylnitronate was prepared in water and was made anaerobic
by flushing with oxygen-free argon for at least 20 min before
mounting onto the stopped-flow spectrophotometer. 2-Ni-

2 The second-order rate constant for deprotonation of nitroethane
has a value of 6 M-1 s-1 (23), ensuring that in assays initiated with the
neutral nitroalkane a negligible amount of anionic substrate is present
during the time required to determine initial rates (typically∼30 s).
Similarly, the second-order rate constant for protonation of ethylnitr-
onate is 15 M-1 s-1 (31), ensuring a negligible amount of neutral
substrate in assays initiated with fully unprotonated alkyl nitronates.

Scheme 1 Ionization of Nitroethane (Left) To Yield
Ethylnitronate (Right) in Solution

Scheme 2: Minimal Steady-State Kinetic Mechanism with
Nitronates as the Substratea

a E, enzyme; FMNox, oxidized flavin; FMNsq, flavin semiquinone;
S-, anionic form of nitroalkane; S‚, radical form of nitroalkane; P1 and
P2, organic product of the reaction and nitrite.

Scheme 3: Minimal Steady-State Kinetic Mechanism with
Nitroalkanes as the Substratea

a E, enzyme; FMNox, oxidized flavin; FMNsq, flavin semiquinone;
S, neutral form of nitroalkane; S-, anionic form of nitroalkane; S‚,
radical form of nitroalkane; P1 and P2, organic product of the reaction
and nitrite.
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tropropane dioxygenase was mixed anaerobically with an
equal volume of substrate to give a reaction mixture
containing∼14 µM enzyme and 2-50 mM ethylnitronate.
For each concentration of substrate, traces were recorded in
triplicate and the average value is reported (measurements
typically differed bye5%).

Data Analysis.Steady-state kinetic data were fit with
KaleidaGraph software (Synergy Software, Reading, PA) or
Enzfitter software (Biosoft, Cambridge, U.K.). Kinetic
parameters determined under atmospheric oxygen were
obtained by fitting the data to the Michaelis-Menten
equation for one substrate. When the saturation of 2-nitro-
propane dioxygenase with the organic substrate was not
attained, the data were fit with eq 1

wherekcat/Ka is the second-order rate constant for the reaction
with the organic substrate,A is the concentration of the
organic substrate, ande is the concentration of the enzyme.
When initial rates were determined by varying the concentra-
tions of both the nitroalkane substrate and oxygen, the kinetic
data were fit to eq 2

which describes a sequential steady-state kinetic mechanism.
The dissociation constant (Kis) for the inhibition of 2-nitro-
propane dioxygenase bym-nitrobenzoate with respect to
ethylnitronate as the substrate was determined by fitting the
data with eq 3

which describes a competitive inhibition pattern, whereI is
the concentration of the inhibitor. The pH dependence of
the steady-state kinetic parameters was determined by fitting
initial rate data to eq 4

which describes a bell-shaped curve with a slope of+1 at
low pH and a slope of-1 at high pH, whereC is the pH-
independent value of the kinetic parameter of interest. The
pH dependence of theD(kcat/Km) values were determined by
fitting the data with eq 5

which describes a curve with plateau regions at both high
and low pH.YL andYH are the limiting values at low and
high pH, respectively, andKa is the dissociation constant

for the ionizable groups. The pH dependence ofm-nitroben-
zoate inhibition with respect to ethylnitronate as the substrate
was determined by fitting the data with eq 6

which describes a curve with a slope of-1 and a plateau
region at low pH. The viscosity effects on the kinetic
parameters of the enzyme with nitroethane or ethylnitronate
as the substrate were fit to eq 7

where (k)o and (k)η are the kinetic parameters of interest
determined in the absence and presence of viscosigen,
respectively,S is the degree of viscosity dependence, and
ηrel is the relative viscosity. Stopped-flow traces were fit with
eq 8

which describes a single-exponential process, wherekobs is
the first-order rate constant for flavin reduction,t is time,At

is the absorbance at timet, andA is the final absorbance.
Pre-steady-state kinetic parameters were determined using
eq 9

wherekobs is the observed rate of flavin reduction,kred is the
limiting rate of flavin reduction at saturating substrate
concentrations,Kd is the dissociation constant, andS is the
concentration of the substrate.

RESULTS

ReductiVe Half-Reaction with Ethylnitronate as the Sub-
strate for 2-Nitropropane Dioxygenase. An anionic fla-
vosemiquinone was previously observed during both static
mixing and turnover reactions of 2-nitropropane dioxygenase
with either ethylnitronate or nitroethane as the substrate and
was proposed to react with oxygen to generate superoxide
(1). An alternative possibility is that the flavosemiquinone
and the resulting substrate radical react to generate a flavin
N(5) adduct, similar to that seen in nitroalkane oxidase (19).
To test for this possibility, the reductive half-reaction of
2-nitropropane dioxygenase with ethylnitronate as the sub-
strate was monitored at pH 8.5 and 30°C, because a flavin
N(5) adduct with typical absorbance in the 320-360 nm
region of the absorbance spectrum would be formed in the
absence of oxygen. As shown in Figure 1A, anaerobic mixing
of the enzyme with the substrate rapidly generated an anionic
flavosemiquinone with peaks centered at 370 and 473 nm.
A plot of kobs versus the substrate concentration showed
hyperbolic behavior with a limiting rate of flavin reduction
(kred) of ∼380 s-1 and aKd for ethylnitronate binding of∼40
mM. Under the same conditions, thekcat value with ethylni-
tronate was∼70 s-1, establishing the transient anionic
flavosemiquinone as a catalytically relevant species. As
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shown in Figure 1B, the flavosemiquinone was slowly
reduced to the hydroquinone form over>900 s, clearly
indicating that this reaction does not occur in the normal
catalytic pathway for ethylnitronate oxidation.3 Thus, the
oxidation of nitroalkanes catalyzed by 2-nitropropane di-
oxygenase occurs with a mechanism that is unique from that
of nitroalkane oxidase.

Km Values for Oxygen at pH 6 and 9.Recent steady-state
kinetic studies of 2-nitropropane dioxygenase showed that
the enzyme reacts with oxygen before the release of the
organic product of the reaction, withKm values for oxygen
below 5µM with either nitroethane or ethylnitronate at pH
8 and 30°C (1). As a first step toward the investigation of
the pH effects on theD(kcat/Km) values with nitroethane and
ethylnitronate, theKm values for oxygen with these substrates
were determined here at pH 6 and 9, by measuring initial
rates of the reaction at varying concentrations of both oxygen
and the organic substrate. As summarized in Table 1, at both
of these pH values, theKm values for oxygen determined
with nitroethane were at or below 10µM, allowing for fairly
good approximations of thekcat/Km andkcat values with the
neutral substrate to be obtained under atmospheric conditions

in the pH range from 6 to 9.4 In contrast, when ethylnitronate
was used as the substrate, aKm value for oxygen of∼45
µM was determined at pH 9 (Table 1). Consequently, while
the D(kcat/Km) values with nitroethane could be determined
at atmospheric oxygen, those with ethylnitronate had to be
determined at varying concentrations of both the organic
substrate and oxygen to avoid artifactual contributions arising
from the lack of oxygen saturation on the enzyme.

pH Dependence of theD(kcat/Km) Value with 1,1-[2H2]-
Nitroethane.The effect of pH on theD(kcat/KNE) value5 with
1,1-[2H2]-nitroethane as the substrate for 2-nitropropane
dioxygenase was determined in air-saturated buffer in the
pH range from 5.5 to 10 at 30°C. As shown in Figure 2A,
theD(kcat/KNE) value decreased from an upper limiting value
of 7.4 ( 0.3 at low pH to a lower limiting value of 3.5(
0.1 at high pH, consistent with the isotope-sensitive step in
which the neutral organic substrate is enzymatically depro-
tonated, being partially masked by other kinetic steps
belonging to the second-order rate constantkcat/Km (20).
Consistent with previous results showing the requirement for
both an unprotonated and a protonated amino acid residue
in the oxidation of neutral substrates catalyzed by 2-nitro-
propane dioxygenase (1), the pH profiles of thekcat/KNE

values were bell-shaped with both the light and heavy
substrates (Figure 3A). The pKa values for the unprotonated
and protonated groups required for catalysis were 7.2( 0.1
and g9.36 with nitroethane and 7.5( 0.1 andg9.3 with
1,1-[2H2]-nitroethane, respectively.

pH Dependence of theD(kcat/Km) Value with 1-[2H]-
Ethylnitronate.In a recent mechanistic study at atmospheric
oxygen, aD(kcat/KENate) value of∼0.76 was determined with
1-[2H]-ethylnitronate as the substrate for 2-nitropropane
dioxygenase at pH 8 and 30°C (1). Such an inverse kinetic
isotope effect was assigned to the kinetic step in which
superoxide reacts with the nitroalkane radical in the enzyme
active site to form peroxynitroethane. In the present study,
we have expanded that initial observation by measuring
kinetic isotope effects at varying concentrations of both
1-[2H]-ethylnitronate and oxygen as substrates for 2-nitro-
propane dioxygenase in the pH range from 6.5 to 9.5 at 30
°C. As shown in Figure 2B, theD(kcat/KENate) values with
1-[2H]-ethylnitronate as the substrate decreased from an upper
limiting value of 0.97( 0.04 at low pH to a lower limiting
value of 0.63( 0.06 at high pH. The pKa values seen in the

3 The turnover number of 2-nitropropane dioxygenase with ethylni-
tronate as the substrate at pH 8.5 and 30°C is 70 s-1. For the
hydroquinone to be a catalytically relevant species, it would have to
form at least 63 000 times in 900 s, clearly establishing that the flavin
hydroquinone species or a flavin N(5) adduct with similar spectroscopic
properties is not formed during the reductive half-reaction of 2-nitro-
propane dioxygenase.

4 The solubility of oxygen in aqueous solution at 30°C is ∼230
µM, a value which is 23 times larger than the upper limiting value of
10 µM, experimentally determined for theKm value for oxygen with
nitroethane as the substrate for the enzyme between pH 6 and 9. This
ensures that in atmospheric oxygen 2-nitropropane dioxygenase is at
least 96% saturated with oxygen when nitroethane is used as the
substrate.

5 Saturation of 2-nitropropane dioxygenase with nitroethane, 1,1-
[2H2]-nitroethane, ethylnitronate, or 1-[2H]-ethylnitronate as the substrate
was not attained across the entire pH range tested. Consequently, the
pH dependence of theDkcat,NE and Dkcat,ENate values could not be
determined.

6 Instability of the enzyme at pH values above 10 prevented an
accurate determination of the kinetic parameters at high pH. While the
available kinetic data clearly indicate the presence of a group that needs
to be unprotonated for catalysis with nitroethane and 1,1-[2H2]-
nitroethane as the substrate, with a pKa value of 9.3 or higher, the lack
of kinetic data above pH 10 did not allow for an accurate determination
of the pKa value for the group that must be protonated for catalysis.

FIGURE 1: Reductive half-reaction of 2-nitropropane dioxygenase
with ethylnitronate as the substrate. (A) UV-vis absorbance spectra
of 2-nitropropane dioxygenase in its oxidized, semiquinone, and
hydroquinone forms, observed in the stopped-flow spectrophotom-
eter. An anaerobic solution of 2-nitropropane dioxygenase was
mixed with either 50 mM sodium pyrophosphate (Eox) or 100 mM
ethylnitronate to give a final concentration of enzyme of∼14 µM
and a substrate concentration of 50 mM. Spectra were recorded 1
s (Esq) and 78 min (Ered) after mixing at pH 8.5 and 30°C. (Inset)
Rate of flavin reduction versus the concentration of ethylnitronate.
2-Nitropropane dioxygenase (14µM) was mixed anaerobically with
4-100 mM ethylnitronate in 50 mM sodium pyrophosphate at pH
8.5 and 30°C, and the absorbance changes at 370 nm were recorded
over time. Data were fit with eq 9. (B) Representative trace showing
the absorbance at 370 nm versus time, obtained with 50 mM
ethylnitronate. Note the log scale on the time axis and the difference
scales on the absorbance axis in the two panels.
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pH profiles of kcat/KENate with ethylnitronate and 1-[2H]-
ethylnitronate were 7.8( 0.2 and 8.0( 0.2, respectively,
for an amino acid group that needs to be protonated for
catalysis (Figure 3B).

SolVent Viscosity Effects.The effects of solvent viscosity
on the kinetic parameters of 2-nitropropane dioxygenase with
nitroethane as the substrate were determined at pH 10, to
establish whether the decreasedD(kcat/KNE) value at this pH
was the result of slow substrate binding. As shown in Figure
4, increasing the viscosity of the reaction mixture had no
effect on the kinetic parameters with nitroethane. Similarly,
no effects of solvent viscosity were observed on the
normalizedkcat/Km andkcat values with ethylnitronate at pH
6.5 (Figure 4), at whichD(kcat/KENate) values near unity were
observed with this substrate. Table 2 summarizes the effects
of solvent viscosity on the kinetic parameters of the enzyme.

pH Dependence of m-Nitrobenzoate Inhibition. A survey
of a number of compounds established thatm-nitrobenzoate
was a competitive inhibitor with respect to ethylnitronate as
the substrate for 2-nitropropane dioxygenase (Figure 5A),
with a Kis value of 9( 1 mM at pH 7.4 and 30°C. To
establish a thermodynamic pKa for a group within the active
site of the enzyme (20), the pH dependence of the inhibition
by m-nitrobenzoate was determined at atmospheric oxygen
with ethylnitronate at 30°C. As shown in Figure 5B, a plot
of Kis versus pH revealed a pKa of 7.6 ( 0.1 for a group
that needs to be protonated for inhibition.

DISCUSSION

The mechanistic data presented in this study, along with
the results of a recent kinetic investigation (1), are consistent
with 2-nitropropane dioxygenase being a catalyst for both
the oxidative denitrification of nitroalkanes and nitronates
to the corresponding carbonyl compounds and for the non-
oxidative tautomerization between their anionic and neutral
forms. In the oxidative denitrification pathway with nitro-
ethane as the substrate (Scheme 4), after the formation of
an oxidized enzyme-nitroalkane complex (k1), catalysis is
initiated by the removal of a proton from the substrateR
carbon by an active-site base (k3), which is likely His196
based on the crystal structure of the enzyme fromP.
aeruginosa(16), yielding an enzyme-bound alkyl nitronate.
After partial reduction of the enzyme-bound flavin through
a single-electron transfer from the alkyl nitronate (k5), the
resulting anionic flavosemiquinone reacts with molecular
oxygen to form a superoxide anion. The resulting superoxide
anion then reacts with the nitro radical to yield a nitroper-
oxide anion species, which will simultaneously or perhaps
subsequently be protonated in an acid-catalyzed reaction (k9).
The resulting peroxynitroethane is then released from the
active site of the enzyme (k11) and undergoes a nucleophilic

Table 1: Steady-State Kinetic Parameters for 2-Nitropropane Dioxygenase at pH 6, 8, and 9a

pH
kcat

(s-1)
Ka

b

(mM)
kcat/Km

(M-1 s-1)
KO2

b

(µM)
kcat/KO2

(µM-1s-1)
Kia

(mM) R2

Ethylnitronate
6 130( 3 5.1( 0.2 25 400( 1400 20( 2 6.2( 0.6 0.8( 0.4 0.990

8c 57 ( 1 3.4( 0.1 16 900( 30 e5 g11 19( 1 0.998
9 25( 1 9.5( 0.3 2500( 100 45( 2 5.3( 0.2 9.4( 0.6 0.988

Nitroethane
6 ndd ndd 40 ( 3 10( 3 3.2( 0.9 50( 20 0.998

8c 11 ( 1 19( 1 560( 10 e5 g2 11( 1 0.998
9 4.9( 0.1 13( 1 375( 40 e5 g1 40( 5 0.998

a Enzyme activity was measured at varying concentrations of both the organic substrate and oxygen in 50 mM Tris-Cl at 30°C. Data were fit
to eq 1.b Ka is the Michaelis constant for the organic substrate, andKO2 is the Michaelis constant for oxygen.c From ref 1.d Not determined
because the saturation of the enzyme was not achieved.

FIGURE 2: pH dependence of the kinetic isotope effects onkcat/
KNE andkcat/KENate. (A) pH dependence on the overall kinetic isotope
effect with 1,1-[2H2]-nitroethane as the substrate. (B) pH dependence
of theR-secondary kinetic isotope effect with 1-[2H]-ethylnitronate
as the substrate. Kinetic isotope effects were calculated by taking
the ratio ofkcat/Km obtained for the unlabeled substrate to that of
the labeled substrate at 30°C. The data were fit with eq 5.

FIGURE 3: pH dependence ofkcat/Km with either nitroethane or
ethylnitronate as the substrate. (A) pH dependence ofkcat/KNE with
either nitroethane or 1,1-[2H2]-nitroethane as the substrate. Enzy-
matic activity was measured in air-saturated 50 mM sodium
pyrophosphate in the pH range of 5.75-10 at varying concentrations
of either nitroethane (b) or 1,1-[2H2]-nitroethane (O) at 30°C. (B)
pH dependence ofkcat/KENatewith either ethylnitronate (1) or 1-[2H]-
ethylnitronate (4) as the substrate. Enzymatic activity was measured
at varying concentrations of both ethylnitronate and oxygen in 50
mM sodium pyrophosphate in the pH range of 6.5-9.5 at 30°C.
Data were fit with eqs 4 and 6 for nitroethane and ethylnitronate,
respectively.
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attack, presumably in a nonenzymatic fashion, yielding nitrite
and acetaldehyde. The oxidative pathway with ethylnitronate
as the substrate proceeds in a similar fashion as that with
nitroethane, except that the initial proton abstraction step is

excluded. In the non-oxidative tautomerization pathway with
ethylnitronate, after the formation of the enzyme-substrate
complex (k13), the enzyme-bound anionic substrate is pro-
tonated in the active site of the enzyme to form nitroethane
(k4), which is then released to the solvent (k2). A similar
nitro-aci tautomerization probably occurs with nitroethane,
in which, after the formation of the oxidized enzyme-
nitroethane Michaelis complex (k1) and the subsequent
deprotonation of the neutral substrate (k3), the resulting
ethylnitronate dissociates from the active site of the enzyme
(k14) completing the catalytic cycle.7 In the branched mech-
anisms of Scheme 4, thekcat/Km values for nitroethane and
ethylnitronate when the enzyme is saturated with oxygen are
given by eqs 10 and 11, respectively.

Evidence supporting the oxidative denitrification pathways
with nitroethane and ethylnitronate was reported previously

7 While tautomerization of ethylnitronate to nitroethane is supported
by the observed inverseR-secondary kinetic isotope effects on thekcat/
Km value with 1-[2H]-ethylnitronate at high pH and at saturating
concentration of oxygen (see the main text), no direct evidence is
available to support a similar tautomerization reaction when nitroethane
is the substrate for the enzyme. However, given the observation that
ethylnitronate binds to the enzyme in rapid equilibrium and the structural
similarity between ethylnitronate and nitroethane, it is assumed here
that a similar tautomerization reaction from nitroethane to ethylnitronate
probably occurs with nitroethane as the substrate. In this respect, all
of the conclusions concerning rate-limiting steps during turnover of
the enzyme that are drawn in the present study from pH and kinetic
isotope effects hold true irrespective of whether the enzyme catalyzes
the tautomerization reaction with nitroethane as the substrate. Indeed,
in the absence of the tautomerization reaction, the external forward
commitment to catalysis with nitroethane, which equalsk3/k2, is also
negligible becausek2 >> k3 (see the main text).

FIGURE 4: Solvent viscosity effects on the kinetic parameters of
2-nitropropane dioxygenase. (A) Effect onkcat/KNE with nitroethane
as the substrate at pH 10. (B) Effect onkcat,NE with nitroethane as
the substrate at pH 10. (C) Effect onkcat/KENatewith ethylnitronate
as the substrate at pH 6.5. (D) Effect onkcat,ENatewith ethylnitronate
as the substrate at pH 6.5. The solid lines are fits of the experimental
data with eq 7. The dashed lines represent a case in which the
reaction is diffusion-controlled. The values of the relative viscosity
at 30°C were calculated from the values at 20°C reported by Lide
(18). Enzymatic activity was measured in 50 mM sodium pyro-
phosphate at 30°C.

Table 2: Solvent Viscosity Effects on the Kinetic Parameters of
2-Nitropropane Dioxygenasea

kinetic
parameter substrate

viscosity effect
(%)b

standard error
(%)

kcat nitroethane 0.0 0.3
kcat/Km nitroethane 0.1 0.6
kcat ethylnitronate 2.3 0.4
kcat/Km ethylnitronate -0.4 0.2

a Enzymatic activity was measured in 50 mM sodium pyrophosphate
in the absence and presence of glycerol at pH 10 (nitroethane) or pH
6.5 (ethylnitronate) at 30°C. b Percent increase of the kinetic parameter
in the absence of viscosigen per increase in the relative viscosity. The
data were fit with eq 7.

FIGURE 5: Inhibition of 2-nitropropane dioxygenase bym-nitroben-
zoate with respect to ethylnitronate as the substrate. (A) Enzymatic
activity was measured in air-saturated 50 mM potassium phosphate
at pH 6 and 30°C by varying concentrations of ethylnitronate in
the presence of 0 mM (b), 38 mM (O), and 100 mM (9)
m-nitrobenzoate. The data were fit with eq 3. (B) pH dependence
of m-nitrobenzoate inhibition. The data were fit to eq 6.

kcat

KNE
)

k1k3k5

k2(k4 + k14)
(10)

kcat

KENate
)

k5k13

k4 + k14
(11)
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under conditions of anatmospheric concentration of oxygen
(1) and is substantiated by the results presented in this study
at a saturating concentration of oxygen. Briefly, an enzymic
catalytic base with a pKa of ∼7.5 was observed in the pH
profiles of thekcat/Km and kcat values with nitroethane and
nitrobutane but not in the pH profiles with their correspond-
ing alkyl nitronates (1). The formation of an anionic
flavosemiquinone that subsequently reacts with oxygen was
suggested by enzyme-monitored turnover experiments with
ethylnitronate and static anaerobic reductions of the enzyme
with nitroethane or ethylnitronate (1). This conclusion is
further supported by the stopped-flow data on the reductive
half-reaction with ethylnitronate presented in this study,
showing that the anionic flavosemiquinone forms during
catalysis upon a single-electron transfer from the enzyme-
bound anionic nitronate. The participation of a protonated
group in the formation of a superoxide anion was suggested
by pH profiles of thekcat/Km andkcat valuesat subsaturating
concentrations of oxygenwith nitroethane, nitrobutane,
ethylnitronate, and butyl-1-nitronate, showing the require-
ment for a protonated group for catalysis (1). The formation
of a superoxide was suggested by the effect of superoxide
dismutase on the rate of oxygen consumption when propyl
nitronates were used as the substrate (1).8 Finally, the radical

recombination between the superoxide and nitroalkane
radicals to form peroxynitroethane was suggested by an
inverseR-secondary kinetic isotope effect of∼0.76 on the
kcat/Km value, with 1-[2H]-ethylnitronate as the substrate
determined at pH 8 andatmospheric oxygen, which was
interpreted as resulting from the change in the hybridization
of the R carbon of the nitroalkane radical from sp2 to sp3

(1).
Evidence supporting the tautomerization pathway with

ethylnitronate comes from the results presented in this study,
showing an inverseR-secondary kinetic isotope effect on
thekcat/Km value with 1-[2H]-ethylnitronate at high pH and,
most importantly, at asaturating concentration of oxygen.
The latter condition results in the kinetic stepk5 being
irreversible, because the radical pair formed by the fla-
vosemiquinone and the nitroalkane radical does not ac-
cumulate at saturating oxygen. Consequently, the subsequent
formation of peroxynitroethane cannot contribute to thekcat/
Km value (21) when the enzyme is saturated with oxygen,
ruling out the assignment of the inverseR-secondary kinetic

8 The addition of superoxide dismutase to enzymatic assays of
2-nitropropane dioxygenase with nitroethane or ethylnitronate as the
substrate had no effect on the observed rate of oxygen consumption
(1), consistent with the superoxide anion not being released from the
enzyme with these substrates.

Scheme 4: Catalytic Mechanism of 2-Nitropropane Dioxygenase with Either Nitroethane or Ethylnitronate as the Substrate
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isotope effect onkcat/Km to this step. In the oxidative pathway
with ethylnitronate, there are no other kinetic steps involving
a change in the hybridization of the substrateR carbon from
sp2 to sp3, suggesting that the observed inverseR-secondary
kinetic isotope effect must arise from the conversion of
ethylnitronate to nitroethane within the active site of the
enzyme. In this respect, 2-nitropropane dioxygenase is similar
to another FMN-dependent enzyme, old yellow enzyme,
which was previously shown to catalyze a non-oxidative
tautomerization of nitroalkanes in the NADPH-linked reduc-
tion of nitro-olefins (22).

In the reactions catalyzed by 2-nitropropane dioxygenase,
substrate binding and product release occur in rapid equi-
librium, as suggested by the lack of solvent viscosity effects
on the kinetic parameters with nitroethane or ethylnitronate
as the substrate. Indeed, the lack of viscosity effects on the
kcat/KNE and kcat/KENate values suggests that dissociation of
the substrate from the oxidized enzyme-substrate complex
is significantly faster than the rate of chemical steps occurring
within enzyme-substrate complexes belonging tokcat/Km,
i.e., thatk2 and k14 are significantly larger thank3 and k5

with nitroethane and ethylnitronate, respectively. This es-
tablishes these substrates as nonsticky (20), with the impor-
tant mechanistic implication that any observed decrease in
the primary andR-secondary kinetic isotope effects on the
kcat/Km values with nitroethane and ethylnitronate must
necessarily be ascribed to some chemical steps occurring
within enzyme-substrate complexes that contribute tokcat/
Km rather than to substrate binding (Vide infra). Similarly,
the lack of solvent viscosity effects on thekcat values with
nitroethane and ethylnitronate establishes the products of the
reactions of oxidation and tautomerization with these sub-
strates as nonsticky (20).

Removal of the proton from theR carbon of nitroethane
(k3) is fully rate-limiting for catalysis at low pH, but it is
kinetically masked at high pH by the reverse commitment
to catalysis (Cr(3)), which reflects the net flux of the enzyme-
bound intermediates through the reverse of the kinetic step
k3. Evidence supporting this conclusion comes from the pH
dependence of theD(kcat/KNE) value with 1,1-[2H2]-nitroethane
as the substrate, which decreases between limiting values
with increasing pH. The magnitude of the limitingD(kcat/
KNE) value at low pH, with a value of∼7.4 that agrees fairly
well with the reported value of∼8.5 for the kinetic isotope
effect for deprotonation of nitroethane in solution (23), is
consistent with cleavage of the CH bond of nitroethane being
fully rate-limiting for catalysis at low pH. The limitingD-
(kcat/KNE) value of∼3.5 seen at high pH implies that some
kinetic steps belonging tokcat/KNE other than CH bond
cleavage become partially rate limiting with increasing pH
(20). The lack of solvent viscosity effects on thekcat/KNE

value with nitroethane at pH 10 suggests that nitroethane
binding occurs in rapid equilibrium, i.e., withk2 >> k3.
Similarly, the lack of solvent viscosity effects on thekcat,NE

value is consistent with release of the ethylnitronate, possibly
formed in the tautomerization reaction of nitroethane occur-
ring in rapid equilibrium, i.e., withk14 >> k3. These data
immediately rule out an external forward commitment to
catalysis because of substrate binding, which, with nitroet-
hane, is given byk3/(k2 + k14), as being responsible for the
decreasedD(kcat/KNE) value (20). This, in turn, will abate any

internal forward commitment to catalysis possibly arising
from k5 >> k4. Thus, as illustrated in eq 12

the decrease in theD(kcat/KNE) value at high pH must
necessarily arise from an increase in theCr(3) value.
Consistent with this conclusion, a∼0.3 pH units increase
of the apparent pKa value was seen in thekcat/KNE pH profiles
for the group that acts as a base upon substituting nitroethane
with 1,1-[2H2]-nitroethane. This is the expected result because
substitution of nitroethane with a slower substrate such as
1,1-[2H2]-nitroethane, for which CD bond cleavage is∼7.5
times slower than CH bond cleavage, will (at least partially)
abate the perturbation of the kinetic pKa value for the base
seen in thekcat/KNE pH profiles, as illustrated in eq 13 (20).

The formation of the anionic flavosemiquinone (k5) is
facilitated by a protonated group in the active site of the
enzyme with a pKa value of∼7.6 that acts as an electrostatic
catalyst, as suggested by the pH profiles of thekcat/KENate

values andm-nitrobenzoate inhibition. Because pKa values
determined with competitive inhibitors reflect true equilib-
rium dissociation constants (20), the observation that the pKa

value of ∼7.8 seen in thekcat/KENate pH profile is not
significantly different from the pKa value of∼7.6 observed
with the competitive inhibitorm-nitrobenzoate establishes
the latter value as the thermodynamic pKa value for the
active-site group that needs to be protonated for catalysis.
The recent elucidation of the three-dimensional structure of
2-nitropropane dioxygenase fromP. aeruginosashows that
the only ionizable group in the active site of the enzyme is
a histidine residue (16), corresponding to His196 of the
enzyme fromN. crassa. Thus, it is likely that the pKa value
seen in the pH profiles is that of His196.

With ethylnitronate, the non-oxidative tautomerization of
the anionic substrate to nitroethane (via the stepsk13, k4, and
k2) is fully rate-limiting at high pH, but it is kinetically
masked by the oxidative pathway at low pH. This conclusion
is supported by the pH dependence of theR-secondary kinetic
isotope effects on thekcat/Km value with 1-[2H]-ethylnitronate
as the substrate, which is assigned to the non-oxidative
conversion of ethylnitronate to nitroethane (k4) when the
enzyme is saturated with oxygen (see above). The inverse
kinetic isotope effect with a limiting value of∼0.6 at high
pH is consistent with the kinetic step in which theR carbon
of ethylnitronate is converted from sp2 to sp3 being slower
than other kinetic steps belonging to the oxidative pathway
with ethylnitronate. This is the expected result because at
high pH the effective concentration of the active-site group
acting as an acid for protonation of ethylnitronate is low,
yielding a significant decrease in the net flux of intermediates
through the kinetic stepk4. As the pH progressively
decreases, theD(kcat/KENate) becomes fully masked by some
other kinetic step(s) belonging to the oxidative pathway that
are included in thekcat/Km value. According to eq 11,kcat/
KENate includes substrate binding (k13), flavin reduction (k5),
and both the tautomerization (k4) and release (k14) of
ethylnitronate. The lack of solvent viscosity effects with

D( kcat

KNE
) )

Dk3 + DEqCr(3)

1 + Cr(3)
(12)

∆pKa ) log(1 + Cr(3)) (13)
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ethylnitronate as the substrate at low pH immediately rules
out substrate binding and release as being slow, suggesting
that the non-oxidative conversion of ethylnitronate to nitro-
ethane is masked by the kinetic step in which an electron is
transferred from the enzyme-bound ethylnitronate to the
flavin (k5).

Multiple catalytic strategies exist for the oxidation of
nitroalkanes by flavin-dependent enzymes as can be seen
from a comparison of 2-nitropropane dioxygenase with the
well-characterized nitroalkane oxidase (for a review, see ref
24). The crystal structures of both enzymes have been
recently solved (16, 25), and a wealth of mechanistic data is
now available (1, 19). Both enzymes initiate the oxidation
of neutral nitroalkanes through a base-catalyzed proton
abstraction from theR carbon of the substrate. Crystal-
lographic data of 2-nitropropane dioxygenase fromP.
aeruginosasuggest that a hisidine, corresponding to His196
in the enzyme fromN. crassa, is the catalytic base (16).
Consistent with this proposed role, upon replacing His196
with alanine, the enzyme completely loses the ability of
oxidizing nitroethane but not ethylnitronate (Belaineh M.,
and Gadda, G., unpublished observations). The corresponding
residue in nitroalkane oxidase is an aspartate residue, which
has been shown to serve as the catalytic base in crystal-
lographic and mutagenesis studies (25-27). Upon generation
of the anionic form of the substrate, the catalytic strategies
employed by the two enzymes diverge. As shown in this
and previous studies (1), the flavin of 2-nitropropane
dioxygenase reacts with the anionic substrate to generate an
anionic flavosemiquinone. On the other hand, nitroalkane
oxidase does not generate an observable flavosemiquinone
but instead forms a flavin N(5) adduct, as evident from
trapping experiments with cyanide (28). Prior to flavin
reduction in 2-nitropropane dioxygenase, a ternary complex
forms between the enzyme, the substrate radical, and oxygen.
Oxygen then reacts with the flavin semiquinone, generating
a superoxide anion that combines with the substrate radical,
generating a peroxynitroalkane species that decays to give
the product. Nitroalkane oxidase does not form a ternary
complex with oxygen as suggested by its ping-pong steady-
state mechanism (29); rather, flavin reduction is followed
by expulsion of nitrite to generate a cationic imine that
undergoes a nucleophilic attack to ultimately generate the
product (19). Thus, the major difference between 2-nitro-
propane dioxygenase and nitroalkane oxidase is the formation
of an observable flavosemiquinone versus a flavin N(5)
adduct.

In conclusion, the results of the steady-state investigation
with solvent, pH, and substrate kinetic isotope effects
presented herein have provided further mechanistic insights
on the chemical mechanism for the oxidation of nitroethane
and ethylnitronate catalyzed by 2-nitropropane dioxygenase.
The enzyme catalyzes both the oxidative denitrification of
nitroalkanes and nitronates to the corresponding carbonyl
compounds and the non-oxidative tautomerization between
their anionic and neutral forms. During enzymatic turnover
with neutral substrates, the rate of oxidative denitrification
of nitroalkanes is limited by the cleavage of the substrate
CH bond at low pH and the formation of flavosemiquinone
at high pH. With anionic substrates, the non-oxidative
protonation of nitronates to yield the corresponding nitroal-
kanes limits enzymatic turnover at high pH. These results

provide a firm groundwork for future mechanistic studies
aimed at the elucidation of the contribution of quantum
mechanical tunneling in the cleavage of the CH bond of
nitroethane and the mechanism of oxygen activation to form
superoxide.

ACKNOWLEDGMENT

The authors thank the referees for their insightful sugges-
tions and helpful comments during the reviewing process.

SUPPORTING INFORMATION AVAILABLE

Derivations of eqs 10 and 11, illustrating thekcat/Km values
for nitroethane and ethylnitronate as the substrate for the
enzyme. This material is available free of charge via the
Internet at http://pubs.acs.org.

REFERENCES

1. Francis, K., Russell, B., and Gadda, G. (2005) Involvement of a
flavosemiquinone in the enzymatic oxidation of nitroalkanes
catalyzed by 2-nitropropane dioxygenase,J. Biol. Chem. 280,
5195-5204.

2. Porter, D. J., Voet, J. G., and Bright, H. J. (1973) Direct evidence
for carbanions and covalent N(5)-flavin-carbanion adducts as
catalytic intermediates in the oxidation of nitroethane byD-amino
acid oxidase,J. Biol. Chem. 248, 4400-4416.

3. Porter, D. J., and Bright, H. J. (1983) The mechanism of oxidation
of nitroalkanes by horseradish peroxidase,J. Biol. Chem. 258,
9913-9924.

4. Porter, D. J., and Bright, H. J. (1977) Mechanism of oxidation of
nitroethane by glucose oxidase,J. Biol. Chem. 252, 4361-4370.

5. Porter, D. J., and Bright, H. J. (1987) Propionate-3-nitronate
oxidase fromPenicillium atroVenetumis a flavoprotein which
initiates the autoxidation of its substrate by O2, J. Biol. Chem.
262, 14428-14434.

6. Gadda, G., and Fitzpatrick, P. F. (1999) Substrate specificity of a
nitroalkane-oxidizing enzyme,Arch. Biochem. Biophys. 363, 309-
313.

7. Gorlatova, N., Tchorzewski, M., Kurihara, T., Soda, K., and Esaki,
N. (1998) Purification, characterization, and mechanism of a flavin
mononucleotide-dependent 2-nitropropane dioxygenase fromNeu-
rospora crassa, Appl. EnViron. Microbiol. 64, 1029-1033.

8. Hanessian, S., and Pham, V. (2000) Catalytic asymmetric conjugate
addition of nitroalkanes to cycloalkenones,Org. Lett. 2, 2975-
2978.

9. Ballini, R., Barboni, L., and Giarlo, G. (2003) Nitroalkanes in
aqueous medium as an efficient and eco-friendly source for the
one-pot synthesis of 1,4-diketones, 1,4-diols,δ-nitroalkanols, and
hydroxytetrahydrofurans,J. Org. Chem. 68, 9173-9176.

10. Fiala, E. S., Czerniak, R., Castonguay, A., Conaway, C. C., and
Rivenson, A. (1987) Assay of 1-nitropropane, 2-nitropropane,
1-azoxypropane and 2-azoxypropane for carcinogenicity by gavage
in Sprague-Dawley rats,Carcinogenesis 8, 1947-1949.

11. Conaway, C. C., Nie, G., Hussain, N. S., and Fiala, E. S. (1991)
Comparison of oxidative damage to rat liver DNA and RNA by
primary nitroalkanes, secondary nitroalkanes, cyclopentanone
oxime, and related compounds,Cancer Res. 51, 3143-3147.

12. Dayal, R., Gescher, A., Harpur, E. S., Pratt, I., and Chipman, J.
K. (1989) Comparison of the hepatotoxicity in mice and the
mutagenicity of three nitroalkanes,Fundam. Appl. Toxicol. 13,
341-348.

13. Lewis, T. R., Ulrich, C. E., and Busey, W. M. (1979) Subchronic
inhalation toxicity of nitromethane and 2-nitropropane.J. EnViron.
Pathol. Toxicol. 2, 233-249.

14. Haas-Jobelius, M., Coulston, F., and Korte, F. (1992) Effects of
short-term inhalation exposure to 1-nitropropane and 2-nitropro-
pane on rat liver enzymes,Ecotoxicol. EnViron. Saf. 23, 253-
259.

15. Sakano, K., Oikawa, S., Murata, M., Hiraku, Y., Kojima, N., and
Kawanishi, S. (2001) Mechanism of metal-mediated DNA damage
induced by metabolites of carcinogenic 2-nitropropane,Mutat. Res.
479, 101-111.

16. Ha, J. Y., Min, J. Y., Lee, S. K., Kim, H. S., Kim do, J., Kim, K.
H., Lee, H. H., Kim, H. K., Yoon, H. J., and Suh, S. W. (2006)

Catalytic Mechanism of 2-Nitropropane Dioxygenase Biochemistry, Vol. 45, No. 46, 200613897



Crystal structure of 2-nitropropane dioxygenase complexed with
FMN and substrate. Identification of the catalytic base,J. Biol.
Chem. 281, 18660-18667.

17. Allison, R. D., and Purich, D. L. (1979) Practical considerations
in the design of initial velocity enzyme rate assays,Methods
Enzymol. 63, 3-22.

18. Lide, D. R. (2000)Handbook of Chemistry and Physics, 6th ed.,
Vol. 2000-2001, CRC Press, Boca Raton, FL.

19. Gadda, G., and Fitzpatrick, P. F. (2000) Mechanism of nitroalkane
oxidase: 2. pH and kinetic isotope effects,Biochemistry 39,
1406-1410.

20. Cleland, W. W. (1982) The use of pH studies to determine
chemical mechanisms of enzyme-catalyzed reactions,Methods
Enzymol. 87, 390-405.

21. Cleland, W. W. (1975) Partition analysis and the concept of net
rate constants as tools in enzyme kinetics,Biochemistry 14, 3220-
3224.

22. Meah, Y., and Massey, V. (2000) Old yellow enzyme: Stepwise
reduction of nitro-olefins and catalysis of aci-nitro tautomerization,
Proc. Natl. Acad. Sci. U.S.A. 97, 10733-10738.

23. Gadda, G., Choe, D. Y., and Fitzpatrick, P. F. (2000) Use of pH
and kinetic isotope effects to dissect the effects of substrate size
on binding and catalysis by nitroalkane oxidase,Arch. Biochem.
Biophys. 382, 138-144.

24. Fitzpatrick, P. F., Orville, A. M., Nagpal, A., and Valley, M. P.
(2005) Nitroalkane oxidase, a carbanion-forming flavoprotein
homologous to acyl-CoA dehydrogenase,Arch. Biochem. Biophys.
433, 157-165.

25. Nagpal, A., Valley, M. P., Fitzpatrick, P. F., and Orville, A. M.
(2006) Crystal structures of nitroalkane oxidase: Insights into the
reaction mechanism from a covalent complex of the flavoenzyme
trapped during turnover,Biochemistry 45, 1138-1150.

26. Valley, M. P., and Fitzpatrick, P. F. (2003) Inactivation of
nitroalkane oxidase upon mutation of the active site base and
rescue with a deprotonated substrate,J. Am. Chem. Soc. 125,
8738-8739.

27. Valley, M. P., and Fitzpatrick, P. F. (2003) Reductive half-reaction
of nitroalkane oxidase: Effect of mutation of the active site
aspartate to glutamate,Biochemistry 42, 5850-5856.

28. Valley, M. P., Tichy, S. E., and Fitzpatrick, P. F. (2005)
Establishing the kinetic competency of the cationic imine inter-
mediate in nitroalkane oxidase,J. Am. Chem. Soc. 127, 2062-
2066.

29. Gadda, G., and Fitzpatrick, P. F. (2000) Iso-mechanism of
nitroalkane oxidase: 1. Inhibition studies and activation by
imidazole,Biochemistry 39, 1400-1405.

30. Valley, M. P., and Fitzpatrick, P. F. (2004) Comparison of
enzymatic and non-enzymatic nitroethane anion formation: Ther-
modynamics and contribution of tunneling,J. Am. Chem. Soc.
126, 6244-6245.

31. Nielsen, A. T. (1969) Nitronic acids and esters, inThe Chemistry
of the Nitro and Nitroso Groups(Feuer, H., Ed.) pp 349-486,
Interscience Publishers, New York.

BI060566L

13898 Biochemistry, Vol. 45, No. 46, 2006 Francis and Gadda


