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Abstract
The flavoprotein nitroalkane oxidase (NAO) catalyzes the oxidation of primary and secondary
nitroalkanes to the corresponding aldehydes and ketones. The enzyme is a homolog of acyl-CoA
dehydrogenase. Asp402 in NAO has been proposed to be the active site base responsible for removing
the substrate proton in the first catalytic step; structurally it corresponds to the glutamate which acts
as the base in medium chain acyl-CoA dehydrogenase. In the active site of NAO, the carboxylate of
Asp402 forms an ionic interaction with the side chain of Arg409. The R409K enzyme has now been
characterized kinetically and structurally. The mutation results in a decrease in the rate constant for
proton abstraction of 100-fold. Analysis of the three-dimensional structure of the R409K enzyme,
determined by X-ray crystallography to a resolution of 2.65 Å, shows that the critical structural
change is an increase in the distance between the carboxylate of Asp402 and the positively-charged
nitrogen in the side chain of the residue at position 409. The D402E mutation results in a smaller
decrease in the rate constant for proton abstraction of 18-fold. The structure of the D402E enzyme,
determined at 2.4 Å resolution, shows that there is a smaller increase in the distance between Arg409
and the carboxylate at position 402, and the interaction of this residue with Ser276 is perturbed. These
results establish the critical importance of the interaction between Asp402 and Arg409 for proton
abstraction by nitroalkane oxidase.

The flavoenzyme nitroalkane oxidase (NAO) catalyzes the oxidation of nitroalkanes to the
corresponding aldehydes or ketones with consumption of molecular oxygen and release of
nitrite and hydrogen peroxide (Scheme 1) (1). NAO is unusual in that it catalyzes substrate
oxidation by removing a substrate proton to form a carbanion intermediate (1,2), in contrast to
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the growing evidence that flavoproteins that oxidize carbon-nitrogen and carbon-oxygen bonds
typically catalyze loss of the substrate hydrogen as a hydride (3–12). As is generally the case
with flavoproteins, the catalytic mechanism of NAO can be divided into oxidative and reductive
half reactions (13,14). In the reductive half-reaction (Scheme 2), an active site base abstracts
the α-proton from the neutral nitroalkane substrate to form a nitroalkane anion. The
involvement of the substrate anion in the reaction has been demonstrated directly by the ability
of the preformed anion to rescue mutant enzymes lacking the active site base (2). The
nitroalkane anion then attacks the N5 position of the FAD, forming a flavin adduct that releases
nitrite to generate a reactive cationic imine. This flavin imine cation has been trapped with both
nitroalkane anion (15,16) and cyanide (17), confirming its structure and its catalytic
competency. During the normal course of catalysis, the electrophilic flavin imine reacts with
hydroxide to eventually form reduced FAD and the aldehyde or ketone product. The oxidative
half-reaction of NAO is more typical for a flavoprotein oxidase (18); molecular oxygen reacts
with the reduced FAD to form hydrogen peroxide and regenerate the oxidized cofactor in a
second-order reaction with no detectable intermediates (14).

With the slow substrate nitroethane (19), formation of the substrate anion by NAO is rate-
limiting for the reductive half-reaction (20). The nonenzymatic formation of a nitroalkane
anion from a nitroalkane has long been studied as a model for proton abstraction from carbon
(21,22). Consequently, analysis of the oxidation of nitroalkanes by NAO has allowed
comparison of the enzyme-catalyzed reaction with a well-characterized nonenzymatic reaction
(23). NAO catalyzes the ionization of nitroethane 109-fold more effectively than acetate.
Analysis of the temperature dependence of the deuterium kinetic isotope effects on the NAO
and acetate-catalyzed reactions has established that the contribution of quantum mechanical
tunneling to catalysis is comparable and small for both the enzymatic and nonenzymatic
reactions.

The cloning and sequencing of NAO led to its unexpected identification as a homolog of the
acyl-Co dehydrogenase (ACAD) family of flavoproteins (24). In retrospect, this assignment
was consistent with the similarities in the initial catalytic reactions of the two enzymes; in both
cases a protein carboxylate abstracts an acidic proton from the substrate (1,25). The recent
determination of the three-dimensional structure of NAO (16) confirmed this assignment and
provided additional details regarding the structural basis for the differences in reactivity of
NAO and ACAD. Critically, while both the cofactors and the active sites in NAO and ACAD
occupy similar locations in the different proteins, the substrates appear to access the active
sites from opposite sides. Comparison of the structures shows that NAO Asp402 occupies the
same space in the active site as the glutamate residue that is the active site base in the medium
and short chain acyl-CoA dehydrogenases (24,26). The role of Asp402 in NAO has been
analyzed previously by site-directed mutagenesis. Mutagenesis to glutamate decreases the rate
constant for abstraction of the nitroalkane proton by 15-fold (14), while mutagenesis to alanine
or asparagine decreases it by at least 1000-fold (14).

The nearest residues to Asp402 are Arg409, positioned with an ε nitrogen 3.6 Å from a
carboxylate oxygen of Asp402, and Ser276, positioned within hydrogen-bonding distance of
Asp402 (Figure 1). The distance from Asp402 to Arg409 is appropriate for an electrostatic
interaction, suggesting that Arg409 is involved in correctly positioning the active site base for
catalysis. We report here the results of kinetic and structural analyses of the effects of site-
directed mutagenesis of Arg409 of NAO in order to investigate its contribution to catalysis. In
addition, the structure of the D402E enzyme is described, providing further insight into
interactions of Asp402 critical for catalysis.
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EXPERIMENTAL PROCEDURES
Materials

All chemicals were purchased from Sigma-Aldrich Chemical Corp. (Milwaukee, WI).
Recombinant nitroalkane oxidase was expressed and purified as previously described (24). The
D402E enzyme was purified as previously described (14). The codon for Arg409 was mutated
to lysine, alanine, and glutamine using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene), and the mutant enzymes were expressed and purified following the protocol for
the wild-type enzyme (24). DNA sequencing of the entire coding sequence of each mutant
plasmid was performed at the Laboratory for Plant Genome Technologies of Texas A&M
University. Enzyme concentrations were determined using an ε446 value of 14.2 mM−1cm−1

(27).

Kinetic Analyses
Enzyme activity was routinely measured in 200 mM HEPES, 0.1 mM FAD, pH 8.0, 30 °C, by
monitoring oxygen consumption with a computer-interfaced Hansatech Clark oxygen
electrode (Hansatech Instruments, Pentney King’s Lynn, U.K.). When varying the
concentration of nitroethane, the steady state kinetic parameters were determined at ambient
oxygen concentrations. To vary the concentration of oxygen at a constant concentration of
nitroethane, oxygen and argon were combined in different ratios with a MaxBlend low flow
air/oxygen blender (Maxtec Inc., Salt Lake City, Utah), and the assay buffer was equilibrated
with the gas mixture. To prevent the formation of the anionic form of the substrate, stock
solutions of neutral nitroethane were prepared in dimethyl sulfoxide and assays were initiated
by the addition of substrate.

Steady-state kinetic data were analyzed using the programs KaleidaGraph (Adelbeck Software,
Reading, PA) and Igor Pro (WaveMetrics, Inc., Lake Oswego, OR). Steady state kinetic
parameters were determined by fitting the data to the Michaelis-Menten equation or to equation
1, which includes the effect of substrate inhibition by nitroethane. The parameter v is the initial
velocity, kcat is the maximal velocity, Km is the Michaelis constant, S is the substrate
concentration, and Kai is the substrate inhibition constant. Steady state kinetic isotope effects
were calculated from equation 2, where Fi is the fraction of deuterium in the substrate and
Dkcat and D(kcat/Km) are the isotope effects on kcat and kcat/Km, respectively.

(1)

(2)

Structure Determination
Hexagonal rod-shaped crystals of R409K and D402E NAO were obtained using hanging drop
vapor-diffusion methods similar to those described previously (16,28). Briefly, crystals of
R409K NAO were grown using a mother liquor solution containing 28–30% (w/v) PEG 4000,
20% (v/v) glycerol, 10% (v/v) 1,6-hexanediol, 100 mM sodium cacodylate, pH 7.5, and 2 mM
spermine hydrochloride. Crystals of D402E NAO were grown from 24–30% (w/v) PEG 3350,
25% (v/v) glycerol, 100 mM sodium cacodylate, pH 7.5, and 2 mM spermine hydrochloride.
The crystals often appeared within 24 hours at 277 K. They were mounted directly with nylon
loops without further cryoprotection and were flash frozen by quick-submersion in liquid
nitrogen. X-Ray diffraction data collection was at beam line X26c, X25 or X29 of the National
Synchrotron Light Source with crystals held at 100 K. Data were integrated and scaled with
either HKL2000 (29) or MOSFLM and SCALA (30). The diffraction data for crystals of both
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mutant proteins indicated hexagonal unit cells with a = b = 108 Å, c =340 Å. The structures
were solved by molecular replacement with either PHASER or MolRep from the CCP4 suit
of programs (31). Initially the search models comprised a monomer extracted from the wild-
type NAO structure (PDB code 2c0u) (16) from which all solvent and FAD atoms were
removed. Each of the potential hexagonal space groups was evaluated by PHASER, searching
for at least four monomers. The solution indicated that the crystals were in space group P3221
with one α4 holoenzyme in the asymmetric unit. Model refinement was with REFMAC 5.2
using loose noncrystallographic symmetry restraints for the four monomers in the asymmetric
unit. Data collection and model refinement statistics are presented in Table 2. Each structure
was confirmed with at least two independent crystals and datasets. Only the highest quality
structure for each is presented here.

RESULTS
Kinetic characterization of R409K and D402E NAO

In order to evaluate the contribution of Arg409 of NAO to catalysis, this residue was mutated
to alanine, glutamine, and lysine. Only the R409K mutation yielded soluble protein under any
of the growth conditions examined, precluding characterization of the effects of the other two
mutations. While primary nitroalkanes containing four or more carbons are the best substrates
for NAO, with nitroethane as substrate CH bond cleavage is rate-limiting for the reductive
half-reaction; binding steps dominate the kinetics of the longer substrates (20). Accordingly,
nitroethane was used as substrate to characterize the effects of the mutation. The steady state
kinetic behavior for R409K NAO when the concentration of nitroethane is varied resembles
that of the wild-type enzyme, in that substrate inhibition is also seen at high concentrations of
nitroethane with the mutant protein (32). The steady state kinetic parameters of NAO R409K
for both nitroethane and oxygen as substrates are listed in Table 1. The mutation has the largest
effect on the kcat/Km value for nitroethane, which is only 1.6 % of the wild-type value. The pH
dependence of the kcat/Kne value resembles that of the wild-type protein, in that the activity
drops off below a pKa of 6.8 ± 0.1, compared to the value of 6.9 ± 0.1 seen in wild-type NAO
(2) (results not shown). The kcat and the kcat/KO2 values are both affected much less by the
mutation, decreasing to about one-sixth of the wild-type values. As a further probe of the effects
of the mutation on individual rate constants, deuterium kinetic isotope effects were determined
with [1,1-2H2]nitroethane. The wild-type enzyme exhibits a large isotope effect on the kcat/
Km value for nitroethane and a relatively small effect on the kcat value (14). With the R409K
enzyme, the best fit of the data is with identical isotope effects of 8.3 on the kcat and kcat/Kne
values (Table 1); this value is not significantly different from the isotope effect on the kcat/
Km value for nitroethane for the wild-type enzyme of 9.2 (14). The isotope effects suggest that
the mutation has a much greater effect on the reductive half reaction than on subsequent steps,
so that CH bond cleavage has become fully rate-limiting for turnover.

The effects on individual steps in catalysis of mutating Asp402 of NAO have been described
previously (2,14). The steady state kinetic parameters for the D402E enzyme are summarized
in Table 1. As is the case for the R409K mutation, the reductive half-reaction is affected the
most, as reflected in the greater decrease in the kcat/Km value for nitroethane compared to the
effect on the kcat/Km value for oxygen or the kcat value.

Crystal Structures of R409K and D402E NAO
In order to provide a more complete understanding of the effects of mutating Arg409 and
Asp402, we determined the three-dimensional structures of R049K and D402E NAO by X-
ray crystallography. The data collection and refinement statistics are reported in Table 2, and
the electron density maps for the active site structures of the two mutant proteins are shown in
Figure 2. Both mutant enzymes crystallize in space group P3221; however, the unit cells have
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smaller c axes than the wild-type enzyme (16), so that the asymmetric units contain only one
homotetramer, while crystals of the wild-type enzyme contain one tetramer and two subunits
of a second. Despite the slightly different packing, the two structures are essentially identical
to the structure of the wild-type enzyme (r.m.s.d. 0.29–0.38 Å). The overall active site structure
is not perturbed in either mutant protein, and the atoms of the FAD cofactor occupy identical
positions in the wild-type and mutant enzymes (Figure 3). Loose noncrystallographic
symmetry restraints were applied for the four monomers in the asymmetric unit rather than
averaging the structures across all four subunits. As a result, as noted below, there are some
differences in the structures of the individual active sites. However, these are limited to the
sites of the mutations.

In the wild-type enzyme, the NH2 of Arg409 is ~3.6 Å from carboxylate OD1 of Asp402, the
active site base, an appropriate distance for a strong electrostatic interaction (Figure 4A). In
the mutant enzyme the shorter side chain of lysine moves the positive charge more than 1 Å
further away from Asp402 (Figure 4B). In the structure of the wild-type enzyme, four of the
subunits in each asymmetric unit have a molecule of spermine in the active site, and two have
no active site ligand; despite this, the atoms of the active site residues have the same
conformation in all six active sites. The distances between the residues given in Figure 4 for
the wild-type enzyme are for subunit A, but these vary less than 0.1 Å among all six subunits
in the 2.07 Å resolution structure. In contrast, we observe some variability in the relative
positions of the lysyl N□ atoms in the four subunits of the R409K enzyme. In all four the β,
γ, and δ carbons of lysine occupy the same positions as the corresponding atoms of Arg409 in
the wild type enzyme (Figure 3A). In contrast, the lysine Cε occupies slightly different positions
in the different subunits, and there is even greater divergence in the positions of the lysyl Nζ
atom (Figure S1 in Supplementary Information). In the B and D subunits, the lysyl Nζ atoms
project toward Asp402, whereas in the A and C subunits the nitrogen atoms project toward
Leu408. However, these differences are most likely due to uncertainties in the positions of
these atoms at the present resolution (2.65 Å) and the fewer hydrogen bond interactions with
a lysine sidechain compared to an arginine. The averaged electron density maps fit each Lys409
configuration equally well (Figure S1) with an electron density correlation of 0.62, 0.59, 0.62,
and 0.58 for the A-D subunits, respectively.2 Consistent with this analysis, the B-factors for
the Cε and Nζ atoms average 37.1 ± 1.8 Å2 for the four subunits, whereas the backbone atoms
have an average B-factor of 31.6 ± 0.5 Å2 in the four subunits. The distance from the Nζ atom
of Lys409 to the carboxylate OD1 of Asp402 varies among the four subunits from 3.9 to 5.2
Å, with an average distance of 4.7 ± 0.6 Å. Thus, while the position of the lysyl Nζ atom is
less well-defined than the remaining active site atoms, the shortest possible distance from it to
the Asp OD1 is clearly significantly longer than the wild-type distance of ~3.6 Å.

The hydrogen bonding interactions of the lysyl nitrogen in the R409K enzyme resemble those
of the guanidyl Nε in the wild-type enzyme. In the structure of wild-type NAO, the guanidyl
group of Arg409 forms hydrogen bonds with the carbonyl oxygen atoms of Gly403 and Asp402
(Figure 4A). In R409K NAO, the average distances from the lysyl nitrogen to these residues
in the four subunits are 3.0 ± 0.3 Å to the carbonyl oxygen of Asp402 and 3.8 ± 0.7 Å to the
Gly403 oxygen, essentially the same distances seen for Arg409 N□ in the wild-type enzyme,
2.8 and 3.5 Å, respectively. Effectively, the mutation has removed the dimethylamino moiety
from arginine. Overall, the R409K mutation conserves the active site structure remarkably well
in that the change can be described relatively accurately as a greater distance between the
positive charge at position 409 and the carboxylate of Asp402. As a result, the interaction
between these residues would be significantly weaker in the mutant protein.

The D402E mutation introduces an additional methylene group instead of truncating a charged
side chain. It appears that the former change is easier to accommodate. The position of helix
G (Figure 1) restricts the mobility of the side chain of residue 409, so that the carboxylate can
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only move closer to the flavin to adjust for the additional methylene. As a result, the additional
methylene carbon in glutamate increases the distance between the carboxylate oxygen and the
guanidyl group of Arg409 somewhat, although less dramatically than the R409K mutation. As
is the case with the R409K enzyme, there is some variability in the position of the glutamyl
side chain among the different subunits. The most dramatic variation is in subunit B, where
the side chain is disordered beyond the Cβ so that no density for the carboxylate can be detected.
In the other three subunits, the variability is limited to the angle of rotation of the carboxylate,
in that the β, γ and δ carbons of the glutamyl side chain effectively occupy the same positions
as the β and γ carbons and carboxylate OD2 of Asp402 (Figures 3 and S1). As a result the
distance between the glutamate OE1 and NH2 of Arg409 has increased to an average distance
of 4.2 ± 0.6 Å (Figure 4), within error of the wild-type distance of 3.5 Å. Unlike the R409K
mutation, replacing Asp402 with glutamate also alters the interaction between the carboxylate
of the side chain at that position and Ser276. In the wild-type enzyme there is a good hydrogen
bond (2.7 Å) between the hydroxyl of Ser276 and carboxylate OD2 of Asp402. This is the
oxygen of the active site base that is most appropriately placed to accept the proton from the
substrate. This interaction between Asp402 and Ser276 is unchanged in the R409K enzyme.
In contrast, in the D402E enzyme the longer glutamyl side chain results in a good hydrogen
bond with OD1, at an average distance of 2.4 ± 0.3 Å, while the distance to OD2 has increased
to 3.8 ±0.2.

DISCUSSION
The kinetic mechanism of NAO (Scheme 3) has been established for the wild-type enzyme
using a combination of steady state and rapid reaction kinetics (14). This mechanism provides
a framework for analysis of the kinetic data for the R409K enzyme. With nitroethane as
substrate for the wild-type enzyme, the rate-limiting step in the reductive half reaction is
cleavage of the substrate CH bond with rate constant k3 (20). As a result, the deuterium isotope
effect on the kcat/Km value for nitroethane, D(kcat/Kne), equals the intrinsic isotope effect for
CH bond cleavage, Dk3 (20). Under these conditions, the kcat/Km value for nitroethane equals
k3/Kd, with Kd the dissociation constant for nitroethane. For wild-type NAO, overall turnover
at saturating concentration of nitroethane and oxygen is limited by product release from the
oxidized enzyme, with rate constant k7 (14); equation 3 gives the relationship between the
kcat value and k3 and k7. The relationship between the isotope effect on kcat, Dkcat, and the
intrinsic isotope effect on the CH bond cleavage step, Dk3, can be derived from equation 3 and
is given by equation 4. Because product release is 19-fold slower than reduction with the wild-
type enzyme, the isotope effect on the kcat value is small. Oxygen reacts with the reduced
enzyme with second-order kinetics, with no indication of saturation at accessible levels of
oxygen (14). The value of k5, the rate constant for the reaction of the reduced enzyme with
oxygen, is equivalent to the kcat/Km value for oxygen. The KO2 value does not reflect a true
binding event; rather, it equals kcat/(kcat/KO2), a collection of rate constants as shown in
equation 5.

(3)

(4)

(5)

Equations 3 and 4 allow the data of Table 1 to be used to calculate the values of the individual
rate constants in Scheme 3 for the R409K mutant enzyme; these are given in Table 3. For this
mutant enzyme, the Dkcat and D(kcat/Kne) values are equivalent and equal to the intrinsic isotope
effect on k3 for the wild-type enzyme. Equation 4 shows that the Dkcat value is equal to Dk3
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when k7≫k3. Under these conditions, equation 3 simplifies to kcat = k3, setting the value of
k3 for the R409K enzyme as 2.6 s-1. The value of k3 for the wild-type enzyme has been
measured previously using stopped-flow methods as 247 s−1 (14); thus, the mutation of Arg409
to lysine results in a decrease in the rate constant for CH bond cleavage of almost 100-fold.
Because chemistry is rate-limiting with the mutant enzyme, it is only possible to place a lower
limit on k7 of 13 based on the precision of the kcat and Dkcat values. This lower limit is close
to the value for the wild-type enzyme, suggesting that product release is unaffected by the
mutation. Thus, while the mutation only results in a decrease in kcat of about 6-fold, this is due
to a much larger decrease in the rate constant for substrate oxidation. The effect on kcat is small
because chemistry is not rate-limiting for turnover in the wild-type enzyme. Because kcat equals
k3, the Km for the R409K enzyme equals the Kd value; this is close to the Kd value previously
determined for the wild-type enzyme (14).

Mutagenesis of Asp402 to glutamate has previously been shown to decrease the value of k3
by about 16-fold (14), while having little effect on the value of k5 or k7 (Table 3). In contrast,
mutation of Asp402 to alanine decreases k3 by at least 1000-fold (2), demonstrating the
importance of this residue.

The structures of the mutant proteins establish that these decreased activities are not due to a
general disruption of the protein structure. In each case the structural change is localized to the
mutated residue. Both the R409K and the D402E mutations alter the interaction between the
positively charged residue at position 409 and the negatively charged active site base. The
decrease in k3 correlates with the increase in the distance between these two residues. The
R409K mutation results in both a larger increase in this distance and a larger decrease in k3
than does the D402E mutation. This is strong evidence for the importance of the interaction
between Arg409 and Asp402 to abstraction of the substrate proton by NAO. However, the role
of this interaction in catalysis is not clear. It is unlikely to be required for modulating the
pKa of Asp402. Moving the positive charge away from Asp402, as in the R409K mutant
protein, would be expected to raise the pKa of Asp402, making it more proficient as a base
rather than less. In addition, the mutation does not appear to alter the pKa value of Asp402
from the wild-type value of 6.0 The perturbation in the position of the base is greater in the
D402E enzyme while the effect is larger, suggesting that the decreased activity of the the
R409K enzyme is due to the altered position of the positive charge rather than an undetected
change in the position of Asp402.

The D402E mutation has a smaller effect on the distance between Arg409 and the glutamate
carboxylate. Indeed, in at least one of the subunits the distance is similar to that seen in the
wild-type enzyme, suggesting that the interaction may be intact in a significant fraction of the
mutant enzyme. However, extending the side chain of the residue at position 402 has other
effects. In contrast to R409K NAO, in the D402E enzyme the interaction with Ser276 is altered,
in that the side chain hydroxyl of this residue forms a hydrogen bond with a different
carboxylate oxygen in the mutant protein, and the position of the carboxylate oxygen which
accepts the substrate proton is altered. Comparison of the structures of the mutant and wild-
type proteins suggests that Ser276 is a critical active site residue involved in properly
positioning Asp402. A BLAST search of the available protein sequences using the NAO
residues from 402–409 as the probe identifies nine other fungal proteins variously annotated
as acyl-CoA dehydrogenases or hypothetical proteins. These range from 32–53% identical in
sequence to NAO. In all of these, Asp402, Gly403, and Arg409, are conserved, while the
residue corresponding to Ser276 is either serine or threonine. Thus, these three residues,
Asp402, Arg409, and Ser276, appear to constitute a catalytic triad in NAO. None of these
residues is conserved in proteins clearly identifiable as members of the acyl-CoA
dehydrogenase family (Figure S2), with the exception that Ser276 is present in the peroxisomal,
short chain-specific, acyl-CoA oxidase (ACX4) from Arabidopsis thaliana (34). This suggests
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that these residues play a significant role in determining the ability of proteins with this
structural fold to oxidize nitroalkanes. It appears that the active site structure evolved in NAO
so that the side chain of Asp402 is ideally positioned between Arg409 and Ser276 in such a
way that proton abstraction from substrate is enhanced. Although the thioester-acyl portion of
acyl-CoA resembles the nitro-alkane portion of nitroalkanes, the Michaelis complex in the
acyl-CoA dehydrogenase family must differ from the analogous complex in NAO because
nitroalkanes lack the CoA moiety. Consequently, the nitroalkane substrates bind to and react
with the more compact active site architecture in NAO.

The R409K mutation also affects the rate constant for reoxidation of the reduced enzyme. There
is a decrease of 5–6 fold in the kcat/Km value for oxygen, reflecting a comparable decrease in
the value of k5, the second order rate constant for the reaction of the reduced enzyme with
oxygen. This may reflect the sensitivity of this rate constant to the presence of a nearby positive
charge. For example, in glucose oxidase the rate constant for the reaction of the reduced enzyme
with oxygen decreases about 2600-fold when an active site histidine residue is deprotonated
(35), while there is a 75-fold decrease in this rate constant for choline oxidase when a substrate
lacking a positively charged amino moiety is used as substrate (36). The rate-limiting step in
the oxidation of reduced flavins by oxygen is the outer-sphere transfer of one electron from
the flavin to O2 to form superoxide (18,35,37). The presence of a nearby positive charge has
been proposed to increase the rate of this reaction by stabilizing the developing negative charge
on oxygen (38–40), although recent analyses using Marcus theory suggest that the more
important effect of the positive charge is on the reorganization energy of the reaction (41). The
decrease in the value of k5 seen here with the R409K enzyme is much smaller than the effect
of deleting the charge completely, consistent with this mutation resulting in a different position
for the positive charge rather than its loss. The value of k5 only decreases two-fold in the case
of the D402E enzyme, consistent with the retention of the positively charged Arg402.

In conclusion, the combination of kinetic and structural data presented here demonstrate the
importance of the interaction between Arg409 and Asp402 to the proton abstraction step in the
reaction of NAO. Arg409 is important both to position the active site base and increase its
reactivity. The effects of mutating Asp402 to glutamate are consistent with this model, but also
suggest a critical role for Ser276 in the NAO reaction.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The active site of NAO (PDB file 2C12). The ribbon traces for subunits A and B are colored
green and cyan, respectively. The FAD, spermine (Spm) and selected residues are colored with
carbon atoms in orange, yellow or gray, respectively. The oxygen and nitrogen are colored in
red and blue, respectively. Selected hydrogen bonds are illustrated with gray dashed lines.
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Figure 2.
The refined 2Fo−Fc electron density maps (1σ) at 2.65 Å and 2.5 Å resolution for the R409K
(A) and D402E (B) enzymes in the active site region of subunit A. The bonds for the FAD are
shown in orange, whereas carbon, oxygen and nitrogen atoms are colored in gray, red and blue,
respectively. Selected hydrogen bonds are illustrated with gray dashed lines.
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Figure 3.
The active site structures of wild-type (PDB code 2c12, subunit D), R409K and D402E NAO
in divergent stereo views. A) Overlay of R409K (blue bonds) and wild-type (green bonds)
NAO; B) overlay of D402E (yellow bonds) and wild-type (green bonds) NAO; and C) overlay
of R409K (blue bonds) and D402E(yellow bonds) NAO.
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Figure 4.
Possible hydrogen bonding interactions and distances deduced from the structures of A) wild-
type, B) R409K, and C) D402E NAO.
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Scheme 1.
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Scheme 2.
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Scheme 3.
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Table 1
Steady state kinetic parameters for R409K and D402E nitroalkane oxidasea

kinetic parameter wild-type NAOb R409K D402Eb

kcat (s
−1) 15 ± 1 2.6 ± 0.3 3.07 ± 0.06

kcat/Kne (mM−1s−1) 6.3 ± 0.4 0.098 ± 0.006 0.21 ± 0.01
Kne (mM) 2.3 ± 0.2 26.3 ± 4.6 14.6 ± 0.8
Kai(mM) 25 ± 3 152 ± 57 -c
kcat/KO2 (mM−1s−1) 310 ± 30 46 ± 12 158 ± 7
KO2 (μM) 82 ± 9 42 ± 13 19 ± 1
Dkcat 1.4 ± 0.2 8.3 ± 1.8 3.6 ± 0.7
D(kcat/Kne) 9.2 ± 1.1 8.3 ± 1.8 9.6 ± 2.3

a
Conditions: pH 8.0, 30 °C.

b
From reference (14), with the exception of the oxygen kinetics for D402E.

c
Substrate inhibition was not observed with the D402E enzyme.
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Table 2
Data collection and refinement statistics

NAO Isoform R409K D402E

Wavelength (Å) 0.9795 1.0809
Space group P3221 P3221
a (Å), b (Å), c (Å) 108.3, 108.3, 340.0 108.9, 108.9, 337.7
Resolution range (Å) 50 - 2.65 50 - 2.40
High resolution shell (Å) 2.74 - 2.65 2.46 - 2.40
Total observations 371118 144782
Unique observations 81166 81048
Completeness (%) 97.1 (93.2)a 88.2 (53.7)a
Redundancy 5.6 (3.4)a 4.1 (2.2)a
Rsym (%) 12.8 (58.7)a 8.8 (41.4)a
I/σ 17.1 (1.9)a 22.3 (1.3)a
Model refinement statistics
 Number protein residues 1720 1720
 Number ligands/water molecules 4/0 4/56
 Resolution range (Å) 50 - 2.65 50 - 2.40
 Number of reflections 73886 76997
 Rcryst (%) 22.8 (35.1)a 20.3 (29.0)a
 Rfree (%) 27.7 (39.7)a 26.3 (39.7)a
Ramachandran Statistics
 Most favored 1377 (91.5%) 1377 (91.6%)
 Additional allowed 118 (7.8%) 117 (7.7%)
 Generously allowed 4 (0.3%) 6 (0.4%)
 Disallowed 6 (0.4%) 4 (0.3%) B402A
Average B values (Å2)
 Protein 39.84 44.07
 Water - 37.95
 FAD 35.32 36.32
R.m.s.d. from ideal geometry
 Bond lengths (Å) 0.022 0.022
 Bond angles (°) 1.986 1.985

a
Highest resolution shell.
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Table 3
Intrinsic kinetic parameters for R409K and D402E nitroalkane oxidase

kinetic parameter wild-type NAOa R409K D402Ea

Kd (mM) 14 ± 1 26 ± 5 22.8 ± 0.7
k3 (s−1) 247 ± 5 2.6 ± 0.3 16.3 ± 0.2
k5 (mM−1s−1) 310 ± 30 46 ± 12 158 ± 7
k7 (s−1) 17 >13 11 ± 3

a
From reference (14).
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