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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 ¢hebon of the

neutral substrates [Francis, K., Russell, B., and Gadda, G. (Q0@)!. Chem. 2805195-5204]. 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, kthén and kear 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 thecarbon of neutral substrates was investigated by
measuring the pH dependence of thk../Kne) value with 1,1-fH;]-nitroethane. The formation of the
enzyme-bound flavosemiquinone formed during catalysis was examined by determining the pH dependence
of the keaf Kim Values with ethylnitronate and nitroethane and the inhibitiombyitrobenzoate. Finally,
o-secondary kinetic isotope effects with ZH|-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) fideu- nitrite (1).* Among the enzymes that are known to oxidize
rospora crassas a flavin mononucleotide (FMN)-dependent nitroalkanes, which comprise nitroalkane oxidase, horseradish
enzyme that catalyzes the oxidative denitrification of ni- peroxidase,p-amino acid oxidase, glucose oxidase, and
troalkanes to their corresponding carbonyl compounds andpropionate-3-nitronate oxidas2«6), 2-nitropropane dioxy-
genase is unique in that it can effectively utilize both the
o TI\his work was S_UIOrl)%rte_d in partG bé Grar}g PRF 4;?3_6_-A_C4 gom neutral and anionic nitronate forms of the substrate (Scheme
taned amgﬂgﬁpy Im?)rrrg)l\(;gme%(ilel‘:tgn(ctjofrolrn .)C’ieaorgeizegtracte Btr:ie:/t:sc;gityr?tgt b @ .The stugiy of the blqchemlcal gnd meCh.amStIC
G.G.), and a McNair Research Fellowship (to K.F.). properties of 2-nitropropane dioxygenase is of considerable

* To whom correspondence should be addressed: Department ofinterest for both applied and fundamental reasons. In

Chemistry, Georgia State University, P.O. Box 4098, Atlanta, GA in rial lication nitroalkan re widel
30302-4098. Telephone: (404) 651-4737. Fax: (404) e51-1416, Mdustiial applications, nitroalkanes are widely used as

E-mail: ggadda@gsu.edu. synthetic intermediate$(9); however, many are anticipated
* Department of Chemistry. to be toxic or carcinogenid 0—15). The enzymatic oxidation
® Department of Biology. of nitroalkanes into less toxic species can therefore be

'"The Center for Biotechnology and Drug Design. loited in bi diati licati F fund tal
1 As pointed out by one of the reviewers, the mechanistic data EXPIOILEA IN DIoremediation applications. From a fundamenta

presented in this and a previous study fuggest that 2-nitropropane  standpoint, 2-nitropropane dioxygenase is the only reported
dloxygenase may be a misnomer for the nltroalkane-OX|d|Z|ng enzyme ﬂavin_dependent enzyme in which a transient anionic fla-

from N. crassabecause the reaction mechanism is not a dioxygenase P . . .
reaction and the enzyme is not the most specific for 2-nitropropane vosemiquinone species has been observed in catalisis (

(1). In contrast, the available evidence suggest that the enzyme, whichConsequently, the enzyme serves well as a model system to
has broad substrate specificitt) (catalyzes a monooxygenase reaction understand the reactivity of anionic flavosemiquinones in the

in which a single oxygen atom from molecular oxygen is incorporated ; ; ;
into the organic product of the reaction, suggesting that the enzyme enzymatic catalysis of flavoproteins.

may be properly named as nitroalkane monooxygenase. However, as The crystal structure of 2-nitropropane dioxygenase from

pointed out by the same reviewer, it is not even proven to be a pgaydomonas aeruginosas been recently solved both for
monooxygenase, because this would require isotopic-labeling experi-

ments showing that the aldehyde oxygen atom incorporated in the the free enzyme and the enzyme in complex with 2-nitro-
product of the reaction originates from molecular oxygen, which might propane {6). A conserved histidine is located in the active

not be conclusive because of the expected rapid exchange of theg; i -nitro-
aldehyde oxygen with the solvent as a result of hydratidehydration site of the bacterial enzyme near thecarbon of 2-nitro

equilibrium. For these reasons, we prefer to refer to the enzyme with Propane and has been proposed to act as the catalytic base
its official IUBMB name, 2-nitropropane dioxygenase. for the oxidation of neutral nitroalkanes. In the enzyme from

10.1021/bi0605661 CCC: $33.50 © 2006 American Chemical Society
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Scheme 2: Minimal Steady-State Kinetic Mechanism with
Nitronates as the Substrate
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Scheme 3: Minimal Steady-State Kinetic Mechanism with
Nitroalkanes as the Substrate
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aE, enzyme; FMN,, oxidized flavin; FMN,, flavin semiquinone;
S, neutral form of nitroalkane;$ anionic form of nitroalkane; 'S
radical form of nitroalkane; Pand B, organic product of the reaction
and nitrite.

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

Francis and Gadda

previously (). Nitroethane, 1,12H;]-nitroethane, andn
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 (7) 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 30C. The enzyme concentration was
expressed per enzyme-bound FMN content, usingsamnm
value of 11 850 M! cm™* (1), and ranged from 0.02 to 3.9
uM. 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 mixttrdthen both the
organic substrate and oxygen were varied, the assay mixtures
were equilibrated with the appropriate/, 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-fH]-nitroethane in air-saturated buffers or?HJ-
ethylnitronate at varying concentrations of both the organic
substrate and oxygen. Activity assays were carried out by
alternating substrate isoptomers, &il../K,) values were
calculated from the ratio of the kinetic parameter obtained
with the unlabeled substrate to that with the labeled substrate.

dioxygenase has been recently elucidated with both thethe effect of solvent viscosity on the kinetic parameters of

neutral and anionic forms of nitroethane, nitrobutane, nitro-
hexane, and 2-nitropropand)( With nitronates as the
substrate (Scheme 2), the formation of the enzysubstrate
complex () is followed by the transfer of a single electron
from the organic substrate to the enzyme-bound flag@)n (
yielding an anionic flavosemiquinone species-@EVINg—

S). Molecular oxygen then reacts with the-EMNg—S
complex to oxidize the flavosemiquinon8)( resulting in
the formation of the product of the reaction, which is
subsequently released from the enzyre Catalysis with
nitroalkane substrates (Scheme 3) is initiated by an enzyme
catalyzed proton abstraction from the substratarbon )

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 furthe

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 o

a-secondary kinetic isotope effects at saturating oxygen
concentrations.

MATERIALS AND METHODS

Materials. 2-Nitropropane dioxygenase was obtained

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 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 uM 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
fhen 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

tmounting onto the stopped-flow spectrophotometer. 2-Ni-

2The second-order rate constant for deprotonation of nitroethane
has a value of 6 M s7* (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 (typicallg0 s).
Similarly, the second-order rate constant for protonation of ethylnitr-
onate is 15 M?! st (31), ensuring a negligible amount of neutral

through the expression and purification protocols described substrate in assays initiated with fully unprotonated alkyl nitronates.
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tropropane dioxygenase was mixed anaerobically with an for the ionizable groups. The pH dependencenafitroben-
equal volume of substrate to give a reaction mixture zoate inhibition with respect to ethylnitronate as the substrate
containing~14 uM enzyme and 250 mM ethylnitronate. was determined by fitting the data with eq 6

For each concentration of substrate, traces were recorded in

triplicate and the average value is reported (measurements log Y = log _Cc (6)
typically differed by <5%). 14 10 e
Data Analysis.Steady-state kinetic data were fit with 10~PH

KaleidaGraph software (Synergy Software, Reading, PA) or

Enzfitter software (Biosoft, Cambridge, U.K.). Kinetic which describes a curve with a slope efl and a plateau
parameters determined under atmospheric oxygen wereregion at low pH. The viscosity effects on the kinetic
obtained by fitting the data to the MichaelidMenten parameters of the enzyme with nitroethane or ethylnitronate
equation for one substrate. When the saturation of 2-nitro- as the substrate were fit to eq 7

propane dioxygenase with the organic substrate was not

attained, the data were fit with eq 1 Ko
d k_q = S(’?rel - 1) +1 (7)
v_ kc_a‘A (1)
e K, where k), and ), are the kinetic parameters of interest

determined in the absence and presence of viscosigen,
wherek:.{K, is the second-order rate constant for the reaction respectively,S is the degree of viscosity dependence, and
with the organic substrated is the concentration of the el is the relative viscosity. Stopped-flow traces were fit with
organic substrate, arglis the concentration of the enzyme. eq 8
When initial rates were determined by varying the concentra-
tions of both the nitroalkane substrate and oxygen, the kinetic Actal = Ate*k"”ﬁ‘t +A (8)

data were fit to eq 2 ) ) ) _ )
which describes a single-exponential process, wkgkds

v k..AB the first-order rate constant for flavin reductidamns time, A
éz KB+ KA+ AB+ K K (2) is the absorbance at tinteandA is the final absorbance.
a b Pre-steady-state kinetic parameters were determined using

which describes a sequential steady-state kinetic mechanism€d 9

The dissociation constarnki) for the inhibition of 2-nitro- k.S
propane dioxygenase byrnitrobenzoate with respect to €
ethylnitronate as the substrate was determined by fitting the
data with eq 3

Kobs =0 15 ©9)

wherekqpsis the observed rate of flavin reductideq is the

v KeaA limiting rate of flavin reduction at saturating substrate
E= | 3 concentrationsky is the dissociation constant, agds the
Ka[l + (K_)] +A concentration of the substrate.
is,

. . e ) RESULTS
which describes a competitive inhibition pattern, wheig _ _ . .
the concentration of the inhibitor. The pH dependence of Reductie Half-Reaction with Ethylnitronate as the Sub-
the steady-state kinetic parameters was determined by fittingstrate for 2-Nitropropane Dioxygenasé\n anionic fla-

initial rate data to eq 4 vosemiquinone was previously observed during both static
mixing and turnover reactions of 2-nitropropane dioxygenase
log Y = log Cc (4) with either ethylnitronate or nitroethane as the substrate and

10PH 10 PKa was proposed to react with oxygen to generate superoxide
+ 10 Pka | 10 PH (1. An alternative possibility is that the flavosemiquinone
and the resulting substrate radical react to generate a flavin

which describes a bell-shaped curve with a slope-aifat N(5) adduct, similar to that seen in nitroalkane oxidais. (
low pH and a slope of-1 at high pH, whereC is the pH- To test for this possibility, the reductive half-reaction of
independent value of the kinetic parameter of interest. The 2-nitropropane dioxygenase with ethylnitronate as the sub-

pH dependence of ti{k../Ky) values were determined by strate was monitored_at pH 8.5 and ‘fID because a flavin
fitting the data with eq 5 N(5) adduct with typical absorbance in the 32860 nm

region of the absorbance spectrum would be formed in the

10 PKa absence of oxygen. As shown in Figure 1A, anaerobic mixing
YL+ Yy S pH of the enzyme with the substrate rapidly generated an anionic
logY= |og—l_oK (5) flavosemiquinone with peaks centered at 370 and 473 nm.
14 (10 P a) A plot of kops Versus the substrate concentration showed
10 PH hyperbolic behavior with a limiting rate of flavin reduction

(kreg) Of ~380 s and aKq for ethylnitronate binding of-40
which describes a curve with plateau regions at both high mM. Under the same conditions, tkg; value with ethylni-
and low pH.Y_ andYy are the limiting values at low and tronate was~70 s, establishing the transient anionic
high pH, respectively, ani, is the dissociation constant flavosemiquinone as a catalytically relevant species. As
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Ficure 1: Reductive half-reaction of 2-nitropropane dioxygenase
with ethylnitronate as the substrate. (A) YVis absorbance spectra
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in the pH range from 6 to 9In contrast, when ethylnitronate
was used as the substrateKa value for oxygen of~45

uM was determined at pH 9 (Table 1). Consequently, while
the P(k.afKim) 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 the(k./Kn) Value with 1,1-fH,]-
Nitroethane The effect of pH on th@(k.a/Kne) value® with
1,1-PPH,]-nitroethane as the substrate for 2-nitropropane
dioxygenase was determined in air-saturated buffer in the
pH range from 5.5 to 10 at 3TW. As shown in Figure 2A,
the P(k.a/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

of 2-nitropropane dioxygenase in its oxidized, semiquinone, and belonging to the second-order rate constiatK., (20).

hydroquinone forms, observed in the stopped-flow spectrophotom-
eter. An anaerobic solution of 2-nitropropane dioxygenase was

mixed with either 50 mM sodium pyrophosphatejr 100 mM
ethylnitronate to give a final concentration of enzyme~df4 uM

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-

and a substrate concentration of 50 mM. Spectra were recorded Ipropane dioxygenasel) the pH profiles of thekea/Kne

s (B¢ and 78 min (k) after mixing at pH 8.5 and 3€C. (Inset)
Rate of flavin reduction versus the concentration of ethylnitronate.
2-Nitropropane dioxygenase (14M) was mixed anaerobically with
4—100 mM ethylnitronate in 50 mM sodium pyrophosphate at pH

values were bell-shaped with both the light and heavy
substrates (Figure 3A). Th&kpvalues for the unprotonated
and protonated groups required for catalysis weret7@®1

8.5 and 30°C, and the absorbance changes at 370 nm were recordedand >9.3 with nitroethane and 7.5 0.1 and>9.3 with

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.

shown in Figure 1B, the flavosemiquinone was slowly
reduced to the hydroquinone form over900 s, clearly
indicating that this reaction does not occur in the normal
catalytic pathway for ethylnitronate oxidatiénlThus, 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 Becent 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, witk, values for oxygen
below 5uM with either nitroethane or ethylnitronate at pH
8 and 30°C (1). As a first step toward the investigation of
the pH effects on th8(k.a/Km) values with nitroethane and
ethylnitronate, thé&, values for oxygen with these substrates

1,1-PPHJ]-nitroethane, respectively.

pH Dependence of th&8(k../Km) Value with 1-pH]-
Ethylnitronate.In a recent mechanistic study at atmospheric
oxygen, & (KealKenatd Value of~0.76 was determined with
1-[?H]-ethylnitronate as the substrate for 2-nitropropane
dioxygenase at pH 8 and 3C (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-[?H]-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, th&(K.a/Kena Values with
1-[?H]-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. Thelg, values seen in the

4The solubility of oxygen in aqueous solution at 30 is ~230

were determined here at pH 6 and 9, by measuring initial #M & value which is 23 times larger than the upper limiting value of

rates of the reaction at varying concentrations of both oxygen

10 uM, experimentally determined for the, value for oxygen with
nitroethane as the substrate for the enzyme between pH 6 and 9. This

and the organic substrate. As summarized in Table 1, at bothensures that in atmospheric oxygen 2-nitropropane dioxygenase is at

of these pH values, thK,, values for oxygen determined
with nitroethane were at or below 10/, allowing for fairly
good approximations of thke../Kn andk.q values with the

least 96% saturated with oxygen when nitroethane is used as the
substrate.

5 Saturation of 2-nitropropane dioxygenase with nitroethane, 1,1-
[2H]-nitroethane, ethylnitronate, or 2H]-ethylnitronate as the substrate

neutral substrate to be obtained under atmospheric conditionsvas not attained across the entire pH range tested. Consequently, the

8 The turnover number of 2-nitropropane dioxygenase with ethylni-
tronate as the substrate at pH 8.5 and °8@is 70 s*. For the

pH dependence of th&Kkecaine and Pkeatenaee 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

hydroquinone to be a catalytically relevant species, it would have to available kinetic data clearly indicate the presence of a group that needs
form at least 63 000 times in 900 s, clearly establishing that the flavin to be unprotonated for catalysis with nitroethane and 2HH
hydroquinone species or a flavin N(5) adduct with similar spectroscopic nitroethane as the substrate, withi,palue of 9.3 or higher, the lack

properties is not formed during the reductive half-reaction of 2-nitro-
propane dioxygenase.

of kinetic data above pH 10 did not allow for an accurate determination
of the K, value for the group that must be protonated for catalysis.
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Table 1: Steady-State Kinetic Parameters for 2-Nitropropane Dioxygenase at pH 6, 8, and 9

kcat Kab kcal/ Km Kozb kca{ KOZ Kia
pH (s (mM) (M™ts™) (uM) (uM~'s™) (mM) R
Ethylnitronate

6 130+ 3 514+0.2 25 400+ 1400 20+ 2 6.2+ 0.6 0.8+ 0.4 0.990
8° 57+1 3.4+0.1 16 900+ 30 <5 >11 19+ 1 0.998

9 25+1 9.54+0.3 2500+ 100 454+ 2 5.3+£0.2 9.4+ 0.6 0.988

Nitroethane

6 nct ned 40+ 3 10+ 3 3.2+0.9 50+ 20 0.998
8° 11+1 19+1 560+ 10 <5 >2 11+1 0.998

9 4.9+ 0.1 13+1 375+ 40 <5 >1 40+ 5 0.998

aEnzyme activity was measured at varying concentrations of both the organic substrate and oxygen in 50 mM Tris2Cl &a38 were fit
to eq 1.°K, is the Michaelis constant for the organic substrate, Kpglis the Michaelis constant for oxygehFrom ref 1.9 Not determined

because the saturation of the enzyme was not achieved.
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Ficure 2: pH dependence of the kinetic isotope effectskas

Kne andkeafKenate (A) pH dependence on the overall kinetic isotope
effect with 1,1-PH,]-nitroethane as the substrate. (B) pH dependence
of the a-secondary kinetic isotope effect with 2H]-ethylnitronate

Sobent Viscosity Effects he 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 decreas¥k../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
normalizedk /Ky, andk. values with ethylnitronate at pH
6.5 (Figure 4), at whicR(kca/Kenad Values near unity were
observed with this substrate. Table 2 summarizes the effects
of solvent viscosity on the kinetic parameters of the enzyme.

as the substrate. Kinetic isotope effects were calculated by taking pH Dependence of m-Nitrobenzoate Inhibitidnsurvey

the ratio ofk../Kn obtained for the unlabeled substrate to that of
the labeled substrate at 3C€. The data were fit with eq 5.
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Ficure 3: pH dependence df../Kn with either nitroethane or
ethylnitronate as the substrate. (A) pH dependendg,¢ikne with
either nitroethane or 1,PHl;]-nitroethane as the substrate. Enzy-
matic activity was measured in air-saturated 50 mM sodium
pyrophosphate in the pH range of 5780 at varying concentrations
of either nitroethane®) or 1,1-PH;]-nitroethane ©) at 30°C. (B)
pH dependence d¢./KenaeWith either ethylnitronatex) or 1-PH]-
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 at 30°C.
Data were fit with egs 4 and 6 for nitroethane and ethylnitronate,
respectively.

a~
E—

cat/ ENate’

log(k K

3

10

pH profiles of kea/Kenaee With ethylnitronate and 12H]-
ethylnitronate were 7.& 0.2 and 8.0+ 0.2, respectively,

of a number of compounds established tmatitrobenzoate
was a competitive inhibitor with respect to ethylnitronate as
the substrate for 2-nitropropane dioxygenase (Figure 5A),
with a Kis value of 94+ 1 mM at pH 7.4 and 30C. To
establish a thermodynami&pfor a group within the active
site of the enzyme2(), the pH dependence of the inhibition
by m-nitrobenzoate was determined at atmospheric oxygen
with ethylnitronate at 30C. As shown in Figure 5B, a plot

of Kis versus pH revealed akp 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 investigatids), (@re 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 enzymenitroalkane complexky), catalysis is
initiated by the removal of a proton from the substrate
carbon by an active-site basks)( which is likely His196
based on the crystal structure of the enzyme frBm
aeruginosa(16), yielding an enzyme-bound alkyl nitronate.
After partial reduction of the enzyme-bound flavin through
a single-electron transfer from the alkyl nitronakg) 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 readtipn (

for an amino acid group that needs to be protonated for The resulting peroxynitroethane is then released from the

catalysis (Figure 3B).

active site of the enzyméy;) and undergoes a nucleophilic
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M excluded. In the non-oxidative tautomerization pathway with
PR p— e — ethylnitronate, after the formation of the enzyrmibstrate
§ - D 1 complex ki3), the enzyme-bound anionic substrate is pro-
5 2 7 7 tonated in the active site of the enzyme to form nitroethane
S ] (ks), which is then released to the solvelt)( A similar
'“; L 1 nitro-aci tautomerization probably occurs with nitroethane,
G 1- eo—o o - in which, after the formation of the oxidized enzyme
< ol L] nitroethane Michaelis complexk) and the subsequent

deprotonation of the neutral substrate)( the resulting
! ethylnitronate dissociates from the active site of the enzyme

FiGure 4: Solvent viscosity effects on the kinetic parameters of (kis) completing the catalytic cycleln the branched mech-

2-nitropropane dioxygenase. (A) Effect kpa/Kne with nitroethane . .
as the substrate at pH 10. (B) Effect ky: ne with nitroethane as anisms of Scheme 4, thea/Kr values for nitroethane and

the substrate at pH 10. (C) Effect &g/KenaeWith ethylnitronate ethylnitronate when the enzyme is saturated with oxygen are
as the substrate at pH 6.5. (D) Effectlag enaeWith ethylnitronate given by eqs 10 and 11, respectively.
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 Keat K, Ksks
reaction is diffusion-controlled. The values of the relative viscosity K = (20)
at 30°C were calculated from the values at ZDreported by Lide NE  Ko(Ky T Kpg)
(18). Enzymatic activity was measured in 50 mM sodium pyro-
phosphate at 36C. k
kcat _ k5 13 (11)

— — Kenate Ko T K
Table 2: Solvent Viscosity Effects on the Kinetic Parameters of ENate 4 14

2-Nitropropane Dioxygenase

Evidence supporting the oxidative denitrification pathways

kinetic viscosity effect  standard error with nitroethane and ethylnitronate was reported previously
parameter substrate (%) (%)
Ea} K Ezgggﬂzgg 82 82 7 While tautomerization of ethylInitronate to nitroethane is supported
kca m ethylnitronate 23 04 by the observed inverse-secondary kinetic isotope effects on thg/

at . . . _ ~ . . .
K ethylnitronate oA 02 Km value with 1-PH]-ethylnitronate at high pH and at saturating

concentration of oxygen (see the main text), no direct evidence is

a Enzymatic activity was measured in 50 mM sodium pyrophosphate available to support a similar tautomerization reaction when nitroethane
in the absence and presence of glycerol at pH 10 (nitroethane) or pHis the substrate for the enzyme. However, given the observation that
6.5 (ethylnitronate) at 36C. ® Percent increase of the kinetic parameter ethylnitronate binds to the enzyme in rapid equilibrium and the structural

in the absence of viscosigen per increase in the relative viscosity. The Similarity between ethyinitronate and nitroethane, it is assumed here
data were fit with eq 7. 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
attack, presumably in a nonenzymatic fashion, yielding nitrite isotope effects hold true irrespective of whether the enzyme catalyzes

and acetaldehyde. The oxidative pathway with ethylnitronate the tautomerization reaction with nitroethane as the substrate. Indeed,
) in the absence of the tautomerization reaction, the external forward

as the substrate proceeds in a similar fashion as that withcommitment to catalysis with nitroethane, which equalk,, is also
nitroethane, except that the initial proton abstraction step is negligible becausk, >> k; (see the main text).
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Scheme 4: Catalytic Mechanism of 2-Nitropropane Dioxygenase with Either Nitroethane or Ethylnitronate as the Substrate
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under conditions of aatmospheric concentration of oxygen recombination between the superoxide and nitroalkane
(1) and is substantiated by the results presented in this studyradicals to form peroxynitroethane was suggested by an
at a saturating concentration of oxygen. Briefly, an enzymic inverseo-secondary kinetic isotope effect 6f0.76 on the
catalytic base with alp, of ~7.5 was observed in the pH  KeafKm value, with 1-fH]-ethylnitronate as the substrate
profiles of thekea/Km and ke values with nitroethane and ~ detérmined at pH 8 andtmospheric oxygenwhich was
nitrobutane but not in the pH profiles with their correspond- interpreted as resulting fr_om the chang_e in the hybridization
ing alkyl nitronates 1). The formation of an anionic of the o carbon of the nitroalkane radical from“sp sy

flavosemiquinone that subsequently reacts with oxygen was(l)' id ) h o h ith
suggested by enzyme-monitored turnover experiments with Evidence supporting the tautomerization pathway wit

ethylnitronate and static anaerobic reductions of the enzymeethylnltronate comes from the resu'lts prgsented in this study,
ith nitroethane or ethvinitronatelY This conclusion i showing an inverse-secondary kinetic isotope effect on
wi : yini X Thi USION 1S the keafKm value with 1-pH]-ethylnitronate at high pH and,

further supported by the stopped-flow data on the reductive o+ importantly, at saturating concentration of oxygen
half-reaction with ethylnitronate presented in this study, The |atter condition results in the kinetic stép being
showing that the anionic flavosemiquinone forms during jrreversible, because the radical pair formed by the fla-
catalysis upon a single-electron transfer from the enzyme-vosemiquinone and the nitroalkane radical does not ac-
bound anionic nitronate. The participation of a protonated cumulate at saturating oxygen. Consequently, the subsequent
group in the formation of a superoxide anion was suggestedformation of peroxynitroethane cannot contribute tokhé

by pH profiles of thek.o/Km andk.s valuesat subsaturating Km value 1) when the enzyme is saturated with oxygen,
concentrations of oxygemvith nitroethane, nitrobutane, ruling out the assignment of the inversesecondary kinetic
ethylnitronate, and butyl-1-nitronate, showing the require-
ment for a protonated group for catalysi3.(The formation 8The addition of superoxide dismutase to enzymatic assays of

of a superoxide was suggested by the effect of superoxide2-hitropropane dioxygenase with nitroethane or ethylnitronate as the
substrate had no effect on the observed rate of oxygen consumption

d?smUtase on the rate of oxygen consqmption When_ Propyl (1) "consistent with the superoxide anion not being released from the
nitronates were used as the substra}é Finally, the radical enzyme with these substrates.
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isotope effect of.a/Km to this step. In the oxidative pathway internal forward commitment to catalysis possibly arising
with ethylnitronate, there are no other kinetic steps involving from ks >> ks. Thus, as illustrated in eq 12
a change in the hybridization of the substratearbon from

sp’ to sp, suggesting that the observed invesssecondary ol Keat Ok + DEQQ«(g)
kinetic isotope effect must arise from the conversion of K :T
ethylnitronate to nitroethane within the active site of the NE @)

enzyme. In this respect, 2-nitropropane dioxygenase is similarine decrease in th@(kea/Kne) value at high pH must

to another FMN-dependent enzyme, old yellow enzyme, pecessarily arise from an increase in tlhs value.

which was previously shown to catalyze a non-oxidative Consistent with this conclusion, @0.3 pH units increase

tautomerization of nitroalkanes in the NADPH-linked reduc- of the apparentlf, value was seen in thea/Kxe pH profiles

tion of nitro-olefins @2). for the group that acts as a base upon substituting nitroethane
In the reactions catalyzed by 2-nitropropane dioxygenase,with 1,1-[PH,]-nitroethane. This is the expected result because

substrate binding and product release occur in rapid equi-substitution of nitroethane with a slower substrate such as

librium, as suggested by the lack of solvent viscosity effects 1,1-[2H]-nitroethane, for which CD bond cleavage+§.5

on the kinetic parameters with nitroethane or ethylnitronate times slower than CH bond cleavage, will (at least partially)

as the substrate. Indeed, the lack of viscosity effects on theabate the perturbation of the kineti&pvalue for the base

kealKne and kealKenate Values suggests that dissociation of seen in thek/Kye pH profiles, as illustrated in eq 120).

the substrate from the oxidized enzyrmibstrate complex

is significantly faster than the rate of chemical steps occurring ApK,=log(1+ C:r(s)) (13)

within enzyme-substrate complexes belonging ky/Km,

i.e., thatk, and ky4 are significantly larger thaks and ks

with nitroethane and ethylnitronate, respectively. This es-

tablishes these substrates as nonsti@dy, (with the impor-

tant mechanistic implication that any observed decrease in

the primary andx-secondary kinetic isotope effects on the determined with titive inhibit flect t b
kealKm values with nitroethane and ethylnitronate must e ergjlne .V\t’.' compteltg/e I?hl |grs re t?C trr]uftﬁqu" )
necessarily be ascribed to some chemical steps occurring{/';me 'f,?oc;aéoggggsignmgi; {lf 0 S?)ﬁa;)cr)cr;ﬁleais fgt
within enzyme-substrate complexes that contribut Gt O 70 at “ENate

y P ede/ significantly different from the K, value of~7.6 observed

Km rather than to substrate bindingide infra). Similarly, . L : :

the lack of solvent viscosity effects on thg; values with mthlﬂgte comlpetltlvet;]nh![lr)]|tom1-r;|trobe_r:§zoatelz es;abllt?]hes
nitroethane and ethylnitronate establishes the products of theac?iv:-s?{evigs at?]at ﬁeegén:c? binazltozz?egefo?rcat; sis
reactions of oxidation and tautomerization with these sub- The recentgelucﬁziation of the three-gimensional structur)t/a of.
strates as nonsticky2().

) 2-nitropropane dioxygenase frofh aeruginosashows that
Removal of the proton from the carbon of nitroethane  the only ionizable group in the active site of the enzyme is
(ks) is fully rate-limiting for catalysis at low pH, butitis 5 hjstidine residuel§), corresponding to His196 of the
kinetically masked at high pH by the reverse commitment enzyme fromN. crassaThus, it is likely that the |, value
to catalysis Cy3)), which reflects the net flux of the enzyme-  geen in the pH profiles is that of His196.
bound intermediates through the reverse of the kinetic step \ith ethylnitronate, the non-oxidative tautomerization of
ks. Evidence supporting this conclusion comes from the pH the anionic substrate to nitroethane (via the stegss, and
dependence of thgke/Kne) value with 1,1-fHz]-nitroethane k) is fully rate-limiting at high pH, but it is kinetically
as the substrate, which decreases between limiting valuesmasked by the oxidative pathway at low pH. This conclusion
with increasing pH. The magnitude of the limitirigkea/ is supported by the pH dependence ofdhsecondary kinetic
Kne) value at low pH, with a value of-7.4 that agrees fairly  jsotope effects on thie./Knm value with 1-fH]-ethylnitronate
well with the reported value of-8.5 for the kinetic isotope  as the substrate, which is assigned to the non-oxidative

(12)

The formation of the anionic flavosemiquinonks)(is
facilitated by a protonated group in the active site of the
enzyme with a f, value of~7.6 that acts as an electrostatic
catalyst, as suggested by the pH profiles of khgKenate
values andm-nitrobenzoate inhibition. Becaus&pvalues

effect for deprotonation of nitroethane in solutid2s), is conversion of ethylnitronate to nitroethank)(when the
consistent with cleavage of the CH bond of nitroethane being enzyme is saturated with oxygen (see above). The inverse
fully rate-limiting for catalysis at low pH. The limiting- kinetic isotope effect with a limiting value 0f0.6 at high

(kealKne) value of~3.5 seen at high pH implies that some pH is consistent with the kinetic step in which thecarbon
kinetic steps belonging td.a/Kne other than CH bond  of ethylnitronate is converted from 3o sp being slower
cleavage become partially rate limiting with increasing pH than other kinetic steps belonging to the oxidative pathway

(20). The lack of solvent viscosity effects on tlke/Kne with ethylnitronate. This is the expected result because at
value with nitroethane at pH 10 suggests that nitroethane high pH the effective concentration of the active-site group
binding occurs in rapid equilibrium, i.e., witk, >> ka. acting as an acid for protonation of ethylnitronate is low,

Similarly, the lack of solvent viscosity effects on tha:ne yielding a significant decrease in the net flux of intermediates
value is consistent with release of the ethylnitronate, possibly through the kinetic stepks. As the pH progressively
formed in the tautomerization reaction of nitroethane occur- decreases, th®(k../Kenatd becomes fully masked by some
ring in rapid equilibrium, i.e., withkis >> ks. These data  other kinetic step(s) belonging to the oxidative pathway that
immediately rule out an external forward commitment to are included in thé./K, value. According to eq 11Kk../
catalysis because of substrate binding, which, with nitroet- Kgnaeincludes substrate binding6), flavin reduction ks),
hane, is given bks/(k; + kis), as being responsible for the and both the tautomerizatiorks] and release k{4) of
decreasell(k.o/Kne) value @0). This, in turn, will abate any  ethylnitronate. The lack of solvent viscosity effects with
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ethylnitronate as the substrate at low pH immediately rules provide a firm groundwork for future mechanistic studies
out substrate binding and release as being slow, suggestingimed at the elucidation of the contribution of quantum
that the non-oxidative conversion of ethylnitronate to nitro- mechanical tunneling in the cleavage of the CH bond of
ethane is masked by the kinetic step in which an electron is nitroethane and the mechanism of oxygen activation to form
transferred from the enzyme-bound ethylnitronate to the superoxide.
flavin (ks).
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