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a b s t r a c t

Active pharmaceutical ingredients (APIs) such as l-sugars and keto acids are favorably accessed through
selective oxidation of sugar alcohols and amino acids, respectively, catalyzed by NAD(P)-dependent dehy-
drogenases. Cofactor regeneration from NAD(P)H conveniently is achieved via water-forming NAD(P)H
oxidases (nox2), which only need molecular oxygen as co-substrate. Turnover-dependent overoxidation
of the conserved cysteine residue in the active site of water-forming NADH oxidases is the presumed
cause of the limited nox2 stability.

We present a novel NAD(P)H oxidase, NoxV from Lactobacillus plantarum, with specific activ-
ity of 167 U/mg and apparent kinetic constants at air saturation and 25 ◦C of kcat,app = 212 s−1 and
ofactor regeneration
ofactor specificity
veroxidation
otal turnover number

KM,app = 50.2 �M in the broad pH optimum from 5.5 to 8.0. The enzyme features a higher stability than
other NAD(P)H oxidases against overoxidation, as is evidenced by a higher total turnover number, in the
presence (168,000) and, most importantly, also in the absence (128,000) of exogenously added reducing
agents. While the native enzyme shows exclusively activity on NADH, we engineered the substrate bind-
ing pocket to generate variants, G178K,R and L179K,R,H that accommodate and oxidize both NADH and
NADPH as substrates.
. Introduction

Enzymatic synthesis steps are used to produce active pharma-
eutical ingredients (APIs) at higher yields, greater selectivity, and
reater productivity than is possible through isolation of natural

ources or chemically catalyzed routes. Interest in the nicotinamide
ofactor aided production of rare sugars, namely l-nucleosides,
or example l-ribose, l-mannose and l-gulose, has arisen for a

Abbreviations: API, active pharmaceutical ingredient; BME, �-mercaptoethanol;
TT, dithiothreitol; NoxV, NADH oxidase from L. plantarum V; SDS-PAGE, sodium
odecyl sulfate polyacrylamide gel electrophoresis; TTN, total turnover number;
50

30, temperature exhibiting half of the original activity after 30 min; Enzymes,
.C. 1.6.–.–NADH oxidase.
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number of l-nucleoside-based pharmaceutical compounds, such as
the hepatitis B drug Emtriva® and the human immunodeficiency
virus drug Clevudine®. A number of such rare sugar-based phar-
maceuticals are currently approved or in clinical trials [1]. Another
example of cofactor-assisted API synthesis is the production of
keto acids, which are used to treat mild chronic renal insufficiency
of hemodialysis patients and hyperphosphatemia [2,3]. Thus, �-
ketoglutarate can be synthesized enzymatically from mono sodium
l-glutamate (MSG) using l-glutamate dehydrogenase and a nicoti-
namide cofactor [4].

High costs of nicotinamide cofactors (NAD+: $30/g; NADP+:
$230/g from laboratory suppliers) rule out the option of adding
equimolar amounts for large-scale processes. A regeneration sys-
tem is mandatory for advantageous economics but also often
alleviates product inhibition, and acts as the driving force to
overcome thermodynamic equilibrium limitations [6]. Enzymatic,
chemical, electrochemical, photochemical, and biological methods
have been proposed for cofactor regeneration [5–7].
Among different systems that can be chosen for cofactor regen-
eration, NAD(P)H oxidases feature a number of benefits, as they
utilize only NAD(P)H and oxygen as co-substrates, both of which
are available intracellularly (Fig. 1), thus obviating exogenous addi-

dx.doi.org/10.1016/j.molcatb.2011.04.013
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:andreas.bommarius@chbe.gatech.edu
dx.doi.org/10.1016/j.molcatb.2011.04.013
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ig. 1. Schematic conversion of ribitol to l-ribose through mannitol-1-
ehydrogenase from Apium graveolens complemented with NADH cofactor
egeneration using nox2 NADH oxidase.

ion, and, in the case of nox2 NAD(P)H oxidases, produce only water
ext to NAD(P)+ [8]. The reaction is carried out in a purely aqueous
hase (in the absence of harsh solvents and metal catalysts).

All previously discovered nox2 NAD(P)H oxidases utilize FAD as
cofactor, and have a conserved cysteine residue that is catalyti-

ally active [9–12]. During catalysis, the thiol (–SH) or thiolate (–S−)
s oxidized to sulfenic acid (–SOH) and reduced back to the thiol/ate
s a part of the NAD(P)H reduction mechanism. During this redox
ycle the cysteine can also be overoxidized, producing a sulfinic
–SO2H) and then a sulfonic acid (–SO3H), and thereby deactivat-
ng the enzyme [13]. Overoxidation of this cysteine residue can
e decelerated by employing exogenous reducing agents such as
ithiothreitol (DTT) or �-mercaptoethanol (BME) [4]. This overox-

dation of the catalytically active cysteine is the presumed cause of
urnover-limited operational stability of nox2 proteins [4,14]. Thus,
educing agents have shown to extend the useful active enzyme
ifetime and its total turnover number (TTN), a measure of opera-
ional stability.

The NoxV gene codes for an annotated NADH oxidase (NoxV)
rom Lactobacillus plantarum consisting of 1350 bp with a predicted
ize of 49 kDa. This study investigates the enzymatic properties
f NoxV. A higher enzymatic productivity is achieved compared
o its analogs, as evidenced by NoxV’s higher TTN and increased
tability against over-oxidation. Furthermore, while the wildtype
nzyme solely accepts NADH as a substrate, we engineered the sub-
trate binding pocket so that the enzyme also accepts and oxidizes
ADPH.

. Experimental

.1. Enzymes and other materials

The gene of NADH oxidase V (NoxV) from L. plantarum 10S was
btained via gene probe from genomic DNA from the American
ype Culture Collection (Manassas, VA), ATCC 10012. NADH and
ADPH were obtained from Amresco (Solon, OH) and EMD chem-

cals (Gibbstown, NJ), respectively. MagicMediaTM Escherichia coli
xpression Medium was purchased from Invitrogen (Carlsbad, CA).
olecular biology reagents such as DTT were obtained from JT

aker (Phillipsburg, NJ), all other materials such as various salts
sed for buffers, BME and NAD+ were obtained from Sigma–Aldrich
St. Louis, MO). Oligonucleotides for cloning were purchased from
urofins-mwg|operon Biosciences (Huntsville, AL).

.2. Cloning
The gene was cloned through PCR using the following primers;
orward (5′-TGCATGCATGCCATGGTTATGAAAGTTATTGTAATTGGT-
GTACCCA-3′) and reverse (5′-CCGCCGCCGCCGCTCGAGTTATTCAG-
GACAGCTTCGGCC-3′) with NcoI and XhoI, underlined, as
sis B: Enzymatic 71 (2011) 159–165

restriction sites used for restriction and ligation. The PCR
product was gel purified with a Qiagen gel extraction kit and
cloned into a pET-28a vector (Novagen; Darmstadt, Germany).
The plasmid was then transformed into E. coli BL21(DE3)pLysS for
expression. Constructs were confirmed with sequencing through
Eurofins-mwg|operon Biosciences (Huntsville, AL).

2.3. Site-directed mutagenesis

Single and double mutations were performed on residues
G178 and L179 into K, R and K, R, H, respectively, through over-
lap and Quikchange® PCR protocol using the following forward
primers and their complementary reverse primers; G178ARR (5′-
GCAAGGTAAGGAAGTCACACTAATTGATARRTTACCACGGATTTTAA-
ATAAATACTTAGACAA-3′), L179CRY (5′-AGGTAAGGAAGTCAC-
ACTAATTGATGGTCRYCCACGGATTTTAAATAAATACTTAGACAAAG-
3′), L179K (5′-AGGTAAGGAAGTCACACTAATTGATGGTAAACCACGG-
ATTTTAAATAAATACTTAGACAAA-3′), G178ARR/L179CRY (5′-G-
CAAGGTAAGGAAGTCACACTAATTGATARRCRYCCACGGATTTTAAA-
TAAATACTTAGACAAAG-3′), G178ARR/L179K (5′-GCAAGGTAAGG-
AAGTCACACTAATTGATARRAAACCACGGATTTTAAATAAATACTTAG-
ACAAA-3′). Degenerate codons were used to generate multiple
mutants with single transformations. ARR codes for amino acids R
and K, and CRY codes H and R. The DNA from PCR was transformed
into E. coli XL1-blue. Colonies were picked from agar plates and sent
for sequencing to Eurofins-mwg|operon Biosciences (Huntsville,
AL).

2.4. Overexpression

Growth and overexpression was carried out in MagicMediaTM

E. coli Expression Medium (Invitrogen; Carlsbad, CA) with a final
concentration of 30 �g mL−1 each of kanamycin and chlorampheni-
col. A dual temperature protocol was used for growth, starting out
at 30 ◦C for 6 h, and then continued at room temperature (25 ± 2 ◦C)
for an additional 22 h. Cultures were harvested by centrifugation in
a Beckman centrifuge at 4050 g for 20 min in 50 mL conical tubes.
The resulting cell pellet was either frozen, and stored at −80 ◦C or
purified directly as described below.

2.5. Purification

Purification of NoxV was carried out at 4 ◦C or on ice to pre-
vent denaturation of the enzyme. Cell pellets were resuspended
in 15 mL of 10 mM Tris–Cl buffer, pH 7.5 with 5 mM DTT (Buffer
A) and sonicated at 14 W for 30 s nine times. Sonicated cells were
centrifuged at 18,500 g for 30 min. The clarified cell lysate was then
dialyzed against 250 mL of buffer A with 50% ammonium sulfate for
2 h. The dialysis membrane was transferred to fresh buffer and fur-
ther dialyzed for 2 h. The solution was then centrifuged at 18,500 g
for 30 min. The resulting supernatant was filtered through a 0.8 �m
and 0.2 �m microfiltration membranes in series. The filtrate was
loaded onto a HiPrep 16/10 butyl hydrophobic interaction column
on an ÄKTAexplorerTM. A gradient separation was performed start-
ing from buffer A with 30% ammonium sulfate to 15%. The fractions
with the highest activity were collected and dialyzed against buffer
A for 2 h. After exchanging to fresh buffer the sample was dialyzed
for an additional 2 h. The sample was loaded on a HiPrep 16/10
DEAE weak anionic exchange column on the ÄKTAexplorerTM. Sep-

aration was achieved with buffer A containing NaCl, a gradient of
150–250 mM. The resulting fractions were assayed and the ones
with highest activity were collected as pure protein. The purified
protein was either stored in 4 ◦C or in −20 ◦C with 25% glycerol.
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.6. Enzyme assay and protein determination

Standard assays to detect enzymatic activity were performed
n 100 mM triethanolamine (TEA) buffer pH 7.5 with 5 mM DTT in
uvettes with either 1 cm or 1 mm path length, depending on the
oncentration of substrate. Excluding studies of enzymatic activ-
ty and stability temperature dependence, all activity assays were
erformed with samples that were either pre-equilibrated to 25 ◦C,
sing a thermomixer (Eppendorf; Hamburg, Germany) or made and
sed directly at room temperature. Initial activity was measured
y following the absorbance change using a Beckman Coulter DU
00 UV/Vis spectrophotometer at 340 nm. Activity of the enzyme
as calculated using an extinction coefficient ε of NAD(P)H as

.22 mM−1 cm−1 [15]. Unless otherwise noted, a substrate con-
entration of 0.2 mM NAD(P)H and enzyme concentration of 4 nM
as used for assays. One unit (U) of activity is defined as �mol of
AD(P)+ produced per minute.

The protein concentration was estimated by a Bradford assay
16]. BSA was used as standards and the absorbance was measured
n a biophotometer (Eppendorf; Hamburg, Germany). SDS-PAGE
nalysis was performed to confirm the purity.

.7. pH activity

Enzyme pH activity profiles were obtained at 25 ◦C using
00 mM buffers containing one of the following salts: sodium cit-
ate from pH 4.0 to pH 6.5; sodium phosphate from pH 6.0 to pH 8.0;
EA from pH 7.0 to pH 8.0; Tris–Cl from pH 7.0 to pH 9.0; glycine
rom pH 9.0 to pH 10.0.

.8. Temperature activity

The dependence of the enzymatic activity on temperature was
tudied by preheating the buffer to different temperatures, and
hen adding the enzyme. After 1 min of incubation, the standard
ssay was carried out. A temperature range of 10–55 ◦C was chosen
or this study.

.9. Temperature stability

Temperature stability was studied by incubating the enzyme at
arious temperatures for 30 min. The enzyme solution was then
ooled down and assayed at 25 ◦C. This study covered a range of
5–55 ◦C.

.10. Kinetic parameters

Depending on the enzyme, a substrate concentration range from
.5 �M up to 984 �M was investigated to determine the kcat and
M values for NAD(P)H. This was conducted at atmospheric con-
entrations of oxygen, 0.25 mM, present in the system. Doubly
oncentrated solutions were prepared by adding each the substrate
nd enzyme to 100 mM TEA buffer pH 7.5. The reaction was initiated
y mixing the two solutions. The specific activity was measured,
nd the kinetic parameters were calculated from that data.

Inhibition effects were measured by incubating the enzyme with
AD+ for 30 min before the assay. A range of 0.2, 0.3, 0.4 and 0.6 mM
ere chosen and investigated.

.11. Amplex Red Assay (H2O2 presence)

An Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Invit-

ogen; Carlsbad, CA) was used to determine the amount of
ydrogen peroxide (H2O2) produced during turnover. The pres-
nce of H2O2 was determined by incubating the standard assay
ixture with Amplex Red and peroxidase. Produced resorufin is
sis B: Enzymatic 71 (2011) 159–165 161

detected with an extinction coefficient ε of 54,000 M−1 cm−1 via
fluorescence spectroscopy with maximal emission at 587 nm and
indicates H2O2 production with strict 1:1 stoichiometry. Various
amounts of substrates were reacted and assayed to detect the pres-
ence of H2O2. The reactions were carried out in the provided 50 mM
sodium phosphate buffer pH 7.4. Standards for the calibration curve
were prepared with the same reaction buffer. Steady-state emis-
sion and excitation spectra were recorded with a PTI fluorimeter
(Birmingham, NJ).

2.12. Total turnover number (TTN)

Standard kinetic assays at pH 7.5 and 25 ◦C in air-saturated solu-
tion were performed with 0.25, 0.5 and 1.0 nM of enzyme. 0.2 mM
NAD(P)H substrate concentration was used. Assays were carried
out for 2–3 h until there was no more enzymatic conversion of
the substrate. Calculations of TTN were performed by dividing the
change of NAD(P)H concentration until activity reached a standstill
by the (necessarily very low) concentration of enzyme subunits that
was used for each assay. As the stock solution of enzyme contained
DTT, the buffer was exchanged to 10 mM Tris–Cl pH 7.5.

3. Results and discussion

3.1. Cloning, expression, and purification

NoxV was identified through a sequence blast search. It has
high similarity and identity levels with many other water-forming
NADH oxidases (Table 1). The NoxV gene was cloned from genomic
DNA of ATCC 10012 and inserted into a pET-28a vector using restric-
tion sites NcoI and XhoI. Sequencing results of the gene showed a
silent mutation where the nucleotide at position 45 changed from
C to T (accession number: Q88SH4).

NoxV was overexpressed in E. coli BL21(DE3)pLysS constitut-
ing 8% of cell protein. Purification of NoxV resulted in a yield of
14% of the total units and a 12.7-fold increase of specific activity
to 167.5 U mg−1 (Table 2). The pure protein was identified as a sin-
gle band at 49 kDa in sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) analysis (lane 5, Fig. 2).

3.2. Enzyme activity and stability

NAD(P)H oxidases are used exclusively in cofactor regeneration
because their byproducts, water and hydrogen peroxide, are not of
interest. As utility of NADH oxidases can only be derived through
coupling with other enzymes, their operating conditions must be
able to match those of the cofactor consuming enzyme. Conse-
quently, studies of reaction conditions, especially in terms of pH
value and temperature, are required to maximize production and
stability of both enzymes.

NoxV showed a rather broad pH activity range. Maximum activ-
ity was found at pH 7.5, independent of buffer type. The enzyme’s
optimal activity range was from pH 5.5 to 8.0, a common range for
NAD(P)H oxidases (Fig. 3). The upper limit is compatible with most
dehydrogenases, so appropriate coupling seems feasible.

The temperature activity profile showed that maximum instan-
taneous activity was found at 40 ◦C, and the activity quickly
declined to zero beyond that temperature (Fig. 4). Using an Arrhe-
nius model and data between 10 and 38 ◦C, the activation energy
Ea was calculated as 32.7 kJ mol−1, and the deactivation energy
(40–55 ◦C) Ed was calculated as −93.6 kJ mol−1. The temperature

that exhibited half of the original activity after 30 min, T50

30, was
estimated to be 45 ◦C (Fig. 5). At 55 ◦C the enzyme was completely
inactive. The enthalpy of deactivation, �Hd, was calculated using
the Van’t Hoff equation to be 5.0 kJ mol−1 (Fig. 5).
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Table 1
Sequence identity and similarity comparison of water forming NADH oxidases from different bacteria with respect to NoxV from L. plantarum (accession number: Q88SH4).

Bacteria Identity (%) Similarity (%) Accession number Reference

Lactobacillus sanfranciscensis 59.4 72.2 Q9F1X5 [18]
Lactococcus lactis 33.1 56.1 A2RIB7 [9]
Lactobacillus brevis 64.0 74.2 Q8KRG4 [12]
Enterococcus faecalis 33.0 42.9 P37061 [27]
Streptococcus mutans 9.4 19.8 Q54453 [28]

Table 2
Table of purification.

Volume (ml) Units (U) Protein (mg) Sp. ac. (U mg−1) Purification fold Yield (%)

Lysate 20 1843.5 139.3 13.24 1.0 100
AS50 dia. 7 930.0 88.5 10.51 0.8 50
Butyl dia. 37.5 379.3 4.7 80.72 6.1 21
DEAE 20 261.9 1.6 167.5 12.7 14

Lysate: clarified lysate; AS50 dia.: supernatant from centrifuged sample dialyzed against 50% ammonium sulfate; butyl dia.: fractions collected from HiPrep 16/10 butyl
column dialyzed against 10 mM Tris-Cl and 5 mM DTT; DEAE: fractions collected from HiPrep 16/10 DEAE column.

Fig. 2. SDS-PAGE analysis of NoxV. Lane 1: 15 �g lysate, lane 2 and 3: 6 and 3 �g,
respectively, of dialyzed protein collected from HiPrep 16/10 butyl column, lane 4
and 5: 3 and 1 �g, respectively, of collected protein from HiPrep 16/10 DEAE column.
The desired protein band is approximately 49 kDa.
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3.3. Kinetic parameters

Apparent kinetic data were obtained at constant oxygen con-
centration (air saturation) at 25 ◦C and pH 7.5 over a concentration

range of NADH from 5 to 200 �M. The data were fitted with four
different models (non-linear Michaelis–Menten, Lineweaver–Burk,
Eadie–Hofstee, and Hanes–Woolf), all of which were in good
agreement. Through non-linear fitting with a least squares approx-
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Table 3
Comparison of TTN with and without DTT, for NADH oxidases from L. plantarum, L. sanfranciscensis and L. lactis.

Organism Enzyme NADH NADPH

TTN TTN with DTT TTN TTN with DTT

L. plantarum NoxV WT 128,000 168,000 – –
L179R 181,000 148,000
G178R/L179R 123,000 162,000 100,000 107,000

L. sanfranciscensis [4] Nox2 5000 112,500
L. lactis [9] Nox2 38,740 78,480 – –

For all the TTN measurements the relative standard deviation (%RSD) was less than 5%, except for the TTN of mutant G178R/L179R with NADH, which was 12%.

Fig. 6. Nonlinear fitting to a Michaelis–Menten kinetic to determine the kinetic
parameters kcat and KM at pH 7.5, 25 ◦C.
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Table 4
Cell lysate activity of mutants.

Mutant NADH activity (U/mg) NADPH activity (U/mg)

Wild type 10.0 0.00
G178K 3.92 0.46
G178R 1.51 0.23
L179K 5.14 1.03
L179R 7.32 1.76
L179H 1.37 0.64
G178K/L179K 0.84 3.11
G178K/L179R 2.00 5.68
G178K/L179H 1.24 3.85
G178R/L179K 0.94 3.56
G178R/L179R 2.64 6.00
G178R/L179H 0.64 0.52
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Fig. 7. Hanes–Woolf plot to identify NAD+ inhibition.

mation, the apparent kcat and KM values of the wild type were
easured to be 211.6 s−1 and 50.2 �M, respectively, with an R2 of

.998 (Fig. 6).
Possible product inhibition was investigated by incubating the

nzyme with different concentrations of NAD+. A non-competitive
nhibition pattern was observed where the vmax value decreased

ith increasing inhibitor concentration, while KM,app was constant.
he product inhibition constant, KIP, was calculated to be 289 �M
or NAD+ (Fig. 7). The apparent inhibition ratio KM,app/KIP is cal-
ulated to be 0.17. As this ratio is less than unity, it indicates that
omplete conversion is possible despite the non-competitive prod-
ct inhibition [17].

.4. Water/H2O2 formation
The Amplex Red assay was performed to determine whether
oxV is a water- or hydrogen peroxide-producing enzyme. H2O2
as formed in 2.63% of the catalytic events, slightly higher than
Fig. 8. Total turnover number analysis with different amounts of enzyme. The reac-
tion was carried on until there was no consumption of substrate ([E] = 0.25, 0.5 and
1.0 nM, 25 ◦C, pH 7.4).

the analogs from Lactobacillus sanfranciscensis (0.2%) and Lactococ-
cus lactis (0.4–0.7%) [9,18], thus strongly suggesting that NoxV is a
water-forming oxidase.

3.5. Total turnover number (TTN)

Total turnover number (TTN) is a measure of catalyst produc-
tivity, defined as the total amount of product produced over the
lifetime of an enzyme [19]. The TTN, in presence of DTT, was found
to be approximately 168,000, at 25 ◦C and pH 7.5 (Fig. 8).

Three potential causes of TTN limitation, which are commonly
associated with enzyme deactivation, were investigated: (i) ther-
mal deactivation at 25 ◦C, (ii) deactivation caused by H2O2, and (iii)
non-competitive product (NAD+) inhibition in the system. Thermal
stability at 25 ◦C (i) was measured by incubating the enzyme for

extended periods of time. The enzyme was then assayed to deter-
mine the remaining activity. As there was no enzymatic activity
loss after 2 h (data not shown), which is longer than the reaction
completion timescale (Fig. 8), this study proved that the enzyme
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Table 5
Kinetic parameters of wild-type(WT) and mutant NAD(P)H oxidases. Data were fitted with least squares approximation to Michaelis–Menten kinetics with an R2 of 0.96 or
higher.

Enzyme NADH NADPH

kcat (s−1) KM (�M) kcat/KM (�M−1 s−1) kcat (s−1) KM (�M) kcat/KM (�M−1 s−1)

b
v
a
t
n
a
h
t
o
n
r
n
H

s
w
1
h
N
o
∼
o
i
c
m
m
B
c
l

i
a
h
o
D
s
t
c
T
d
[
r
g
N
s
i

3

n
i
s
N
s
s

WT 211.6 50.2 4.22
L179R 122.0 6.56 18.6
G178R/L179R 34.0 2.57 13.2

ecame catalytically inactive before it began to thermally deacti-
ate. The effect of H2O2 was studied (ii) at 25 ◦C and pH 7.5 within
concentration range from 25 to 200 �M. Even at high concen-

rations of H2O2 the specific activity did not change over 1 h (data
ot shown), thus demonstrating that the enzyme is indeed stable
gainst H2O2. The presence of NAD+ inhibition (iii) and its pattern
ad been elucidated (see Section 2.10). However, as expected from
he apparent inhibition ratio of 0.17, even at high concentrations
f NAD+ there was a reasonable amount of residual activity (data
ot shown), so it cannot be concluded that NAD+ had inhibited the
eaction completely. The cause of TTN-coupled deactivation is still
ot fully elucidated but it is not related to temperature nor either
2O2 or NAD+ concentration.

To investigate the effect of reducing agents on the TTN, mea-
urements were taken with and without reducing agents. The TTN
ithout reducing agents, with 5 mM DTT, and with 5 mM BME were

28,000, 168,000, and 107,000, respectively. The presence of DTT
ad a positive effect but it was not as dramatic compared to the
ADH oxidase from L. sanfranciscensis, which has an increase of
ver 20-fold [4]. However, addition of BME decreased the TTN by
15%. The reason for the different influence of the reducing agents
n the TTN is unknown, and will be assessed in future studies. One
ntriguing but speculative thought focuses on the different stoi-
hiometry of the sulfenic acid reduction for DTT and BME: a single
olecule of DTT is capable of performing reduction, whereas two
olecules of BME are required. In contrast, the first molecule of

ME initiates thiol-disulfide interchange and occupies the water
hannel, thus blocking access to the second BME molecule and
eaving the residue inactive.

NoxV has shown a higher TTN compared to previously stud-
ed NADH oxidases from L. sanfranciscensis and L. lactis, both with
nd without exogenously added reducing agents (Table 3). Such a
igher TTN is an indication of improved intrinsic stability against
veroxidation at the catalytically active cysteine residue because
TT, a known enhancer of TTN in the other NADH oxidases from L.

anfranciscensis and L. lactis, has little effect on the TTN in L. plan-
arum. As overoxidation of a catalytic cysteine is known as limiting
atalysis over time in enzymes such as d-amino acid oxidase from
rigonopsis variabilis and xenobiotic reductase A (xen A) from Pseu-
omonas putida, this increased intrinsic stability is of great interest
20,21]. Since there are known inhibition effects of DTT on certain
are sugar-producing dehydrogenases, such as mannitol dehydro-
enase from Apium graveolens, it is crucial for a generally useful
AD(P)H oxidase to be stable without DTT [22]. Also, improved

tability without reducing agents would be a significant advantage
n industries where the use of reducing agents is avoided.

.6. Mutation for NADPH activity

Wild type NoxV had activity exclusively towards NADH and
ot towards NADPH. To introduce NADPH activity, substrate bind-

ng pocket mutations were carried out. Homology modeling of the

equence of NoxV from L. plantarum onto the crystal structure of
AD(P)H oxidase from L. sanfranciscensis [23] revealed electro-

tatic differences in the substrate binding pocket. Nox2 from L.
anfranciscensis features histidine (His 179) able to accommodate
– – –
146.4 489.6 0.30
114.1 9.76 11.7

the negative charge of the 2′-phosphate, but NoxV consists of only
small or hydrophobic residues in that area. Based on this knowl-
edge, these residues were targeted for mutation with basic residues
such as histidine, lysine and arginine [24,25,29].

The single mutations of residues G178 and L179 into K, R and K,
R, H, respectively, and double mutations 178/179 were performed
and investigated for substrate specificity. The mutation of G178H
was excluded because then two histidines would be positioned next
to each other, causing steric hindrance within the binding pocket.
The resulting mutants were expressed on small scale and assayed
at the cell lysate level (Table 4). All the mutants showed activity
with both NADH and NADPH as substrates. Among the single and
double variants, L179R shows the highest specific activity at 25 ◦C
and pH 7.5 with NADH (7.32 U/mg) and G178R/L179R with NADPH
(6.00 U/mg), compared to wild-type at 10.0 U/mg. We surmise that
introduction of an additional positive charge at G178R stabilizes
the positioning of L179R, decreasing the ability of free rotation of
L179R side-chain bonds through hydrogen bonding. Arginine may
be expected to provide the greatest NADPH activity because it has
the most positions for hydrogen bonding. The low activity of L179H
can be rationalized by the presence of an adjacent proline causing
steric hindrance.

3.7. Study of variants L179R and G178R/L179R

L179R and G178R/L179R were selected for further purification
and kinetic characterization (Table 5). L179R was not as active
as the wild-type (lower kcat,NADH). However, the KM,NADH value
was also much lower, improving the specificity kcat,app/KM,NADH
more than 4-fold. The mutant also showed NADPH activity but
with a very high KM,NADPH value. The double mutant G178R/L179R
shows a trend similar to L179R: decreased kcat,app,NADH and
KM,NADH values, resulting in an improved specificity kcat,app/KM,NADH
of 13.2 �M−1 s−1. For NADPH activity kcat,app/KM,NADPH was
11.7 �M−1 s−1. Overall, both variants yielded improved specificities
kcat,app/KM for both NADH and NADPH. The TTN of the two variants
behaved similarly to the wildtype, in that the presence of reducing
agents did not affect the processing stability (TTN) to a great extent
(Table 3).

4. Conclusion

Starting from an annotated sequence, NADH oxidase V from L.
plantarum (ATCC 10012) was developed and demonstrated to be
a very active enzyme in air-saturated aqueous buffer at pH 7.5
and 25 ◦C (kcat,app = 212 s−1 and KM,app = 50.2 �M). The temperature
and pH optima, 45 ◦C and pH 5.5–8.0, respectively, overlap with
relevant dehydrogenases that might be coupled for cofactor regen-
eration with NoxV. With total turnover numbers (TTN) of 128,000
and 168,000, respectively, in the absence and presence of DTT, L.
plantarum NoxV demonstrated high processing stability regardless
of the presence of reducing agents, a first among NADH oxidases.
After inspection of the homology model of L. plantarum NoxV on
the structure of the L. sanfranciscensis analog, mutations in the sub-
strate binding pocket to basic amino acid residues to accommodate
the negative charge of the 2′-phosphate of NADPH were intro-
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uced to broaden the substrate specificity to NADPH. All single and
ouble variants G178K,R/L179K,R,H exhibited significant NADPH
nd NADH activity. Novel and more stable cofactor regeneration
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he application of oxidative reactions with dehydrogenases/NADH
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