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ABSTRACT: The FAD-dependent NAD(P)H oxidase fromLactobacillus sanfrancisensis(L.san-Nox2)
catalyzes the oxidation of 2 equivalents of either NADH or NADPH and reduces 1 equivalent of O2 to
yield 2 equivalents of water. During steady-state turnover only 0.5% of the reducing equivalents are
detected in solution as hydrogen peroxide, suggesting that it is not released from the enzyme after the
oxidation of the first equivalent of NAD(P)H and reaction with O2. Here we report the crystal structure
of L.san-Nox2 to 1.8 Å resolution. The enzyme crystallizes as a dimer with each monomer consisting of
a FAD binding domain (residues 1-120), a NAD(P)H binding domain (residues 150-250), and a
dimerization domain (residues 325-451). The electron density for the redox-active Cys42 residue located
adjacent to thesi-face FAD is consistent with oxidation to the sulfenic acid (Cys-SOH) state. The side
chain of Cys42 is also observed in two conformations; in one the sulfenic acid is hydrogen bonded to
His10 and in the other it hydrogen bonds with the FAD O2′ atom. Surprisingly, the NAD(P)H binding
domains each contain an ADP ligand as established by electron density maps and MALDI-TOF analysis
of the ligands released from heat-denatured enzyme. The ADP ligand copurifies with the enzyme, and its
presence does not inhibit enzyme activity. Consequently, we hypothesize that either NADPH or NADH
substrates bind via a long channel that extends from the enzyme exterior and terminates at the FAD
re-face. A homology model of the NADH oxidase fromLactococcus lactis(L.lac-Nox2) was also generated
using the crystal structure ofL.san-Nox2, which reveals several important similarities and differences
between the two enzymes. HPLC analysis of ligands released from denaturedL.lac-Nox2 indicates that
it does not bind ADP, which correlates with the specificity of the enzyme for oxidation of NADH.

Lactobacillus sanfranciscensisandLactococcus lactisare
aerotolerant anaerobes and obligatory heterofermentive mi-

croorganisms (1). Genomic sequencing and analysis of
several lactic acid bacteria suggest that most do not
synthesize hemes or cytochromes (2-6). Consequently, they
are unable to use an electron transport chain or oxidative
phosphorylation and thus must satisfy all of their energy
requirements with glycolysis. In the absence of heme-based
oxidases or catalases, oxidative stress is managed in many
lactic acid bacteria or other facultative and strict anaerobic
bacteria by the expression of one or more flavin-dependent
NAD(P)H oxidase(s) (2, 3, 7-12). Therefore, the NAD(P)H
oxidases play important functional roles in regenerating
oxidized pyridine nucleotides for glycolysis and to help
protect the organisms from oxidative stress. Indeed, recent
studies have shown that the NADH oxidases fromArchae-
globus fulgidus, Streptococcus pyogenes, Streptococcus mu-
tans, andLactobacillus delbrueckiicontribute significantly
to their aerobic metabolism under growth conditions that
include oxidative stress (13-15).

Sequence analysis of these and the related NADH per-
oxidase enzymes reveals sequence identities with the NAD-
(P)H oxidase fromL. sanfranciscensis(L.san-Nox2)1 that
range from 39% for the crystallographically defined NADH
peroxidase fromEnterococcus faecalis(NPX) (16), 23% for
the putative NADH peroxidase fromS. pyogenesMGAS315,
and 59% for the NADH oxidase fromLactobacillus plan-
tarum WCFS1 (17-19). In each case, the most highly
conserved regions include either the redox-active cysteine
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(Cys42 inL.san-Nox2) or the FAD and NAD(P)H binding
domains. To our knowledge, no crystal structure has been
reported for a H2O-producing NAD(P)H oxidase, but se-
quence analysis suggests that these enzymes constitute a
distinct class of FAD-dependent oxidoreductases. However,
they are likely to be structurally related to the family of
disulfide reductases (20), which include glutathione reductase
(21), thioredoxin reductases (22), dihydrolipoamide dehy-
drogenases (23), trypanothione reductases (24), and LpDA
from Myobacterium tuberculosis(25).

A unique aspect of theL.san-Nox2 is that it oxidizes
NADH and NADPH at aVmax ratio of 3:1 but with very
similar KM values of 6.1 and 6.7µM, respectively. In
contrast, the homologous enzyme fromL. lactis(L.lac-Nox2)
is specific for NADH (26). However, bothL.san-Nox2 and
L.lac-Nox2 do not release H2O2 during turnover but rather
form two H2O molecules from O2 and 2 equiv of NAD(P)H
(Scheme 1). Indeed, we have demonstrated that less than
0.5% of the reducing equivalents can be detected as H2O2

from either enzyme (26-28). Therefore, hydrogen peroxide
must not be released from the enzyme during turnover. Two
features of the reaction scheme warrant further comment.
First, both theL.san-Nox2 andL.lac-Nox2 enzymes evolved
mechanisms to facilitate the generation of H2O2, which is
very common in flavoprotein oxidases (29, 30), but then to
prevent it from escaping into the cytosol. This is particularly
important for the facultative anaerobes that lack heme-based
catalases to protect the organism from H2O2. Second, the
L.san/lac-Nox2 also evolved a mechanism to enable O2

reactivity at step 2, but not at step 5, as illustrated in Scheme
1. Indeed, aberrant H2O2 produced at step 5 would likely
inactivate the enzyme via generation of a Cys-SOO(H)

intermediate and create additional oxidative stress to the
organism.

Sequence analysis and correlation with related enzymes
suggest that bothL.san/lac-Nox2 enzymes use a redox-active
cysteine residue (Cys42) that alternates between the thiol/
thiolate and the sulfenic acid states during turnover (17, 31).
Thus the first equivalents of NAD(P)H and O2 do yield H2O2,
which then reacts with Cys42 to form the Cys42-SOH
intermediate and a water molecule. The second equivalent
of NAD(P)H is then used to reduce the sulfenic acid
intermediate to the thiolate and releases the second H2O
molecule. The role of the sulfenic acid intermediate is
supported by analysis of Cysf Ser mutants in homologous
enzymes to create isoforms that produced H2O2 instead of
water during turnover (31-33). Thus theL.san/lac-Nox2 and
other homologues have evolved an efficient mechanism to
protect the organism from oxidative stress. Moreover, the
role of cysteine sulfenic acids in biology and oxidative stress
is quite prevalent in nature including humans (34-38) and
thus is currently garnering attention (32, 39). Oxidative stress
is often caused by an imbalance of redox-active species in
the cell, of which reactive oxygen species are the principle
molecular propagators and include hydrogen peroxide, su-
peroxide, hydroxyl radical, or even molecular O2. Oxidative
stress is implicated in the pathology of a wide range of
human diseases such as atherosclerosis, hypertension, stroke,
cancer, pathogenic infections, and neurodegenerative diseases
such as Parkinson’s disease (9, 38, 40-46).

Here we report the 1.8 Å resolution crystal structure of
L.san-Nox2 and the MALDI-TOF analysis of ligands re-
leased from the enzyme. We compare the results with similar
analytical studies and homology modeling of theL.lac-Nox2.
The crystal structure ofL.san-Nox2 confirms the presence
of the active site cysteine sulfenic acid, which exhibits two
alternate confirmations. A tightly bound ADP ligand occupies
each NAD(P)H binding domain, despite the fact that no
exogenous ligand was added to the protein during the course
of purification or crystallization. The entire ADP molecule
fits the observed electron density well and suggests that
NAD(P)H substrate ligands bind via an alternative access

1 Abbreviations: L.san-Nox2, the NAD(P)H oxidase fromLacto-
bacillus sanfrancisensis; L.lac-Nox2, the NADH oxidase fromLacto-
bacillus lactis; L.san/lac-Nox2, both enzymes as referenced above;
E.fae-Nox2, the NADH oxidase fromEnterococcus faecalis; NPX, the
NADH peroxidase fromE. faecalis; hGR, human glutathione reductase;
Cys-SOH or Cys42-SOH, sulfenic acid states of a cysteine residue or
Cys42; Cys-SOO(H), the sufinic acid state of a cysteine residue;
MALDI-TOF, matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry; rms, root mean squared.

Scheme 1: Overall Reactions Catalyzed by NAD(P)H Oxidasea

a The FAD-C4a-OO(H) species generated in the active site does not release H2O2 and does not dissociate from the enzyme but rather reacts with
the active site Cys42 (step 3 within the shaded box).
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channel present in theL.san-Nox2 structure. In contrast,
HPLC analytical results from theL.lac-Nox2 indicate that
the homologue does not bind ADP. Therefore, we propose
thatL.lac-Nox2 binds NADH in the classic sense, and indeed
several residues lining the NADH binding domain likely
elicit the NADH specificity observed for the enzyme.

MATERIALS AND METHODS

Preparation, Crystallization, and Data Collection.The
L.san-Nox2 was cloned, expressed, purified, and crystallized
as previously reported (47). The L.lac-Nox2 was cloned,
expressed, and purified as previously reported (26). X-ray
diffraction data forL.san-Nox2 were collected from cryo-
protected crystals held at approximately 100 K at beamline
22-ID of the SER-CAT facility of the Advanced Photon
Source (APS), Argonne National Laboratory, and processed
as previously reported (47). Briefly, the crystals crystallized
in space groupP212121, diffracted up to 1.8 Å resolution,
and contain two molecules per asymmetric unit. An ad-
ditional data set was collected from another crystal ofL.san-
Nox2 grown in identical conditions in order to confirm the
presence of a bound ADP in this structure as well. The crystal
diffracted to a resolution of 2.1 Å with very similar unit cell
dimensions. The structure description ofL.san-Nox2 reported
here will be based on the highest resolution (1.8 Å) structure.

Crystal Structure Determination.The structure ofL.san-
Nox2 was solved by molecular replacement using the NADH
peroxidase [PDB code 1F8W (18)] as a search model and
the program MOLREP (48, 49). The molecular replacement
solution was initially subjected to rigid body refinement and
simulated annealing with CNS (50) to a resolution of 3.0 Å.
Manual model rebuilding was performed with the program
O (51, 52), and the model was refined against the 1.8 Å
resolution data using maximum likelihood refinement in the
program REFMAC5 (49) from the CCP4 suite of programs
(53). Progress of the refinement was monitored byRfree (54,
55), which was calculated using 5% of the reflections, and
cross-validated,σA-weighted 2mFo - DFc andmFo - DFc

maps to evaluate the model and correct errors (56). Water
molecules were located and refined in the final stages of
refinement with ARP/Waters (57) and REFMAC5. The 2.1
Å resolution crystal structure was determined by subjecting
the 1.8 Å structure to rigid body refinement against the 2.1
Å data followed by maximum likelihood refinement with
REFMAC5. The ADP, FAD, and solvent molecules were
removed from the model prior to the refinement, and the
Cys42 residue was modeled as alanine to prevent model bias.
The quality of the stereochemical parameters of the refined
model was evaluated with PROCHECK (58, 59) and
indicates good stereochemical properties.

The X-ray data collection and refinement statistics for
L.san-Nox2 are shown in Table 1. The initial maps obtained
after rigid body refinement and simulated annealing resulted
in interpretable electron density with greater than 3σ positive
difference features clearly visible for the active site FAD
and the side chain atoms for many of the truncated residues.
To minimize model bias, Cys42 was modeled as alanine until
the majority of the structure was traced correctly into the
maps. Each ADP molecule was fit into the greater than 6.5σ
positive difference electron density features observed in the
NADH binding domain in the latter stages of the model

refinement. Simulated annealing OMIT maps were also
calculated in CNS by omitting ADP, FAD, and Cys42 from
the map calculations in order to check for model bias (50).
The final model forL.san-Nox2 refined to anR-factor of
0.17 andRfree of 0.22 for data between 46.4 and 1.8 Å (77355
reflections). The 2.1 Å structure was refined to anR-factor
of 0.20 andRfree of 0.26 for data between 50 and 2.1 Å
(49877 reflections). Ramachandran analysis of the highest
resolution structure showed that 90.3% of the residues were
located in the most favored region, 9.3% in the additionally
allowed region, 0.4% in generously allowed regions, and
none in the disallowed region. The estimated overall
coordinate error for the model based on theR-factor was
0.137 (0.132 forRfree), and the correlation coefficient of the
maps was 0.965.

Solvent-exposed surface areas were calculated with a 1.4
Å probe radius with Swiss-PDB viewer (v3.7b2) (60) or
VEGA (http://www.ddl.unimi.it) (61). Library files for the
modified Cys42 residue and cofactors were made using the
Dundee PRODRG server (62). Secondary structure assign-
ments were made using KSDSSP (63). Structural homo-
logues in the Protein Data Bank were found using MSDfold
(64). The rms difference between models was calculated with
the protein structure comparison service SSM at European
Bioinformatics Institute (64) (http://www.ebi.ac.uk/msd-serv/
ssm) or Swiss-PDB viewer (v3.7b2). Structure figures were
prepared using Swiss-PDBViewer (v3.7b2) and PovRay
(v.3.5) or Pymol (DeLano Scientific LLC, Castro City, CA).

HPLC and Mass Spectrometry of Ligands.The supernatant
containing released ligands from heat-denaturedL.san-Nox2

Table 1: Data Collection and Model Refinement Statistics for
L.san-Nox2

Data Collection
space group P212121

unit cell dimensions (Å) a ) 59.6,b ) 92.6,c ) 163.5
resolution range (Å)a 46.4-1.8 (1.85-1.8)
total reflections 693981
unique reflections 81507
completeness (%) 96.1 (73.8)
multiplicity 8.5 (4.1)
I/σ(I)b 29.0 (1.9)
Rsym (%)c 10.2 (48.9)

Model Refinement
resolution range (Å) 46.4-1.8
no. of reflections 77370
R-factor 0.178
Rfree

d 0.223
no. of non-H protein atoms 6980
no. of FAD molecules 2
no. of ADP molecules 2
no. of water molecules 708
meanB

protein atoms (Å2) 27.1
FAD (Å2) 22.7
ADP (Å2) 48.0
water atoms (Å2) 37.2

rms deviations from ideal
bond lengths (Å) 0.015
bond angles (deg) 1.5

estimated coordinate error (Å) 0.136
correlation coefficient 0.965
a Numbers in parentheses are for the highest resolution shell.b The

average agreement between the independently measured intensities.c The
root mean squared value of the intensity measurements divided by their
estimated standard deviation.d Calculated with 5% of the data.
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was analyzed using MALDI-TOF mass spectrometry. Samples
were prepared by gel filtration using a Sephadex G-25
column (PD-10) (Amersham-Pharmacia Biotech, Piscataway,
NJ) and then heat denatured by boiling the enzyme for 1.5
h. MALDI-TOF spectra of the supernatant were collected
using an ABI Voyager DE-pro mass spectrophotometer at
the Georgia State University (Atlanta, GA) Mass Spectrom-
etry Facility.

L.lac-Nox2 Purification and Analysis of Endogenous
Ligand(s).TheL.lac-Nox2 was expressed with a C-terminal
His tag and purified by using immobilized metal affinity
chromatography as described previously (IMAC; BD Talon
Co2+ Metal Affinity CellThru Resin; BD Biosciences, Palo
Alto, CA) (65). The enzyme was then dialyzed overnight
against 50 mM HEPES buffer, pH 7.0, using an ultrafiltration
membrane with 12-14 kDa molecular mass cutoff (MWCO)
(Spectrum Laboratories, Rancho Dominguez, CA) (26). The
protein was denatured at 100°C for 8 min and centrifuged
at 12400g. The collected supernatant was analyzed by a
Beckman Coulter System Gold 126 solvent module HPLC
using a C18 reversed-phase column (Beckman Coulter, 4.6
× 250 mm). A 5 min isocratic elution was run with 0.1 M
ammonium acetate, pH 5.3, followed by a 25 min linear
gradient to 50% methanol using a 1 mL/min flow rate. The
eluted peaks were monitored by absorbance at 260 and 450
nm with a Beckman Coulter System Gold 168 detector.
Authentic standards of 10µM ADP (Sigma-Aldrich, St.
Louis, MO) and 10µM FAD (Sigma-Aldrich, St. Louis, MO)
were also analyzed by these conditions. To one sample of
the denatured protein supernatant was added 10µM ADP
and analyzed as above.

Homology Model of L.lac-Nox2.A homology model of
L.lac-Nox2 was generated using the crystal structure of
L.san-Nox2 as a template and the SWISS-MODEL auto-
mated comparative protein modeling server (http://swiss-
model.expasy.org//SWISS-MODEL.html). The default “project
(optimize) mode” was used for generation of the model (66).
The FAD was added to theL.lac-Nox2 model by superim-
posing the homology model onto the coordinates of the
L.san-Nox2 crystal structure and importing the coordinates
of the FAD fromL.san-Nox2.

RESULTS

OVerall Structure Description of L.san-Nox2. The asym-
metric unit contains one holoenzyme, which is composed
of two identical subunits related by 2-fold symmetry (Figure
1A,B). Indeed, structural overlap between the two subunits
yields a rms difference of approximately 0.4 Å. Each subunit
is roughly divided into three major domains; an N-terminal
FAD-binding domain (residues 1-120), a middle NAD(P)H
binding domain (residues 150-250), and a C-terminal
dimerization domain (residues 325-451). Approximately
6000 Å2 is buried at the dimer interface, which corresponds
to 30% of the surface area for each monomer. The C-terminal
residue 452 in chain A and residues 450-452 in chain B
were not visible in the electron density maps and were
consequently not included in the model. The FAD and NAD-
(P)H binding domains both adopt a Rossman fold topology
(Figure 1C), which are structurally very similar to each other
(rms difference of 1.09 Å over 66 common CR atoms). In
addition to noncovalently bound FAD, the enzyme also

contains a bound ligand molecule in the NAD(P)H binding
domain, which we have modeled as ADP (see below).

A High-Affinity Ligand in the NAD(P)H Domain.During
the course of refinement, positivemFo - DFc features at
greater than 6.5σ persisted in the electron density maps in
the NAD(P)H binding domain, suggesting the presence of a
bound ligand. The electron density could be fit well with an
adenine, ribose, and two phosphate moieties, but the electron
density does not extend completely to the FADre-face.
Simulated annealing OMIT maps and the final refined
models support the interpretation of ADP as the ligand

FIGURE 1: The crystal structure ofL.san-Nox2 illustrating (A) a
view perpendicular to the 2-fold axis and (B) a view after an
approximately 90° rotation about the horizontal axis. The FAD and
ADP are shown as CPK atoms with the C, N, and O atoms colored
in gray, blue, and red, respectively. (C) An overlay of the FAD
domain (green, residues 1-120) and the NAD(P)H domain (red,
residues 150-250) of L.san-Nox2. The FAD (yellow) and ADP
(blue) are illustrated as CPK atoms. The Cys42-SOH and Tyr159
residues are shown in magenta sticks.

H2O-Forming NAD(P)H Oxidase fromL. sanfranciscensis Biochemistry, Vol. 45, No. 32, 20069651



(Figure 2). To confirm this assignment, the supernatant
containing the ligands released from heat-denatured enzyme
was analyzed by MALDI-TOF mass spectrometry (Support-
ing Information, Figure S1). The negative ion mode analysis
reveals two sharpm/z ratios of 784 and 425.9 that correlate
with the molecular weights of FAD and ADP, respectively.
The ADP ligand occupies the NAD(P)H binding domain in
an extended conformation with the diphosphate moiety
toward the FADre-face. There is no evidence for covalent
attachment of the ligand to the enzyme. The side chain of
Asp179 hydrogen bonds with the 2′-hydroxyl group of the
ADP ribose ring. The two phosphate groups of the ADP are
hydrogen bonded with the Ile160N, Tyr159N, and Tyr188OH

moieties. Additional hydrogen bonds are suggested between
the ADP ribose hydroxyl groups and His181Nε2. Ap-
proximately 11% of the total surface area for the ADP ligand
is exposed to bulk solvent, which is consistent with high
affinity. A second, independent crystal structure ofL.san-
Nox2 to 2.1 Å resolution also reveals the presence of the
tightly bound ADP ligand.

Comparisons of L.san-Nox2 and L.lac-Nox2.Several
remarkable similarities and differences become apparent
whenL.san-Nox2 andL.lac-Nox2 are compared. They share
33% amino acid sequence identity (Supporting Information,
Table S1) including Cys42 and His10, which are essential
features of the active site inL.san-Nox2 (see below). The
FAD to protein ratio can be estimated by theA280/A450 ratios
of each enzyme. Values of 10.2 and 7.89 forL.san-Nox2
and L.lac-Nox2 suggest that they each bind one FAD per
subunit. However,L.lac-Nox2 binds exogenously added FAD

with a KM of 53 µM, whereas exogenously added FAD has
no effect onL.san-Nox2. Importantly,L.san-Nox2 oxidizes
both NADH and NADPH with approximately equal affinity
(KM ) 6.7 and 6.1µM, respectively), whereasL.lac-Nox2
will only oxidize NADH with a KM of 90 µM. The maximal
catalytic activities for each enzyme are as follows:L.san-
Nox2,kcat(NADH) ) 184 s-1 andkcat(NADPH)) 52 s-1, andL.lac-
Nox2,kcat(NADH) ) 78 s-1. ThusL.san-Nox2 has an apparent
3-4-fold preference for NADH over NADPH but neverthe-
less efficiently oxidizes both substrates. In contrast,L.lac-
Nox2 is specific for NADH. During steady-state turnover,
both enzymes release between 0.4% and 0.7% of the
stoichiometrically expected amount of hydrogen peroxide,
suggesting mechanistic similarities that prevent H2O2 from
dissociating from the enzymes. Our structures show that the
putative NAD(P)H binding pocket in eachL.san-Nox2
subunit is occupied by an ADP molecule. Consequently, the
A260/A450 ratio of 9.27 and 6.3 forL.san-Nox2 andL.lac-
Nox2, respectively, is consistent with the presence of ADP
in the former, but not in the latter. Indeed, HPLC analysis
of the endogenous ligand(s) released from heat-denatured
L.lac-Nox2 indicates that only FAD binds to the enzyme as
isolated (Supporting Information, Figure S2). Therefore,
substrate preference inL.lac-Nox2 is likely dictated by the
residues lining the putative NADH binding domain (see
below). In contrast, the presence of the ADP ligand inL.san-
Nox2 appears to be responsible, at least in part, for the lack
of substrate preference by this homologue.

ActiVe Site Architecture of L.san-Nox2.The electron
density is unambiguous for the entire portion of the nonco-

FIGURE 2: Typical electron density maps for the ADP ligand, FAD, and several residues. (A) The 2mFo - DFc simulated annealing OMIT
electron density maps (contoured at 1σ, 1.8 Å resolution) obtained by omitting the ADP and FAD molecules from the map calculations
superimposed with the final refined coordinates for the ADP ligand. (B) Relationship between the ADP and the FAD with the final 2mFo
- DFc electron density maps (contoured at 1σ, 1.8 Å resolution). (C) A divergent stereoview of the ADP binding site inL.san-Nox2. The
hydrogen-bonding interactions are represented by green dashed lines. The ADP molecule is superimposed upon the final 2mFo - DFc
electron density maps (contoured at 1σ, 1.8 Å resolution). The bonds in the ADP molecule are colored in orange and the C, N, O, and S
atoms of the amino acid residues are colored in gray, blue, red, and yellow, respectively.
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valently bound FAD cofactor in each subunit. The electron
density maps further indicate that the FAD isoalloxazine ring
is bent slightly. The approximately 16° angle along the N5-
N10 axis derives from the 168.4° angle between C6-N5-
C4 atoms and the 169.6° angle between the C9-N10-N1
atoms. A portion of the FAD is shielded from the exterior
solvent by the second subunit of the dimer (backbone of
Pro424b, Phe235b, and Met236b). Indeed, within this contact
region, the carbonyl oxygen of Phe423b hydrogen bonds with
the FAD N3 and O4 atoms.

The electron density for the redox-active Cys42 residue
located on the FADsi-face suggests that it is oxidized to
the sulfenic acid (Cys42-SOH) and that it adopts two
alternate conformations (Figure 3). The side chain in each
conformation is stabilized by hydrogen bonding with either
His10Nε2 or the O2′ ribityl moiety of the FAD. Several
refinement models were analyzed for this residue including
Cys42-SH, Cys42-SO2H, and Cys42-SO3H. None of these
models produced maps that were devoid ofmFo - DFc

difference features and often the model hadB-values for the
S and/or O atoms that were very different than their adjacent
bonded atoms. In contrast, a refinement model comprised
of Cys42-SOH in two conformations, but each with 0.5
occupancy, produced maps with very well defined 2mFo -
DFc electron density and no difference features. Moreover,
theB-values for all atoms within the residue varied smoothly.
In one orientation of Cys42-SOH the sulfenic acid moiety

hydrogen bonds with the imidazole of His10, and in the other
it hydrogen bonds with the FAD and is only 3 Å from the
C4a atom. Thus the latter orientation partially blocks access
to the FAD C4a atom from thesi-face. Additional models
with occupancies for the two conformations that ranged in
10% increments from 1:0 to 0:1 were also analyzed, but these
did not improve the models or maps. Two subtly different
orientations of the His10 side chain (each with 0.5 oc-
cupancy) were observed to correlate with the fraction of
Cys42-SOH that forms a hydrogen bond with it. Analysis
of the protein environment around Cys42-SOH indicates that
the residue is sequestered by mostly nonpolar residues
(Leu40, Gly43 from chain A and Phe435, Pro427 from chain
B).

DISCUSSION

Structural Homologues of L.san-Nox2.The structural
analysis ofL.san-Nox2 reveals structural homology with
several members of the pyridine nucleotide disulfide reduc-
tase family of enzymes. Proteins with the highest degree of
structural similarity are listed in Supporting Information,
Table S2. These enzymes share very similar folds, despite
sequence identities that range between 18% and 39%. (For
a sequence alignment and secondary structure assignment
for L.san-Nox2, please see Supporting Information, Figure
S3.) The closest structural homologue is NADH peroxidase
(NPX) from E. faecalis [PDB code 1JOA (16)], which

FIGURE 3: Structural analysis of the redox state of Cys42. (A) ThemFo - DFc positive difference electron density (gold, contoured at 3σ,
1.8 Å resolution) obtained from simulated annealing OMIT maps, with Cys42 omitted from the map calculations, superimposed upon the
Cys42-SOH residue which is modeled with the distal oxygen occupying two alternate conformations with half-occupancy. (B, C) The
Cys42-SOH residue exists in two alternate conformations and is stabilized by hydrogen-bonding interactions with either His10 or the FAD.
Cys42-SOH also partially blocks access of O2 to the FAD-C4a atom. The refined models in (B) and (C) are superimposed upon the final
2mFo - DFc electron density (blue, contoured at 1σ, 1.8 Å resolution). The bonds in the Cys42-SOH residue are colored in green and those
of the FAD in orange. The C, N, O, and S atoms are colored in gray, blue, red, and yellow, respectively. (D) A divergent stereoview of the
active site residues surrounding thesi-face of the FAD and Cys42-SOH. The Cys42-SOH residue is colored in green and the C, N, O, and
S atoms are colored as above.
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exhibits rms deviations of 1.45 Å over 439 common CR

atoms when the monomers are superimposed (Figure 4).
The subunit structures ofL.san-Nox2 and human glu-

tathione reductase (hGR) overlay with rms differences of
approximately 2.8 Å over 329 common CR atoms (Figure
4). The overall fold is very similar, and both proteins exhibit
roughly the same topology of secondary structural elements
and domains (21). Analysis of the molecular surface of the
L.san-Nox2 and hGR reveals that both share homology in
the active site, which includes the redox-active cysteine
residues. TheL.san-Nox2 Cys42 residue is analogous to the
hGR Cys63 residue, and the nearby Cys58 residue in hGR
allows for the formation of a redox-active disulfide bond
(70). The structural overlays for the monomers ofL.san-
Nox2 and hGR are more similar to each other than when
the two dimeric proteins superimposed. Analysis of the two
dimeric structures reveals that although the molecules in one
subunit superimpose well, the second subunits do not (rms
difference of 34.8 Å for residues 18-450). Thus, there is a
significant shift in the orientation of the second subunit in
hGR when compared to the analogous subunit inL.san-Nox2.

Comparison of L.san-Nox2 with NADH Peroxidase.The
monomers ofL.san-Nox2 and NADH peroxidase superim-
pose with an rms difference of 1.4 Å over 439 common CR

atoms (Figure 4, Supporting Information, Table S2). How-
ever, when theL.san-Nox2 dimer is superimposed with the
analogous NADH peroxidase dimer, the rms difference
increases to approximately 1.9 Å (for 956 common CR

atoms). Some of largest structural deviations are found in
the FAD binding domain (residues 1-119). For example,
superposition of 119 CR atoms comprising an individual FAD
domain from each enzyme yields an overlay with rms
deviation of∼4.8 Å. However, the value increases to∼6.2
Å when the overlay is calculated with both FAD domains
from the dimer of each protein. In comparison, the overlays
of the NAD(P)H binding domains (approximately residues

150-250) increase by only 0.5 Å rms difference for overlays
of respective monomer or dimer structures. Consequently,
the two enzymes have slightly different orientations of the
secondary structure elements in the FAD binding domains
with respect to the NAD(P)H domains. Despite these
similarities and differences, the most striking difference
between the two enzymes is the presence of an ADP
molecule in the NAD(P)H binding domain ofL.san-Nox2.
Indeed, the ligand is clearly present even though it was never
added during expression, purification, or crystallization of
the enzyme. In contrast, the structure of NADH peroxidase
as isolated does not contain a bound ligand within the NADH
binding domain.

A comparison of the active site environment between
NADH peroxidase (with at least sulfenic acid present at
Cys42) andL.san-Nox2 reveals further similarities and
differences (Figure 5A). For example, His10 and Cys42 are
conserved among the two structures, but the relative positions
of the CR atom for His10 and Cys42 differ by 1.2 and 0.7
Å, respectively. Furthermore, the side chain of His10 in
L.san-Nox2 is observed in two alternate conformations, each
with half-occupancy. The hydrogen-bonding environment
also differs for these two residues. In the NADH peroxidase
structure, the proximal oxygen of Cys42-SOH hydrogen
bonds with the FAD N5 atom (3.2 Å) and is within 3.4 Å of
the His10Nε2 atom. In contrast, in theL.san-Nox2 structure
the side chain of Cys42-SOH hydrogen bonds with either
the FAD O2′ atom (2.5 Å) or the His10Nε2 atom (3.2 Å)
depending on the conformation of Cys42-SOH. Additional
differences exist among residues lining the solvent access
channel to thesi-face of the FAD. In NADH peroxidase, an
ionic interaction between Glu14 and Arg303 is present, and
furthermore, the Arg303N1 atom hydrogen bonds with
His10Nε1. These ionic interactions are absent inL.san-Nox2
because the analogous residues are nonpolar (Phe14 and
Val304, respectively).

FIGURE 4: A divergent stereoview of the CR trace of (top)L.san-Nox2 (red) superimposed with NADH peroxidase (blue; PDB code 1joa)
and (bottom)L.san-Nox2 (red) superimposed with human glutathione reducatase (blue; PDB code 1gra). The protein backbone ribbon trace
for the superimposed enzymes is shown on the right with the FAD shown as space-filled atoms and colored as in the CR traces. Selected
structural elements are labeled.
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Comparison of L.san-Nox2 and the Homology Model of
L.lac-Nox2. The homology model ofL.lac-Nox2 was based
upon the 33% sequence identity between the two enzymes
and threaded onto our crystal structure ofL.san-Nox2. The
homology extends throughout the subunit ofL.san-Nox2 and
includes the dimerization domain, which is consistent with
a dimer structure forL.lac-Nox2. Moreover, the homology
model ofL.lac-Nox2 suggests that it andL.san-Nox2 share
very similar active sites (Figure 5B). For example, His10,
Cys42, Ala45, Tyr159, Val304, and Leu299 are all structur-
ally conserved. Thus the solvent channel leading to Cys42
in L.lac-Nox2 includes nonpolar resides more similar to
L.san-Nox2 and in contrast to the Glu14 and Arg303 residues
in the NADH peroxidase. Other significant differences
between theL.san-Nox2 andL.lac-Nox2 include the envi-
ronment comprising the NAD(P)H binding domain (see
below).

NAD(P)H Substrate Binding.Prior results from our
laboratories have shown thatL.san-Nox2 exhibits dual
substrate specificity (27, 28). Indeed, both NADH and
NADPH have almost identicalKM values (6.7 and 6.1µM,
respectively). The crystal structure ofL.san-Nox2 reveals
three channels that extend from the surface of the protein to
the active site. One channel terminates at the FADre-face,
the second terminates at the Cys42 and the FADsi-face, and
the third extends along the subunit interface and terminates

at the C4a edge of the FAD isoalloxazine ring (Figure 6).
The channel terminating at the FADsi-face inL.san-Nox2
is lined primarily with hydrophobic residues. In NADH
peroxidase, the homologous channel is lined with more polar
residues and is proposed to be the channel in which H2O2 is
delivered to the active site (18). Thesi-face channel is also
approximately analogous to the glutathione binding region
in hGR. The channel terminating at there-face in L.san-
Nox2 is lined by residues Ser115, Phe245, Asp282, Tyr296,
Pro298, and Leu299 and by the ribose ring and phosphate
moieties of the ADP ligand.

Dual substrate specificity observed inL.san-Nox2 can be
rationalized in at least two ways (discussed here and below).
One hypothesis assumes that the ADP ligand remains bound
to the enzyme during turnover. Consequently, the NAD(P)H
substrates may access the FAD via the largere-face channel
observed in the structure. The nicotinamide ring from either
NADH or NADPH can be appropriately positioned adjacent
to the isoalloxazine ring, provided that Tyr159 is rotated out
of the way (see below). In contrast, NADH specificity in
the other homologues is due, in part, to the amino acid
residue located 19-21 residues downstream of the last
glycine in the GXGXXG signature motif (34, 67-69). In
general, NADP+ specificity derives from an arginine at this
position, which provides ionic and hydrogen-bonding inter-

FIGURE 5: Active site structural comparisons ofL.san-Nox2 with
NADH peroxidase and the hypothetical model ofL.lac-Nox2. (A)
The carbon atoms ofL.san-Nox2 are colored in green and those of
NADH peroxidase are cyan (PDB code 1joa). The labels in
parentheses correspond to the NADH peroxidase residues. (B) The
color scheme forL.san-Nox2 is as in (A), whereas theL.lac-Nox2
carbon atoms are in cyan. The residue labels in parentheses
correspond to theL.lac-Nox2. In both parts, the N, O, S, and P
atoms are colored in blue, red, yellow, and magenta, respectively.

FIGURE 6: The solvent-excluded surface area ofL.san-Nox2. (A)
The putative entrance channel for NAD(P)H that terminates at the
re-face of the FAD. The surfaces associated with the bound ADP
are displayed in yellow, whereas the protein surfaces are colored
according to atom type, with C, N, and O as white, blue, and red,
respectively. (B) The active site cavity at the FADre-face can
accommodate the nicotinamide ring of a bound NAD(P)H molecule.
The surface area of the ADP ligand within the NAD(P)H domain
is colored yellow, the surfaces associated with the FAD are in
orange, and the surfaces associated with the protein subunits are
in either cyan or purple. There is a channel connecting there- and
si-faces of the FAD and terminates at Cys42 that is of sufficient
size to permit migration of H2O2.
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actions with the 2′-phosphate of NADP+. In contrast, NAD+

specificity derives from an acidic amino acid at this position,
which hydrogen bonds with the 2′-hydroxyl group and
provides for electrostatic selection against NADPH ligands.
In L.san-Nox2, Asp179 occupies this important position and
hydrogen bonds with the 2′-hydroxyl group of the ADP
molecule (Figure 7). InL.lac-Nox2 and inE.fac-Nox2, the
residue is conserved as Asp178. However, our HPLC analysis
of denaturedL.lac-Nox2 indicates that it does not contain a
high-affinity ADP ligand. Consequently, we can rationalize
specificity toward NADH and exclusion of NADPH in the
L.lac-Nox2 as dictated by residues lining the putative NADH
binding site. In contrast, the occupancy of ADP in theL.san-
Nox2 typical NADH domain requires that NAD(P)H sub-
strates must access the FAD via the larger channel, which
lacks the typical interactions to dictate strict substrate
preference.

To gain further structural insights for the different substrate
preferences exhibited by the homologues, we docked NAD-
PH into the NADH binding domains of the crystal structures

of L.san-Nox2, NADH peroxidase, and the homology model
of L.lac-Nox2 (Figure 7). The conformation of the NADPH
ligand was duplicated from the crystal structure of the
NADPH complex of human glutathione reductase. The
homology model ofL.lac-Nox2 suggests that Asp178 would
interact with the 2′-hydroxyl/phosphate group of the NAD-
(P)H substrate. Moreover, there are no residues within the
vicinity of the 2′-phosphate that would stabilize the negative
charge of the NADPH molecule. Consequently,L.lac-Nox2
should be specific for NADH, as observed with in vitro
assays.

The second hypothesis for dual substrate specificity in
L.san-Nox2 assumes that the ADP ligand departs during
turnover, and that NAD(P)H subsequently binds in an
analogous position as the observed ADP ligand. The residues
lining theL.san-Nox2 putative NADH binding site suggest
that the enzyme may accommodate either NADH or NAD-
PH. For example, NADH or NADPH binding could be
essentially analogous to the ADP ligand observed in the
current structure. We do not forecast any significant alter-
ations to protein side chains to accommodate NADH binding,
with the exception of Tyr159, which is also applicable to
the NADPH binding modes as well (see below). However,
a slight conformational change of Asp179, which is possible
on the basis of examination of alternative rotomers, would
be required to move the negative charge of the side chain
away from the region nearest the 2′-phosphate group of a
bound NADPH substrate. In further support of this binding
mode, we note that Lys213, His181, and Lys187 are all
positioned to either hydrogen bond and/or stabilize the charge
of such a bound NADPH molecule. Indeed, these interactions
are analogous to those in NADPH complex of glutathione
reductase (70). In contrast and as noted above, there are no
positively charged residues within the vicinity of the 2′-
phosphate group of the docked NADPH in either the model
for L.lac-Nox2 or the NADH peroxidase structure. Conse-
quently, the structures predict that these latter enzymes should
not oxidize NADPH.

Orientation of Tyr159.An examination of the sequence
alignments ofL.san-Nox2, L.lac-Nox2, NADH peroxidase,
and hGR reveals that Tyr159 inL.san-Nox2 is highly
conserved. Moreover, the structural comparisons discussed
above for theL.san-Nox2, NPX-NADH, and hGR-NADP+

complexes indicate that the ADP molecule inL.san-Nox2
occupies an analogous position as the adenosine dinucleotide
portion of NADH in the other two structures (70, 72).
However, the various crystal structures from these homo-
logues obtained with and without ligands bound indicate that
the equivalent Tyr159 residues occupy one of two orienta-
tions (Figure 7E,F). In the absence of ligands, the tyrosine
conformation is typically in the “in” orientation, where it
partially occludes the FADre-face and especially at C4a. In
contrast, when Tyr159 is in the “out” conformation, it likely
permits ligand binding and hydride transfer to the FAD. Thus
the crystal structures of the NADH complex of NADH
peroxidase, the hGR-NADP+ complex, and theL.san-Nox2
structure reported here indicate that Tyr159 occupies the out
position (70, 72). The orientation of the Tyr159OH in L.san-
Nox2 is influenced by a hydrogen bond with Ser328Oγ, which
stabilizes the out rotomer. However, a conformational change
at Tyr159 would easily yield the in rotomer and would
presumably decrease NAD(P)H and/or O2 affinity. Therefore,

FIGURE 7: Structural comparisons of the NADPH binding domains
in selected homologues. Note that the environment around the 2′-
phosphate group in NADPH suggests a structural basis for substrate
preference in each enzyme. (A) TheL.san-Nox2 with NADP+

docked (protein carbon atoms in green, NADP+ carbon atoms in
orange) into the binding site by superimposingL.san-Nox2 with
the structure of the NADP+ complex of human glutathione reductase
(PDB code 1gra). (B) The NADH peroxidase with carbon atoms
in gray from the PDB (2npx). (C) The hypothetical model ofL.lac-
Nox2 with NADP+ docked by the same process described above.
(D) The NADP+ complex of human glutathione reductase with
carbon atoms in magenta from the PDB (1gra). (E) Structural
overlays of the ADP bound inL.san-Nox2 and two forms of NADH
peroxidase The superimposed structures ofL.san-Nox2 (red) and
unliganded NADH peroxidase (blue; PDB code 1joa). (F) The
superimposed structures ofL.san-Nox2 (red) and NADH peroxidase
in complex with NADH (green; PDB code 2npx). The conformation
of Tyr159 inL.san-Nox2 is similar to that observed in the NADH
complex of NADH peroxidase.
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Tyr159 may serve as a gate or sensor that modulates
reactivity at the FAD C4a position.

Mechanistic Insights.The high-resolution crystal structure
of L.san-Nox2 and the homology model ofL.lac-Nox2
provide insights into the reaction mechanism for each enzyme
(Figure 8). The oxidation state of the redox-active Cys42
residue is proposed to alternate between the thiol/thiolate
(E) and the sulfenic acid states (E*) during turnover (32).
Thus the observation of Cys42-SOH inL.san-Nox2 provides
critical information for rationalizing the observation that very
little H2O2 is released from the active site ofL.san-Nox2
during turnover. Because a C4a-peroxy intermediate has been
observed in theE. faecalisNADH oxidase C42S mutant (33),
we assume that molecular oxygen reacts at the FAD C4a
position and likely forms a peroxy flavin adduct. However,
our structural analysis does not unambiguously suggest either
a re- or si-face FAD peroxy adduct. We propose that the
first equivalent of NAD(P)H used in the first oxidative half-
reaction enters the active site via are-face channel. Hydride
transfer then yields reduced FAD and NAD(P)+, which may
or may not dissociate readily. Subsequent reaction with O2

yields H2O2, but it does not dissociate from the enzyme via
the re-face because the channel is blocked by either (a) the
NAD(P)+ product, (b) the ADP ligand, or (c) the in rotomer
of Tyr159. Together, these factors serve to influence H2O2

migration toward thesi-face by steric occlusion, where it
encounters the thiolate moiety of Cys42. Nucleophilic attack
of Cys42-S- on H2O2 will yield the first water molecule and
generate the Cys42-SOH intermediate (E*), which is stabi-
lized via hydrogen bonds to His10 and the FAD. Indeed,
our crystal structure is most consistent with the E* form
indicated in the reaction mechanism. The second equivalent
of NAD(P)H then reduces the FAD. However, since the
reduced FAD is in van der Waals contact with Cys42-SOH,
it transfers two electrons to Cys42-SOH much faster than
another reaction with O2 to yield a second equivalent of
H2O2. Thus the sulfenic acid is converted back to the thiolate,
and the second H2O molecule is released. The importance
of Cys42 has been demonstrated by site-directed mutagenesis
in NADH peroxidase in which Cys42 was mutated to Ala
or Ser and also in the C42S mutant ofE. faecalisNADH

oxidase. The two NPX mutants failed to react with H2O2,
and the C42S mutant of the NADH oxidase generated H2O2

rather than H2O (31, 33, 73).
Conclusion.To our knowledge, the high-resolution crystal

structure ofL.san-Nox2 is the first structure of a water-
forming, FAD-dependent NADH oxidase. The X-ray struc-
ture confirms thatL.san-Nox2 is a structural homologue of
the pyridine nucleotide disulfide reductase family of enzymes
and most closely resembles the structure of NADH peroxi-
dase. The structure reveals that Cys42 is appropriately
positioned to react with H2O2 to yield the first H2O molecule
and Cys42-SOH, which can then be reduced by the second
equivalent of NAD(P)H. Furthermore, the discovery of a
high-affinity ADP molecule, which copurifies and cocrys-
tallizes with the enzyme, suggests a structural basis for the
lack of substrate preference inL.san-Nox2. Our comparison
of theL.san-Nox2 and the hypothetical model of theL.lac-
Nox2 supports the hypothesis that the presence or absence
of a bound ADP ligand influences substrate preference in
the two enzymes. The structure ofL.san-Nox2 will also
provide critical information in its development as a biocata-
lyst for the regeneration of oxidized pyridine nucleotides (27,
28).
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