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The flavoprotein nitroalkane oxidase from the fun- 
gus Fusarium oxyspomm catalyzes the oxidative deni- 
trification of primary or secondary nitroalkanes to 
yield the respective aldehydes or ketones, hydrogen 
peroxide and nitrite. The enzyme is inactivated in a 
time-dependent fashion upon treatment with the 
arginine-directed reagents phenylglyoxal, 2,3-buta- 
nedione, and cyclohexanedione. The inactivation 
shows first order kinetics with all reagents. Valerate, 
a competitive inhibitor of the enzyme, fully protects 
the enzyme from inactivation, indicating that 
modification is active site directed. The most rapid 
inactivation is seen with phenylglyoxal, with a kinact 
of 14.3 * 1.1 Mpl min-' in phosphate buffer at pH 7.3 
and 30°C. The lack of increase in the enzymatic 
activity of the phenylglyoxal-inactivated enzyme 
after removing the unreacted reagent by gel filtra- 
tion is consistent with inactivation being due to co- 
valent modification of the enzyme. A possible role for 
an active site arginine in substrate binding is discussed. 

Keyzuords: Nitroalkanes, Flavoprotein, Chemical 
modification, Active site, Arginine, Phenylglyoxal, 
Flavoprotein nitroalkane oxidase 

INTRODUCTION 

Biological systems able to catalyze the removal 
of a nitro group from nitroalkanes are of con- 
siderable interest both for applied and funda- 
mental reasons. Due to their chemical properties, 
nitroalkanes are widely used as organic solv- 
ents, industrial intermediates, fuel additives, and 
explosives.' No recent production figures appear 
to be available but estimates run as high as 30 
million pounds annually,' with consequent con- 
cerns of environmental pollution. Nitroalkanes 
are carcinogenic and toxic.' Therefore, an enzym- 
atic activity able to degrade these compounds 
is of significant interest for bioremediation. 
From a chemical standpoint, the deprotonation 
of nitroalkanes in solution is a well-characterized 
chemical reaction' that provides the basis 
for the understanding of the enzyme-catalyzed 
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formation of carbanions. Consequently, the 
study of an enzymatic activity able to catalyze 
the cleavage of the carbon-hydrogen bond 
of nitroalkanes provides the unique oppor- 
tunity to compare the enzyme-catalyzed forma- 
tion of nitronates with the reaction in solu- 
tion. 

The flavoprotein nitroalkane oxidase from the 
plant pathogenic fungus Fusavium oqsporum 
(ATCC 695) catalyzes the oxidative denitrifica- 
tion of primary or secondary nitroalkanes to 
the corresponding aldehydes or ketones, with 

formation of nitrite and hydrogen peroxide 
(Scheme l).3 The enzyme is active on a broad 
range of nitro alkane^^,^ and requires the neut- 
ral form of the substrate for Recent 
findings that nitro compounds with antifungal 
activity, such as 2-(4-methoxyphenyl)-l-nitro- 
ethane, are stress metabolites in cabbage 
leaves’ suggest that the physiological role for 
nitroalkane oxidase is the conversion of nitro- 
alkanes into less harmful compounds, thereby 
inactivating the natural defenses of the host 
organisms. Consistent with this conclusion, the 

SCHEME 1 Reaction catalysed by nitroalkane oxidase. 

n o  
81: H 

SCHEME 2 Mechanism of action of nitroalkane oxidase. 
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ACTIVE SITE OF NITROALKANE OXIDASE 

enzyme is produced in large amounts when F. 
oxysporum is grown on nitroethane as the sole 
carbon s o ~ r c e . ~  Mechanistic studies of nitro- 
alkane oxidase support a chemical mechanism 
in which an active site base with a pK, value of 
7 abstracts a proton from the a-carbon of the 
nitroalkane s~bstrate.~,'" The resulting carban- 
ion attacks the N(5)-position of FAD to form a 
covalent adduct that subsequently decays to 
form nitrite and the aldehyde or ketone product 
(Scheme 2). This covalent adduct can be trapped 
by nitroethane anion during turnover of the 
enzyme with nitroethane, resulting in the 
formation of 5-[3-nitrobut-2-yl]-l,5-dihydroflavin 
adenine dinucleotide?," Recently, the steady 
state kinetic mechanism of nitroalkane oxidase 
has been determined with nitr~ethane.~, '~ 
Despite these advances in the biochemical and 
mechanistic characterization of the enzyme, no 
structural information is available beyond the 
sequence of part of the gene coding for the N- 
terminal half of the protein.(a) 

The known structures of several flavoproteins 
whose substrates contain a carboxylate moiety, 
such as D-amino acid oxidase,l* glycolate oxi- 
dase,13 flavocytochrome b2,I4 and p-hydroxy- 
benzoate hydr~xylase,'~ show at least one 
tyrosine and one arginine residue in the active 
site. Based on the structural similarity of the 
nitro and carboxylate groups, it is reasonable 
that in nitroalkane oxidase the same amino acid 
residues participating in substrate binding are 
also involved in binding carboxylate-containing 
inhibitors. Lacking crystallographic data, an 
effective strategy to identify active site residues 
has been the use of irreversible inhibitors. In 
the present report, we have used the arginine- 
directed reagents phenylglyoxal,16 2,3-butan- 
dione,17 and cyclohexandione18 to obtain insight 
as to whether arginine residues are present in 
the active site of nitroalkane oxidase. 

MATERIALS AND METHODS 

Materials 

Nitroethane, FAD, phenylglyoxal, 2,3-butane- 
dione, cyclohexanedione, and valerate were 
from Sigma-Aldrich. Nitroalkane oxidase was 
purified from Fusarium oxysporurn (ATCC 695) 
as previously de~cribed.~ The activated FAD- 
containing form of the enzyme was prepared 
according to Gadda et ul.7r19 and was stored 
at - 70 "C in the presence of 0.5mM FAD to 
prevent formation of the less stable apoprotein. 
The concentration of nitroalkane oxidase was 
determined by the method of Bradford2' using 
bovine serum albumin as standard. All other 
reagents were of the highest purity commer- 
cially available. 

Methods 

Enzyme activities were measured with 20 mM 
nitroethane as substrate in air-saturated 0.5 mM 
FAD, 50mM potassium phosphate, pH 7, by 
monitoring the rate of oxygen consumption with 
a computer interfaced Hansatech Clark oxygen 
electrode at 30 "C as previously de~cribed.~ 
Stock solutions of phenylglyoxal, 2,3-butane- 
dione, or cyclohexanedione were prepared in 
buffer just prior to use. Unless otherwise stated, 
nitroalkane oxidase (1040 pM) was incubated 
with phenylglyoxal, 2,3-butandione1 or cyclo- 
hexanedione in 0.5mM FAD, 36mM potassium 
phosphate, pH 7.3, at 30°C. At different times, 
aliquots were withdrawn and assayed for 
enzymatic activity. For experiments in which 
the effect of valerate on the rate of inactivation 
was measured, the enzyme was incubated for 
5min with this compound before addition of 
the reagent of interest. To stop the inactivation 
by phenylglyoxal, the unreacted reagent was 

(a) Gadda, G. and Fitzpatrick, P.F.; unpublished results. 

Jo
ur

na
l o

f 
E

nz
ym

e 
In

hi
bi

tio
n 

an
d 

M
ed

ic
in

al
 C

he
m

is
tr

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
H

IN
A

R
I 

on
 1

2/
18

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



160 G. GADDA et ul. 

removed by gel filtration on a Sephadex G-25 
column equilibrated with 25 mM potassium 
phosphate, pH 7, at 25°C. The irreversibility 
of phenylglyoxal inactivation was determined 
by incubating the inactivated enzyme isolated 
by gel filtration for 3h  in 0.5mM FAD, 25mM 
potassium phosphate, pH 7, at 30 "C, monitoring 
changes in enzymatic activity. 

Data analysis 

The time course of inactivation of nitroalkane 
oxidase by the reagent of interest was analyzed 
by fitting the residual activity (A) at a given time 
(t) to Equation (l), where A. is the initial activity 
and kobs is the observed rate of inactivation. 

RESULTS 

Treatment of nitroalkane oxidase with the argi- 
nine-directed reagents cyclohexanedione, 2,3- 
butanedione or phenylglyoxal, at pH 7.3 and 
30 "C resulted in a time-dependent loss of enzym- 
atic activity (Figure 1). Due to the low affinity of 
the enzyme for FAD, with a K d  value of 1 pM at 
pH 7.5,19 a saturating concentration of FAD 
was present during the incubations to prevent 
formation of apoprotein. The observed rate of 
inactivation was significantly faster with phenyl- 
glyoxal than with the other reagents tested. This 
is in keeping with previous results showing that 
the enzyme has a hydrophobic binding site that 
can bind bulky aromatic substrates or inhib- 
i t o r ~ . ~ , ~ ' ~ ~  In order to test whether the inactivation 
is active site-directed, the kinetics of inactivation 
by phenylglyoxal were studied in the presence 
of valerate, a competitive inhibitor of nitroalkane 
oxidase with a Ki value of 0.6mM.l' No loss 
of enzymatic activity was observed in the pre- 
sence of 25mM valerate (Figure 2), indicating 
that inactivation was active site-directed. Similar 
results were obtained when the enzyme was 

1 00 

10 

% 
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FIGURE 1 Time-dependent inactivation of nitroalkane 
oxidase by arginine-directed reagents. Nitroalkane oxidase 
(20-40 pM) was incubated with (.)lo mM phenylglyoxal, 
(0)100 mM 2,3-butanedione or (m)25 mM cyclohexanedione 
in 0.5 mM FAD, 36mM potassium phosphate, pH 7.3, 30 "C. 
At different times, aliquots were withdrawn and assayed for 
enzymatic activity with 20mM nitroethane as substrate as 
described under Materials and Methods. The lines are fits of 
the data to Equation (1). 

treated in the presence of valerate with 2,3-buta- 
nedione and cyclohexanedione (Table I). 

Since lower concentrations of phenylglyoxal 
were required to inactivate the enzyme as com- 
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FIGURE 2 Time-dependent inactivation of nitroalkane 
oxidase by phenylglyoxal. Nitroalkane oxidase (10 pM) was 
incubated with phenylglyoxal in the presence and absence of 
25mM valerate in 0.5mM FAD, 36mM potassium phos- 
phate, pH 7.3, 30°C. At different times, aliquots were with- 
drawn and assayed for enzymatic activity with 20mM 
nitroethane as substrate as described under Materials and 
Methods. Phenylglyoxal concentrations were (0)  1.2 mM, (0) 
Z m M ,  (m) 3.8mM, (0)  5.7mM, (~)10mM, (a) 20mM, and (e) 
3mM in the presence of valerate. The lines are fits of the data 
to Equation (1). 
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ACTIVE SITE OF NITROALKANE OXIDASE 161 

TABLE I Effect of valerate on inactivation of nitroalkane 
oxidase by arginine-directed reagents 

Reagent" No Valerate 25mM Valerate 

kobs (min-') 
Phenylglyoxal (3 mM) 0.033 i 0.003 0.001 & 0.001 
2,3-Butanedione (100 mM) 0.030 f 0.002 0.001 i 0.001 
Cvclohexanedione (25 mM) 0.015 f 0.004 0.0002 f 0.0001 

"Nitroalkane oxidase concentration was between 10 and 
40 HM. 

pared to the other two reagents, a kinetic char- 
acterization of the inactivation of nitroalkane 
oxidase with phenylglyoxal was carried out. As 
shown in Figure 2, the rate of inactivation was 
dependent on the concentration of reagent, 
following first-order kinetics for at least four 
half-lives. The observed rate of inactivation was 
linearly dependent on the concentration of phe- 
nylglyoxal used (Figure 3),  indicating that no 
reversible complex between the reagent and the 
enzyme was detectable prior to irreversible 
inactivation. A second-order rate constant for 
inactivation (kinact) of 14.3 & 1.1 Mpl minpl was 
calculated for the reaction carried out in potas- 
sium phosphate at pH 7.3 and 30 "C, which is in 
the same range as values previously reported for 
the inactivation of other flavoprotein oxidases by 
phenylglyoxal?1,22 Model studies in solution 
showed that the reaction of phenylglyoxal with 
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FIGURE 3 Dependence of the observed rate of inactivation 
on the concentration of phenylglyoxal. The data are from 
Figure 2. The line is a fit of the data to ko~s=ki,act[phenyl- 
glyoxal]. 

arginine residues has a pH optimum between 8 
and 9 when the reaction is carried out in borate 
buffer.I6 Consequently, the inactivation of nitro- 
alkane oxidase by phenylglyoxal was also 
studied in 100 mM sodium borate, 10% glycerol, 
1 mM EDTA, pH 8 and 25 "C. The choice of pH 
and temperature was dictated by the necessity of 
preventing denaturation of the enzyme which 
could ensue independently of the action of 
phenylglyoxal upon incubation at high pH and 
temperature. Under these conditions the kinact 
value is 7.5 * 0.6 Mpl rnin-l. 

To determine whether nitroalkane oxidase 
inactivated by phenylglyoxal retained bound 
FAD, inactivated enzyme with 17% the residual 
activity of the untreated enzyme was isolated by 
gel filtration after 6 hours incubation with 
1.2 mM phenylglyoxal. The UV-visible absorb- 
ance spectrum of the resulting enzyme showed 
the typical flavin peaks in the 450 and 380nm 
regions, indicating that FAD was not lost as a 
result of phenylglyoxal modification (data not 
shown). Whether the inactivation was irrevers- 
ible was tested by following the changes in 
enzymatic activity of the inactivated enzyme 
after removing the excess reagent by gel filtra- 
tion. No recovery of activity was detected when 
the inactivated enzyme with 10% the residual 
activity of the untreated enzyme was incubated 
for 3 hours with 0.5 mM FAD at 30 "C, indicating 
that the modification is irreversible. 

DISCUSSION 

Nitroalkane oxidase is a novel FAD-containing 
enzyme that catalyzes the oxidative denitrifica- 
tion of primary and secondary nitroalkanes to 
yield the corresponding aldehydes or ketones, 
utilizing molecular oxygen as final electron 
acceptor. The enzyme was first described by 
the group of Soda in 1978 as a colorless flavo- 
protein which requires exogenous FAD for 
catalysis? Recently, our group has shown that 
nitroalkane oxidase is isolated with the flavin 
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in the form of an N(5)-nitrobutyl dihydroflavin 
adenine dinucleotide and is consequently not 

Conversion of the nitrobutyl-flavin 
adduct to FAD yields active A num- 
ber of biochemical and mechanistic properties of 
the FAD-containing enzyme have been character- 

However, little is known at a 
structural level in that the sequence of only part 
of the gene encoding for the N-terminal half of 
the protein is available.(”) Lacking structural 
data, we have used chemical modification to 
study the active site of the FAD-containing form 
of nitroalkane oxidase. With this approach, a 
tyrosine and a cysteine residue have been 
recently identified in the active ~ i t e . ~ ~ , ’ ~  In the 
present report we have further studied the 
active site of nitroalkane oxidase with arginine- 
directed irreversible inhibitors. The rationale 
for targeting arginine residues was previous 
results showing that carboxylate-containing com- 
pounds bind to the active site of nitroalkane 
o x i d a e ~ e ~ . ’ ~ ~ ~ ~  and the observation that the struc- 
tures of a number of flavoproteins with sub- 
strates containing a carboxylate group show at 
least one arginine residue in the active site.l2-I5 

The results presented here show that nitro- 
alkane oxidase is irreversibly inactivated in a 
time-dependent fashion by treatment with argin- 
ine-directed reagents. Inactivation is active site- 
directed, as indicated by the complete protection 
from inactivation afforded by valerate. The most 
rapid inactivation is observed with phenylgly- 
oxal, in agreement with previous results show- 
ing that the enzyme has a hydrophobic binding 
site able to accommodate aromatic substrates or 
inhibitors.4r19 

Althought the identification of the residue 
whose modification results in the inactivation 
of the enzyme has not been attempted in this 
study, an arginine residue is the most likely 
candidate. Model studies on the reactivity of 
phenylgl yoxal, cyclohexanedione, and 2,3-butane- 
dione in solution show that these compounds 
preferentially react with the guanidino group of 
arginine residues but can also react in a much 

ized.+%-7,9-ll,19 

slower fashion with the amino group of lysine 
The rapid inactivation of nitroalk- 

ane oxidase argues against a lysine residue being 
the target of modification. 

A reasonable role for the active site arginine 
residue of nitroalkane oxidase is to bind the 
negatively charged nitro group of the substrate. 
The active sites of a number of flavoproteins 
with carboxylate-containing substrates, such as 
D-amino acid oxidase,12 glycolate oxidase,13 
flavocytochrome b2,14 and p-hydroxybenzoate 
hydr~xylase,’~ contain arginine and tyrosine 
residues which bind the carboxylate group of 
the substrate. A tyrosine residue has been pre- 
viously identified in the active site of nitroalkane 
oxidase by treatment with tetranitr~methane.~~ 
Also, nitroalkane oxidase can bind carboxylic 
a ~ i d s . 4 , ’ ~ ~ ~ ~  Therefore, it is possible that the same 
arginine-tyrosine pattern seen in the structures 
of flavoproteins with carboxylate-containing sub- 
strates is also present in nitroalkane oxidase. This 
is illustrated in Scheme 3. The active site argin- 
ine of nitroalkane oxidase could be involved 
in the binding of the coenzyme by providing 
a positive charge that neutralizes the negatively 
charged ribityl or adenosyl diphosphate por- 
tion of FAD. However, the observation that 
no loss of FAD is observed in the enzyme upon 
modification with phenylglyoxal is not consistent 
with this conclusion. 

Q TYr 

SCHEME 3 Proposed binding of nitroalkanes at active site 
of nitroalkane oxidase. 
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ACTIVE SITE OF NITROALKANE OXIDASE 163 

In summary, the chemical modification studies 
with arginine-directed reagents presented here 
are consistent with the presence of at least one 
arginine residue, likely to be essential for sub- 
strate binding, in the active site of nitroalkane 
oxidase. These results represent a prerequisite 
to future structural studies aimed at a better 
understanding of the catalytic mechanism of this 
enzyme. 
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