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ABSTRACT: Nitroalkane oxidase (NAO) fromFusarium oxysporumcatalyzes the oxidation of neutral
nitroalkanes to the corresponding aldehydes or ketones with the production of H2O2 and nitrite. The
flavoenzyme is a new member of the acyl-CoA dehydrogenase (ACAD) family, but it does not react with
acyl-CoA substrates. We present the 2.2 Å resolution crystal structure of NAO trapped during the turnover
of nitroethane as a covalent N5-FAD adduct (ES*). The homotetrameric structure of ES* was solved by
MAD phasing with 52 Se-Met sites in an orthorhombic space group. The electron density for the N5-
(2-nitrobutyl)-1,5-dihydro-FAD covalent intermediate is clearly resolved. The structure of ES* was used
to solve the crystal structure of oxidized NAO at 2.07 Å resolution. Thec axis for the trigonal space
group of oxidized NAO is 485 Å, and there are six subunits (11/2 holoenzymes) in the asymmetric unit.
Four of the active sites contain spermine (EI), a weak competitive inhibitor, and two do not contain
spermine (Eox). The active-site structures of Eox, EI, and ES* reveal a hydrophobic channel that extends
from the exterior of the protein and terminates at Asp402 and the N5 position on there face of the FAD.
Thus, Asp402 is in the correct position to serve as the active-site base, where it is proposed to abstract
the R proton from neutral nitroalkane substrates. The structures for NAO and various members of the
ACAD family overlay with root-mean-square deviations between 1.7 and 3.1 Å. The homologous region
typically spans more than 325 residues and includes Glu376, which is the active-site base in the prototypical
member of the ACAD family. However, NAO and the ACADs exhibit differences in hydrogen-bonding
patterns between the respective active-site base, substrate molecules, and FAD. These likely differentiate
NAO from the homologues and, consequently, are proposed to result in the unique reaction mechanism
of NAO.

Nitrochemicals are widely distributed throughout the
environment from both natural and human sources. They are
present in rocket fuels, wastes from the chemical industry,
the exhaust from internal combustion engines, and tobacco
smoke. They are also used as explosives, herbicides,
pesticides, biocides, and drugs (1). Moreover, nitrated
proteins, amino acids, and metabolites often possess antibiotic
activity and can mitigate bacterial and/or fungal infection
(2, 3). Some organisms, such asPenicillium atroVenetum
(4) andHippocrepis comosa, exploit these characteristics and
produce nitroalkane compounds as a putative chemical
defense mechanism (5, 6). Typically, the organisms that
produce nitroalkane toxins also produce enzymes that
transform the nitroaliphatic internally and thus protect the
host from the toxic effects of the agent (4, 5). Likewise, some
of the organisms targeted by nitroalkanes have also evolved

strategies to detoxify these compounds. In fact, some
microbes are able to exploit nitrochemicals so effectively
that they can utilize these toxins as a sole source of nitrogen,
carbon, and/or energy (7, 8). The soil fungus,Fusarium
oxysporum, is an organism that effectively metabolizes a
variety of nitroaliphatic compounds (9-12).

There are several examples of flavoenzymes that transform
nitroalkanes via oxidative reactions. These include 2-nitro-
propane dioxygenase (2-NPD) fromHansenula mrakii(13)
or Neurospora crassa(14), nitroalkane dioxygenase from
Streptomyces ansochromogenes(15), 3-nitropropionate oxi-
dase from eitherPenicillium atroVenetumor Hippocrepis
comosa(4, 5), nitroalkane oxidase (NAO)1 from Fusarium
oxysporum(9), glucose oxidase fromAspergillus niger (16,
17), andD-amino acid oxidase from mammals (18). However,
NAO reacts preferentially with neutral nitroalkanes (9, 19),
whereas all of the other nitrite-eliminating enzymes react
with the anionic form of the nitro substrate. The reactions‡The atomic coordinates and structure factors have been deposited
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NAO, 2C12 and R2C12sf; NAO-ES*, 2C0U and R2C0Usf.
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of glucose oxidase andD-amino acid oxidase with nitro-
containing substrates are not physiological (16, 18). In
contrast, the reactions catalyzed by each of the other oxidases
do provide obvious advantages, such as the ability to obtain
all nitrogen required for growth from a variety of nitro-
chemicals.

NAO from F. oxysporumhas been very well-characterized
in recent years (reviewed in ref20). The enzyme is produced
in large quantities when cultures are grown on nitroethane
(9), and reasonable physiological roles for the enzyme
include (a) protecting the fungus from nitroalkane toxins
produced by plants (6), (b) detoxifying antibiotics produced
by the competing soil microbes such asPseudomonas
fluorescens(21), and/or (c) scavenging nitrogen from a
variety of nitrochemicals. The molecular weight of the 439-
residue monomeric subunit is 47 955, but analytical ultra-
centrifugation suggests that the enzyme exists in solution as
a homotetramer/homodimer mixture (22). Amino acid se-
quence comparisons indicate that NAO is homologous to
the acyl-CoA dehydrogenase (ACAD) family of flavopro-
teins, with identities that range from 23 to 27% and
similarities as high as 46% (23). In contrast to most
mitochondrial ACAD family members, NAO has amino acid
sequence homology in the C-terminal region that likely
targets it for the peroxisome (24-27). Moreover, NAO does
not oxidize acyl-CoA substrates but rather has a marked
preference for unbranched, primary nitroalkanes containing
four or more carbon atoms (10, 28).

Mechanistic studies of NAO, in particular with nitroethane
as the substrate, have established many of the details of the
catalytic cycle (20). The reductive half-reaction is initiated
by the abstraction of theR proton of the substrate by Asp402
(step 1 in Scheme 1), and the formation of the nitroethane
anion is rate-limiting (28, 29). The substrate carbanion has
been definitively established as an intermediate in the

catalytic cycle (30), a unique feature of the NAO reaction
among flavoenzymes. The nitroethyl-anion adds to the flavin
N5 to form a covalent intermediate (step 2). The loss of
nitrite forms an electrophilic imine cation, a reaction of which
with hydroxide leads to aldehyde formation and reduced
enzyme (steps 3-5). To complete the reaction cycle, the
reduced flavin is rapidly oxidized by O2 to yield H2O2 (step
6). The electrophilic imine cation formed in step 3 can be
trapped by alternative nucleophiles, and trapping by cyanide
has been used to demonstrate directly the involvement of
this species in catalysis (31). The addition of a nitroethane
anion to the electrophilic imine intermediate formed during
turnover with nitroethane (step 8) yields inactive enzyme
(ES*). Mass spectrometric analysis of the flavin species
released from ES* at low pH is consistent with a N5-(2-
nitrobutyl)-1,5-dihydro-FAD adduct (32). The ES* complex
is thus a trapped reaction cycle intermediate. The remarkable
stability of ES* at 4 °C and neutral pH enabled us to
crystallize the ES* form of the enzyme. We solved the crystal
structure with selenomethionine (Se-Met)-enriched protein
and MAD-phasing techniques (33, 34) using the 52 Se-Met
sites of the homotetramer. To our knowledge, this is the first
crystal structure of a flavoprotein trapped during the turnover
of authentic substrates as a covalent adduct at N5-FAD.
We also report the structure of oxidized NAO, in which we
observe a spermine molecule bound in some of the active
sites. Together, these structures provide insights into (a) the
substrate preference and access to the FAD, (b) the reaction
mechanism, and (c) the features that differentiate NAO from
structural but not functional homologues in the ACAD
family.

MATERIALS AND METHODS

Crystallization. Recombinant nitroalkane oxidase was
expressed and purified fromEscherichia colistrain BL21

Scheme 1: Proposed NAO Reaction Mechanism with Nitroethane as a Substrate (29)a

a The imine reaction intermediate after step 3 can react with hydroxide to release the aldehyde followed by oxidation by O2 (steps 4-6). Alternatively,
the intermediate can react with a nitroalkane anion (step 8) to generate the ES* complex.

Crystal Structures of Nitroalkane Oxidase Biochemistry, Vol. 45, No. 4, 20061139



(DE3) transformed with pETNAO4 as previously described
(23, 35). The purified enzyme was stored in 20 mM HEPES
at pH 8.0, 1 mM EDTA, and 5% glycerol, and aliquots were
flash-frozen with liquid N2. Se-Met-enriched NAO was
obtained by expression in the methionine auxotrophE. coli
B834 (DE3) (Novagen) as previously described (36). Each
subunit of NAO contains 13 methionine residues, excluding
the N-terminal residue (23). To generate the covalent adduct,
25 µM NAO was incubated with 28 mM neutral nitroethane
and 9 mM anionic nitroethane in 500 mM HEPES at pH 8.0
for 1 h at 25°C. The enzyme was then exchanged into 20
mM HEPES at pH 8.0, 1 mM EDTA, and 5% glycerol at 4
°C using an Ultrafree-15 centrifugal filter device (Millipore
Co., Bedford, MA), and aliquots were flash-frozen with
liquid N2. Crystals of oxidized NAO in the trigonal space
group were obtained by mixing 2µL of 10 mg/mL protein
solution (10 mM sodium cacodylate at pH 7.5) with 2µL of
reservoir solution containing 25% (w/v) PEG 4000 and 35%
(v/v) glycerol, sodium cacodylate trihydrate (200 mM, pH
7.5), and 1 mM spermine hydrochloride at 4°C, as previously
reported (36). Microcrystalline showers of NAO-ES* were
initially obtained from a flexible sparse matrix screen (37).
These conditions were optimized, and diffraction quality

crystals were grown by mixing 2µL of 10 mg/mL protein
solution (10 mM PIPES at pH 7.5) with 2µL of reservoir
solution containing 20% (w/v) PEG 1500 and 300 mM
ammonium sulfate and 150 mM PIPES at 4°C. The crystals
typically grew within 20 days with the hanging drop, vapor
diffusion method. They were essentially colorless, in contrast
to oxidized NAO, which yields yellow crystals. Single
crystals of the Se-Met-enriched form of ES* were grown
from similar conditions, except for the addition of 10 mM
tris(2-carboxyethyl) phosphine hydrochloride to the crystal-
lization drop. Single crystals were mounted in nylon loops
(no cryoprotectant was necessary) and flash-frozen by quick
submersion into liquid N2. All X-ray diffraction data were
collected from crystals held at approximately 100 K.

Data Collection, Phasing, and Refinement.Data collection
and analysis for the natural form of oxidized NAO in space
group P3221 is described elsewhere (36). Additional data
collection, phasing, and refinement statistics are presented
in Table 1. The unit cell of the crystals of oxidized NAO
contains ac axis edge of 485 Å, has a low mosaic spread
(0.3°), and diffracts to at least 1.6 Å resolution. However,
the complete data have been collected to 2.07 Å because of
the complexity of data collection with crystals that contain

Table 1: Data Collection, Phasing, and Model Refinement Statistics for NAO-ES* and Oxidized NAO

data collection NAO-ES* covalent adduct (Se-Met) oxidized NAO

wavelength (Å) 0.9794 0.9611 0.9795 0.9
space group P212121 P212121 P212121 P3221
a (Å); b (Å); c (Å) 90.4; 163.9; 173.4 90.4; 163.2; 173.5 90.5; 163.9; 173.8 103.4;103.4; 485.1
resolution range (Å)

(high resolution shell)
40-2.2
(2.32-2.2)

40-2.64
(2.78-2.64)

40-2.85
(3.00-2.85)

50-2.07
(2.15-2.07)

total reflections 1 496 015 1 023 723 850 177 570 374
unique reflections 130 876 76 209 61 184 371 128
completeness (%) 99.9 (99.9) 99.9 (99.9) 99.9 (99.9) 93.5 (80.0)
redundancy 11.4 13.4 13.9 1.5
Rsym (%) 0.105 (0.53) 0.106 (0.422) 0.097 (0.491) 0.139 (0.30)
I/σ 6.0 (1.5) 5.4 (1.7) 6.8 (1.5) 12.6 (3.0)

phasing statistics of NAO-ES* after refining 52 Se-Met sites inSHARP
Rcullis centric (iso) 0 0.99 0.99
Rcullis accentric (iso/ano) 0/0.758 0.978/0.840 1.0/0.839
phasing power centric (iso) 0 0.351 0.138
phasing power (iso/ano) 0/1.405 0.361/0.974 0.136/0.80
FOM 0.13 (centric reflections) 7950; 0.32 (accentric reflections) 119 500

0.94 after solvent flattening inSHARP
model refinement statistics NAO-ES* oxidized NAO

number protein residues 1720 2580
number water molecules 694 1136
resolution range (Å) 40-2.2 50-2.07
number of reflections 130 649 171 484
Rcryst (%) 20.14 18.95
Rfree (%) 23.22 22.51

Ramachandran statistics
most favored (%) 91.8 93.3
additional allowed (%) 7.7 6.2
generously allowed (%) 0.2 0.3
disallowed (%) 0.3 0.3

averageB values (Å2)
protein 33.95 26.73
water 37.62 31.71
FAD 34.16

2-nitrobutyl
19.86
46.31 (spermine)

ligand 100% occupancy:
52.7 (C atoms);
75.7 (nitro group)

50.23 (glycerol)

80% occupancy:
46.4 (C atoms);
66.2 (nitro group)

51.45 (PEG 4000)

rmsd from ideal geometry
bond lengths (Å) 0.006 0.013
bond angles (deg) 1.1 1.4
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a very long unit cell edge. The Se-Met enriched ES* complex
was used to collect a complete and highly redundant three
wavelength MAD dataset at the IMCA-CAT beamline 17-
ID using an ADSC Q210 detector. The data were integrated,
merged, and scaled usingMOSFLM/SCALA(38, 39). The
three-wavelength MAD dataset of Se-Met ES* was further
scaled and analyzed withFHSCALE(40) andSCALEIT(41)
from theCCP4suite of programs (42). MAD analysis and
phase determination were carried out inSOLVE (43).
Initially, 30 Se-Met sites were located in space groupP212121

and produced a figure of merit of 0.47 and az score of 251.
An additional 22 Se-Met sites were located withSHARP(44)
by analyzing maps phased with the original 30 Se-Met sites.
All 52 Se-Met sites were then refined to convergence to 2.2
Å resolution in SHARP. Density modification was with
SOLMON(45) in CCP4, and initial model building was with
RESOLVE giantversion 2.06 (46). The remaining portions
of the model were built manually inO (47). The FAD
covalent adduct was modeled usingPRODRGserver (48).
The anomalous Se-Met library was derived from experi-
mentalf andf ′′ values. The final structure of ES* was refined
with the 0.9794 Å X-ray diffraction data set using maximum
likelihood refinement inCNSversion 1.1 (49). The refined
structure ofES*has aR factor of 20.2% and aRfree of 23.2%
to 2.2 Å resolution. The structure of EI was solved by
molecular replacement in space groupP3221 usingMOLREP
(50). An ES* subunit was used as the search model, and six
subunits or 11/2 holoenzymes were located in the asymmetric
unit. The structure of EI was refined withREFMAC 5.1(42)
to a R factor of 18.8% and aRfree of 22.5% at 2.07 Å
resolution. Our crystal structure of EI is among the highest
resolution structure with ac axis greater than 485 Å deposited
in the PDB to date. Except for Thr90 in all of the chains, all
main-chain angles fall into most favored and additionally
allowed regions of the Ramachandran plot. Eight residues
at the C-terminal end of each subunit are not visible in the
electron-density maps, suggesting that they are disordered.
Figures were prepared withALSCRIPT(51), PyMol (52),
SwissPDBViewer (53), andPoV-Rayversion 3.6.

RESULTS AND DISCUSSION

OVerView of the NAO Structures.The trapped intermediate
of NAO, ES*, crystallizes at 4°C in space groupP212121

(Table 1) with one homotetramer per asymmetric unit [VM,
3.4 Å3/Da; 63% solvent (54, 55)]. The ES* structure has
222 local symmetry relating the four subunits to each other
(Figure 1), and consequently, the holoenzyme approximates
a tetrahedron shape. TheR4 aggregate is approximately 100
Å wide (measured between CR of Gly158a and Gly158b;
the naming convention is residue type, number, subunit; for
example, Asp402a is from subunit A) and approximately 80
Å tall (measured between CR of Thr34b and Thr34c). The
oxidized form of NAO crystallizes in space groupP3221
(Table 1) from slightly different conditions that include
spermine tetrahydrachloride (36). The volume of the trigonal
unit cell is greater than 4 570 000 Å3 and contains six
monomers per asymmetric unit (VM, 2.6 Å3/Da; 53% solvent).
These are arranged as one complete homotetramer and one-
half of another holoenzyme. The additional dimer is oriented
with a local 2-fold symmetry axis coincident with a crystal-
lographic 2-fold axis, which results in a homotetramer
spanning the unit cell boundary.

All subunits in the asymmetric units of the oxidized NAO
and the ES* structures have very similar structures with an
average root-mean-squared difference for 430 CR atoms
between 0.22 and 0.33 Å, despite the fact that noncrystal-
lographic symmetry was not restrained during the refine-
ments. Previous biochemical studies (22, 32) and our crystal
structures suggest that NAO is a homotetramer with homol-
ogy similar to that of the medium-chain acyl-CoA dehydro-
genase (MCAD) (56-58). The labeling of the secondary
structure of the NAO subunits is also analogous to the
MCAD (Figure 2A and Supplementary Figure S1 in the
Supporting Information). Each subunit of NAO is comprised
of two R-helical domains, one at the N-terminal region
(residues 1-125) and one at the C-terminal region (residues
260-438). Aâ-sheet domain (residues 125-260) is located
in the central region. The C-terminal H, I, J, and KR helices
stabilize theR4 quaternary structure. In contrast, theâ-sheet
domains are located on the exterior, approximately at the
points of the tetrahedron.

The homotetramer can also be described as a dimer of
dimers, in which an A/B dimer interacts with a C/D dimer.
However, subunit A forms extensive interfaces with both
subunits B and C. In contrast, only the side chains from
Gln314a, Ser315a, and Asp318a form hydrogen bonds across

FIGURE 1: Divergent stereoview of the NAO homotetramer in the ES* structure. Each subunit is depicted as a differently colored CR ribbon
trace, and the FAD covalent adducts are shown in CPK atoms within each subunit. The A/B dimer consists of one purple and one yellow
subunit.
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a 2-fold axis with residues from subunit D. The buried
surface area at the A/C dimer interface is slightly greater
(∼5270 Å2; 16.5% of the total solvent-accessible surface area
for the subunit) than that in the A/B dimer (∼4560 Å2; 14%
of the total). The interface between the A/C and B/D dimers
is stabilized by several types of interactions. For example,
residues from subunit A along helix K and at the C-terminal
region form hydrogen bonds with residues from helix H and

G of subunit C. In addition, four salt bridges stabilize the
A/C interface: Lys324a-Glu353c, Arg410a-Asp318c,
Arg410a-Asp322c, and Arg411a-Asp318c.

Architecture of the ActiVe Site.The active site within each
subunit is clearly established by the isoalloxazine ring of
the FAD. The 2mFo - DFc electron density for the covalent
adduct in the ES* structure is resolved in each active site
(parts A and B of Figure 3). The electron-density map of

FIGURE 2: Structure-based amino acid sequence alignment between NAO-ES* and MCAD-C8S (PDB code 1udy) (76). (A) R4 holoenzyme
for each was superimposed with the secondary-structure matching web server (75). The structural homology used for the rmsd comparison
is indicated above and below each sequence, where rectangles and arrows indicateR helices andâ strands, respectively, for NAO (top) and
MCAD-C8S (bottom). Every 10th residue is underlined, and the active-site base is highlighted in yellow. A complementaryCLUSTALW
sequence alignment of NAO and other family members is shown in Supplementary Figure S1 in the Supporting Information. (B) Divergent
stereoview of the CR chain trace for subunit A of NAO-ES* (blue) superimposed upon subunit A of the MCAD-C8S complex (red). The
NAO-ES* trace is labeled at residues 2, 20, 40, etc., and the N5-FAD adduct is shown in a ball-and-stick model with green bonds. The
MCAD-C8S complex is labeled at residues 11, 31, 50, etc., and the FAD and substrate analogue are shown as a ball-and-stick model with
orange bonds.
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oxidized NAO indicates that four of the active sites contain
spermine (EI), a weak competitive inhibitor (Ki ∼ 200 mM

at pH 8) and two do not contain spermine (Eox) (parts C and
D of Figure 3). Together, these structures establish the

FIGURE 3: Divergent stereoviews of the typical 2mFo - DFc electron-density maps at the active sites. The 1σ maps are calculated to 2.07
and 2.2 Å resolution for oxidized NAO and NAO-ES*, respectively. (A) Subunit A of NAO-ES* with hydrogen bonds indicated by
green dashed lines and ionic interactions indicated by a red dashed line and distance indicator. The 2-nitrobutyl moiety of the FAD adduct
is labeled as NBT. (B) Subunit B of NAO-ES* illustrating an alternative orientation of Asp402 and Ser276. (C) Subunit A of oxidized
NAO illustrating several solvent molecules in the active site. (D) Subunit B of oxidized NAO illustrating a spermine molecule within the
active site.
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essential features of each active site, which is comprised of
residues donated principally from one subunit and a 2-fold
related subunit.

The FAD binds noncovalently in an extended conforma-
tion to each NAO subunit (Figures 3 and 4). The isoallox-
azine ring is located between theâ-sheet domain on thesi
face and byR-helices E, G, F1, and the J-K loop on there
face. The FAD pyrophosphate moiety interacts with the
guanidino group of Arg304b as well as the positive dipole
at the N-terminal end ofR-helix K from subunit A. The
ribose, pyrophosphate, ribityl chain, and dimethylbenzene
ring on one side of the FAD interact with a turn afterR-helix
I in subunit B, which contains residues Ala376b-Met379b.
The adenine moiety extends to the dimer-dimer interface.
At that location, it interacts with His313b viaπ-stacking and
hydrogen bonds with the side chains of Gln314c and
Asn141a. Residues from subunits A and B exclude ap-
proximately 63% (∼700 Å2) and 35% (∼400 Å2) of the FAD
adduct from the solvent, respectively. Only about 2% (∼24
Å2) of the surface area of the FAD adduct in subunit A of
NAO-ES* is exposed to the solvent. Approximately half
of this is associated with the amine group on the adenine

ring at the A-C subunit interface. The remaining 1% is
associated with a solvent-excluded cavity at thesi face of
the dimethylbenzene ring of the FAD (see below).

The crystal structures presented here correlate well with
previous biochemical studies and confirm the presence of
Cys397, Tyr398, and Asp402 in the active site (35, 59, 60).
For example, Tyr398 was identified by tetranitromethane
modification, which resulted in inactivation of the enzyme
(60). Our structures show that the side chain of Tyr398 is
located approximately 8 Å from the dimethylbenzene ring
of the FAD and just over 10 Å from the nitro group of the
nitrobutyl adduct in NAO-ES* (Figure 4). However, the
residue is adjacent to Phe401 and Met283, both of which
form van der Waals contacts with the nitrobutyl adduct.
Therefore, modification of Tyr398 by tetranitromethane most
likely inactivates the enzyme by either (a) forcing alternative
side-chain orientations of these latter residues that subse-
quently prevent substrate association, (b) forcing the side
chain of Asp402 into a nonproductive orientation, or (c) a
combination of these effects. Similarly, Cys397, which was
identified by chemical modification byN-ethylmaleimide
(59), is less than 4 Å from both Phe401 and the FAD

FIGURE 4: Environment around the N5-(2-nitrobutyl)-1,5-dihydro-FAD moiety. (A) Divergent stereoview with C, O, N, and S atoms colored
gray, red, blue, and yellow, respectively. Bonds for the FAD are orange, and those of Asp402 and the nitrobutyl adduct are magenta.
Hydrogen-bond interactions are indicated by green dashed lines. (B) Schematic view fromLIGPLOT.
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dimethylbenzene ring. Asp402 has been identified as the
essential active-site base by several types of experiments (23,
30, 35). As illustrated by Figures 2A, 3, and 4, the backbone
atoms of Asp402 are located within a loop connecting
R-helices J and K (residues Pro399-Asn405). As a conse-
quence of the distinct turn formed by this loop, the carbonyl
oxygen atoms of Tyr398, Phe401, and Gly403 and side-chain
oxygen of Asn405 are forced into relatively close proximity
to each other. The resulting negative electrostatic potential
is further enhanced by the C-terminal end ofR-helix J. These
influences are compensated for by the positively charged Nε

atoms of Lys359 via hydrogen-bonding and Coulombic
interactions (Figure 4). The turn positions the amide proton
of Asp402 so that it can form a hydrogen bond with the O2
atom on the FAD ribityl chain. Together, these interactions
orient the J-K loop such that Asp402 is directly above the
re face and the N5 atom of the FAD.

Distortion of the FAD Isoalloxazine Ring.The electron-
density maps for the isoalloxazine rings in Eox and EI indicate
that they are distorted from planarity by approximately 15°
(Figures 3 and 5 and Supplementary Table S1 in the
Supporting Information). The piperizine ring in the ES*
structure is also puckered at the N5 atom and, consequently,
yields a larger distortion (∼21°). These features are consistent
with a reduced FAD in the N5 adduct. In each case, the
deviation from planarity is principally along the N5-N10
axis, which bisects the essentially planar dimethylbenzene
and pyrimidine ring systems. The position of the FAD
isoalloxazine ring is stabilized through several hydrogen
bonds with the pyrimidine ring (Figures 3 and 4 and
Supplementary Figure S2 in the Supporting Information).
Numerous hydrophobic interactions with the dimethylben-
zene ring are also present, including a nearly perpendicular
relationship between the aromatic ring of Phe401 and there
face of the FAD dimethybenzene ring (Figures 4 and 6A).
Such a T-shaped configuration is known to stabilize benzene
dimers and substituted benzene dimers by interactions
between the electronegativeπ obitals of one aromatic ring
and the electropositive edge of the second aromatic ring (61).
Aromatic stacking between thesi-face FAD and Trp169 also

likely influences the two-electron reduction potential of the
enzyme, which has been documented for some members of
the ACAD family (62).

While the isoalloxazine ring in free oxidized flavins in
solution is essentially flat (63-65), a survey of the structures
of oxidized flavoproteins by Lennon et al. (66) found that
isoalloxazine rings in many flavoproteins are significantly
nonplanar, with a mean angle of 7( 5° for the angle between
the pyrimidine and dimethylbenzene rings. The similarities
of the bending of the flavin in the Eox and ES* systems in
NAO would be expected to make the flavin in Eox more
susceptible to nucleophilic attack at N5. Moreover, the
structure of the flavin adduct in NAO-ES* is very similar
to reduced flavin in solution (67). Distortions of the
isoalloxazine ring systems have also been observed recently
for N5 and C4a covalent adducts of monoamine and
polyamine oxidases (68, 69), which have structures that are
completely unrelated to NAO.

Substrate Access to the ActiVe Site.Each of the structures
reveals several solvent-accessible channels or excluded
cavities associated with the FAD (Figure 6A). The largest
solvent-accessible channel extends from the exterior of the
protein and terminates at the FAD ribityl chain and N1 atom
and at the side chain of Phe273. The location of Phe273
prevents the channel from extending to Asp402, the active-
site base. We define this as the N1 channel and note that it
is roughly analogous to the acyl-CoA substrate-binding site
in the ACAD family members. The N1 channel in NAO is
lined with several charged and hydrophilic residues and
contains several solvent molecules. However, several residues
that confer substrate affinity for acyl-CoA substrates in
members of the ACAD family are not present in the N1
channel of NAO (see below).

The second channel also extends from the protein exterior
and terminates at the FAD N5 atom and residues Phe401
and Asp402. We define this as the N5 channel and suggest
that aliphatic substrates may enter the NAO active site
through this channel. The 26 Å long channel is funnel-shaped
and passes through the interface formed by the N- and
C-terminalR-helical domains. The exterior opening of the
N5 channel is approximately 15 Å wide and is surrounded
by hydrophobic residues (Ile64, Pro65, Leu66, Ile105,
Leu106, and Trp348) and charged or polar residues (Glu71,
Ser72, Thr271, Glu342, Glu344, and Lys351). In the middle,
an approximately 9 Å diameter constriction is formed by
the side chains of residues Val95 and Val280. The interior
walls of the channel are bordered exclusively with hydro-
phobic residues fromR-helices C1, D, E, and G. The total
solvent-accessible volume of the N5 channel is approximately
345 Å3. The spermine molecules in the EI active sites occupy
approximately 72% of that volume. This correlates with the
kinetic preference of NAO for hydrophobic nitroalkane
substrates with each CH2 group contributing∼2.6 kcal mol-1

of binding energy (10). The spermine molecule shields the
C4a and N5 atoms of there face from exposure to the
solvent. The isoalloxazine ring in the covalent adduct of ES*
is similarly excluded from the bulk solvent.

A third, solvent-excluded cavity is located adjacent to the
FAD si face. It contains five ordered solvent molecules, but
only the dimethylbenzene portion of the isoalloxazine ring
borders the dumbbell-shaped cavity. The rest of the cavity
boundary is comprised of the side chains of several residues

FIGURE 5: Isoalloxazine rings display deviations from planarity in
both Eox and ES* structures. The angle shown is the average of all
of the active sites in each asymmetric unit and depicts the C4-
N5-C6 angle. Bonds for the FAD are shown in orange, and those
of the nitrobutyl adduct are shown in green.
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as well as portions of the protein backbone (Phe43, Ile92,
Thr93, Trp169, Ser171, Asn172, Glu231, Pro232, Leu234,
Thr240, and Gly242). The cavity is very close to the A/B
subunit interface and is only excluded from the bulk solvent
by the side chains of Leu168, Trp169, and Pro232. The
location of the cavity on the opposite face of the FAD with

respect to the adduct suggests that it may not influence the
reaction in a significant manner.

Comparisons of the Eox, EI, and ES* ActiVe Sites.Each
subunit in the asymmetric units of either oxidized NAO or
the ES* complex overlays with root-mean-square deviation
(rmsd) values of approximately 0.27 Å for 429 CR atoms

FIGURE 6: Comparison of substrate-binding channels in NAO and the MCAD-C8S complex. (A) Divergent stereoview of the solvent-
accessible surfaces around the FAD in subunit A of the NAO Eox active site. The FAD is shown as CPK atoms with carbon, nitrogen,
oxygen, and phosphorus atoms colored green, blue, red, and magenta, respectively. The active-site base, Asp402, as well as Phe401 and
Phe273 are shown as sticks with carbon atoms colored yellow. The surfaces are colored according to the atoms that form the border and
with gray surfaces from subunit A and purple surfaces from subunit B. The N5 channel extends from the bottom right to the right of
R-helix G and terminates under the Phe401-Asp402 residues. The N1 channel extends from the bottom left, under theR-helix K, and
terminates near Phe273 fromR-helix G. (B) N5 substrate-access channel in NAO is occupied by a spermine molecule in subunit B of
oxidized NAO (EI). For a comparison, several residues from the superimposed structure of the MCAD-C8S complex (PDB code 1udy)
are shown in cyan. The NAO residues are labeled and shown in green, and the FAD residues are labeled and shown in orange. (C)
Corresponding solvent-accessible surface areas in the MCAD-C8S complex. The MCAD residues are labeled and colored as in B. For a
comparison, several residues from the superimposed structure of NAO-EI are shown in green. The MCAD-C8S cavities are interrupted
by Thr255 and blocked from the exterior by His65. (D) Residues that form hydrogen bonds to the C8S molecule in the MCAD-C8S
complex (magenta) and the corresponding residues from NAO (green, residue names with asterisks). (E) Some of the residues that constrict
the N1 channel in NAO include Phe273, Leu408, and Arg415 and the corresponding residues in the MCAD-C8S complex.
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and 0.34 Å for 6876 backbone atoms. The structural overlay
of homotetramers of oxidized NAO and the ES* complex
reveals small shifts of the residues in the J-K loop and in
several residues bordering the isoalloxazine ringsi face.
Perhaps the most important of these shifts are illustrated in
Figure 3 and parts A and B of Supplementary Figure S3 in
the Supporting Information. In subunit A of the oxidized
enzyme (Eox, Figure 3C and Supplementary Figure S3A in
the Supporting Information), the side-chain oxygen atoms
of Asp402 form hydrogen bonds with the OH moiety of
Ser276 and with the guanidino group of Arg409. There is
also a hydrogen bond between the Asp402NH and a solvent
molecule (Wat297), which is poised above the N5 of the
FAD. Most of these interactions are maintained in the EI
and ES* active-site complexes, with the exception of the
solvent molecules because they are displaced by ligand
binding. However, a comparison of subunit A in the Eox and
ES* structures shows that the orientations differ for the side
chains of Ser276 and Asp402 (parts A and C of Figure 3
and Supplementary Figure S3A in the Supporting Informa-
tion). Indeed, the side chains of Asp402 and Ser271 are
rotated into an alternative orientation in ES* with respect to
the Eox. As a result, Asp402 in ES* interacts with the
guanidino group of Arg409 and with the nitro group of the
adduct (3.3 Å). This suggests that Asp402 in subunit A of
ES* may be protonated, suggesting that the proton abstracted
from the substrate by the active-site base does not exchange
with the solvent until the products dissociate. In contrast, a
comparison of the active sites within subunit B from the
oxidized NAO (EI) and the ES* complex illustrates another
set of conformations (parts B and D of Figure 3 and
Supplementary Figure S3B in the Supporting Information).
In the EI active sites, the protons from the terminal cationic
nitrogen (N14 atom) in spermine likely form hydrogen bonds
with the FAD 2′-OH ribityl chain. Moreover, the side chain
of Glu76 is poised to interact equally with the cationic
spermine N10 and N14 atoms, whereas Asp402 interacts with
the cationic spermine N1 and N5 atoms. Together, these
interactions stabilize the binding of the inhibitor directly
above the FADre face. However, the side chains of both
Asp402 and Ser276 are in similar orientations within the B
subunits, as was observed for the A subunit of oxidized NAO
(Eox). Therefore, Asp402 appears to have at least two possible
orientations, which are coupled to the orientation of Ser276
as well. In subunit B of ES*, the side-chain oxygen atom of
Asp402 is about 0.5 Å further away from the nitro group
(3.7 Å) than in subunit A.

Stability of the N5-FAD Adduct.Previous results have
shown that the nitrobutyl-FAD adduct isolated from NAO
is stable at low pH but not in basic solution where it converts
to oxidized flavin (32). A similar conversion occurs within
the enzyme but at a rate at least 160 times slower. Our
structural analysis of ES* suggests that the remarkable
stability of the adduct within the protein is likely the result
of several factors (Figure 4). First, the analysis of solvent
accessibility indicates that the adduct is excluded from the
bulk solvent. Thus, the active-site environment almost
perfectly sequesters the adduct from additional molecular
influences. Second, Gadda et al. (32) have suggested that
decay of the nitrobutyl flavin adduct in ES* requires that
N1 be anionic. However, within the enzyme, the negative
charge on N1 may be significantly stabilized and delocalized

through resonance with the O2 atom of the pyrimidine ring.
Our structures suggest that both the N1 and O2 atoms form
hydrogen bonds with two main-chain amide protons and the
hydroxyl group of Ser134, respectively (Figure 4). These
influences would reduce the charge density on the N1 atom
and, consequently, stabilize the adduct. Third, some of the
active sites of the ES* structure show that the nitro group
of the adduct interacts with the side chain of Asp402, which
also interacts with Arg409. It is possible that the nitro-
Asp402 interaction may reduce the capacity of NO2

- to serve
as a favorable leaving group (step 8 in Scheme 1).

Comparisons of NAO with ACAD Family Members.The
structural homologues of NAO include family members of
the mitochondrial acyl-CoA dehydrogenases (ACAD) (58,
70), acyl-CoA oxidase (ACO) I fromArabidopsis thaliana
(71), ACO-II from rat liver peroxisomes (72), the acyl-ACP
dehydrogenase from polyketide biosynthetic pathways (73),
and the human glutaryl-CoA dehydrogenase/decarboxylase
(74). NAO shares approximately 24% sequence identity
(∼42% similarity) with various ACAD family members but
only 13-16% sequence identity with the two ACOs (Table
2). The regions of homology are spread throughout the entire
primary sequence, with the exception of the C-terminal
region of the ACOs (Figure 2 and Supplementary Figure S1
in the Supporting Information). The structural homology of
the subunits among the family members is evident from the
rms differences (Figure 2 and Table 2) that range from 1.6
Å for the MCAD to 3.1 Å for the homologous core of the
ACO-II. The Q scores (75) range between 0.64 (MCADs)
and 0.2 (ACOs). Comparisons of theR4 holoenzymes yield
the rms differences andQ scores that are all slightly worse
than overlays of individual subunits. For example, theR4

structures of NAO-ES* and the MCAD complex with
3-thiaoctanoyl-CoA (MCAD-C8S, PDB code 1udy) (76)
superimpose with an rmsd of 2.1 Å. This yields aQ score
of 0.54 and includes 1465 atoms from residues from each
protein. The largest degree of structural homology occurs
in R-helices G and H, which are regions that form the core
of eachR4 holoenzyme (Figure 2). In contrast, the overlay
in the regions at the points of the tetrahedra (theâ-sheet
domains) and at the C-terminal end of each subunit differ
more significantly. These regions with very different degrees
of structural homology are also present for other members
of the ACAD family (58, 71-74).

Members from both the ACAD and ACO families catalyze
the oxidation of acyl-CoA thioesters to their corresponding
trans-∆2-enoyl-CoA. To our knowledge, none of these
enzymes oxidize nitroalkanes. Moreover, NAO does not
oxidize acyl-CoA substrates. Our structural analysis reveals
important structural differences between NAO and the
MCAD-C8S complex that may rationalize the lack of cross-
reactivity. Perhaps the most important differences occur in
the region of the subunit that provides binding interactions
with the acyl-CoA substrate. For example, the CR trace for
NAO-ES* diverges quite significantly from MCAD-C8S
in the corresponding regions that provide binding interactions
with the adenine moiety of the acyl-CoA substrate (Figure
2B). Moreover, the side chains of Trp348 and Glu270 in
NAO-ES* occupy the corresponding binding pocket for the
adenine moiety of the acyl-CoA substrate in the MCAD-
C8S complex. In addition, several substrate-protein hydro-
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gen bonds in the MCAD-C8S complex are not possible for
NAO. For example, Figure 6D shows that four residues that
form hydrogen bonds with acyl-CoA substrates in the
MCAD-C8S complex are substituted by alanine residues
in NAO. As illustrated in Figure 2B, many of these features
result in some of the largest differences in the N-terminal
half of the MCAD-C8S and NAO-ES* structures.

The structure of the MCAD-C8S complex shows that the
acyl-CoA substrate occupies the N1 channel adjacent to the
ribityl portion of FAD (57, 76) (Figures 2B and 6D). In
contrast, our structure of EI shows that spermine occupies
the N5 channel on the opposite side of the FAD. Acyl-CoA
substrates cannot bind productively to NAO via the N1
channel because it is interrupted by the side chains of Phe273,
Leu408, and Arg415. In contrast to the N5 channel in NAO
(Figure 6B), the N5 channel in MCAD does not extend to
the exterior of the protein (Figure 6C). The side chain of
His65 blocks the MCAD N5 channel, which is further
interrupted on the interior by the side chains of Thr255 and
Thr102. Consequently, the MCAD accommodates acyl-CoA
substrates of limited size, but NAO binds a spermine
molecule (14 atoms long) and oxidizes primary nitro
substrates of various chain lengths.

The structural comparisons of NAO with ACADs also
highlight differences in the hydrogen bonding associated with
the active-site base, the FAD, and the substrate. The
structural, mechanistic, mutagenic, and spectroscopic analy-
ses of the MCAD support detailed proposals for the structural
contributions of active-site residues to catalysis (58, 70). For
example, the substrate binds to the MCAD along the N1
channel. The redox-active CR-Câ bonds of the substrate
are situated between the isoalloxazine ring, the J-K active-
site loop, and the active-site base (Glu376). This yields a
set of hydrogen-bonding interactions that are proposed to
not only orient the substrate and Glu376 but also increase
the pKa of Glu376 and decrease the pKa of the substrateR
proton (58, 70). Interestingly, the side chain of Arg256 in
MCAD occupies an approximately analogous position as
Arg409 in NAO. However, the guanidino group of MCAD-
Arg256 interacts with the side chain of MCAD-Ser330 and
the pantothenoic acid carbonoyl oxygen atoms of the acyl-

CoA substrate. Consequently, the CR-Cδ atoms of MCAD-
Arg256 pack against the side-chain atoms of MCAD-
Glu376, which contrasts with the hydrogen-bonding and ionic
interactions between the side chains of NAO-Arg409 and
NAO-Asp402. We anticipate that substrate binding to NAO
may resemble the spermine orientation observed in the EI
active sites and/or the 2-nitrobutyl portion of the ES* adduct.
In the structures of NAO, the 2′- and 4′-hydroxyl groups of
the FAD ribityl chain are hydrogen-bonded to the amide
nitrogen of the active-site base, Asp402. The ribityl 4′-OH
group also forms hydrogen bonds with the amide nitrogen
of Gly403 and the carbonyl oxygen of Leu400. These
interactions contrast with the MCAD-C8S complex, in
which the substrate forms analogous hydrogen bonds.
Consequently, the FAD in NAO is closer to the J-K active-
site loop than in the ACAD family members. The protein-
FAD interactions also terminate the N5 channel in NAO
before it reaches Asp402.

CONCLUSIONS

Our crystal structures of NAO show that it has a similar
structure to other members of the ACAD family. However,
important differences include the substrate-access channel,
the FAD microenvironment, and the hydrogen-bonding
pattern of the active-site base with substrate molecules.
Consequently, even though NAO and ACAD belong to the
same family, they do not exhibit cross-reactivity with
substrates for their reductive half-reactions. The stability of
the N5-FAD adduct in NAO-ES* can be rationalized by
structural features that include steric occlusion and hydrogen
bonding that delocalizes the negative charge on N1 of the
isoalloxazine ring.
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Table 2: Sequence and Structural Homology between NAO-ES* and Selected Homologues

subunit overlaya holoenzyme overlayb

homologue
% identity
(similarity) PDB code Q score rmsd (Å)

number of
CR atoms Q score rmsd (Å)

number of
CR atoms

pMCADc 23 (42) 3mde 0.63 1.67 369 0.31 1.76 745
1udy 0.64 1.62 371 0.54 2.12 1465

bMCADd 25 (43) 1ukw 0.64 1.65 367
hIVDHe 18 (37) 1ivh 0.57 1.90 359 0.53 2.2 1476
rSCADf 22 (42) 1jqi 0.57 2.01 355 0.28 1.86 718
bSCADg 22 (41) 1buc 0.55 1.95 352 0.27 2.11 732
GCADh 16 (32) 1siq 0.47 2.09 343 0.39 2.63 1368

1sir 0.51 1.96 349
ACPDi 17 (33) 1r2j 0.48 2.15 327
ACO-Ij 16 (29) 1w07 0.22 2.59 328 0.17 3.0 876
ACO-IIk 13 (26) 1is2 0.21 3.11 331 0.14 3.3 837
a Data from the secondary structure matching web server (75). TheQ score is defined asNalgnNalgn/(1 + (rmsd/R0)2)Nres1Nres2, whereNalgn is the

length of the alignment andNres1 and Nres2 are the number of total residues in the NAO and the target PDB structure, respectively. Individual
subunits for NAO-ES* and the target structure were superimposed.b The overlay was calculated for either anR2 or R4 holoenzyme.c Pig medium-
chain acyl-CoA dehydrogenase (Sus scrofa). d Bacterial medium-chain acyl-CoA dehydrogenase (Thermus thermophilusHb8). e Human isovaleryl-
CoA dehydrogenase (Homo sapiens). f Rat short-chain acyl-CoA dehydrogenase (Rattus norVegicus). g Bacterial acyl-CoA dehydrogenase
(Megasphaera elsdenii). h Glutaryl-CoA dehydrogenase decarboxylase (Homo sapiens). i Acyl-ACP dehydrogenase (Streptomyces hygroscopicus).
j Acyl-CoA oxidase isoform I (Arabidopsis thaliana). k Acyl-CoA oxidase isoform II (Rattus norVegicus).

1148 Biochemistry, Vol. 45, No. 4, 2006 Nagpal et al.



Portions of this research were carried out at (a) beamline
X26C of the National Synchrotron Light Source, Brookhaven
National Laboratory (supported by the U.S. Department of
Energy, Division of Materials Sciences and Division of
Chemical Sciences, under Contract Number DE-AC02-
98CH10886), (b) with general user proposal time allotted at
IMCA-CAT beamline 17-ID at the Advanced Photon Source
(APS, IMCA-CAT is supported by the Industrial Macromo-
lecular Crystallography Association through a contract with
Illinois Institute of Technology), (c) at BIOCARS beamline
14-BMC of the APS (supported by the National Institutes
of Health, National Center for Research Resources, under
Grant RR07707), and (d) at the Southeast Regional Col-
laborative Access Team (SER-CAT) beamline 22-ID at the
APS (SER-CAT supporting institutions may be found at
www.ser-cat.org/members.html). We are grateful for many
insightful discussions with Professors Giovanni Gadda and
Dale E. Edmondson.

SUPPORTING INFORMATION AVAILABLE

(Figure S1) Amino acid sequence and 2° structural
alignments of NAO compared to several homologues. (Figure
S2)LIGPLOTschematic representation of the protein-ligand
interactions. (Figure S3) (A, top) Divergent stereoview
comparing Eox (subunit A) with ES* (subunit A) and (B,
bottom) divergent stereoview comparing EI (subunit B) with
ES* (subunit B). (Table S1) Angles between the dimethyl-
benzene and pyrimidine rings of the FADs in the NAO
structures. This material is available free of charge via the
Internet at http://pubs.acs.org.
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