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a b s t r a c t

L-lysine (L-Lys) N6-monooxygenase (NbtG), from Nocardia farcinica, is a flavin-dependent enzyme that
catalyzes the hydroxylation of L-Lys in the presence of oxygen and NAD(P)H in the biosynthetic pathway
of the siderophore nocobactin. NbtG displays only a 3-fold preference for NADPH over NADH, different
from well-characterized related enzymes, which are highly selective for NADPH. The structure of NbtG
with bound NAD(P)þ or L-Lys is currently not available. Herein, we present a mutagenesis study targeting
M239, R301, and E216. These amino acids are conserved and located in either the NAD(P)H binding
domain or the L-Lys binding pocket. M239R resulted in high production of hydrogen peroxide and little
hydroxylation with no change in coenzyme selectivity. R301A caused a 300-fold decrease on kcat/Km

value with NADPH but no change with NADH. E216Q increased the Km value for L-Lys by 30-fold with
very little change on the kcat value or in the binding of NAD(P)H. These results suggest that R301 plays a
major role in NADPH selectivity by interacting with the 20-phosphate of the adenine-ribose moiety of
NADPH, while E216 plays a role in L-Lys binding.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Nocardiosis is a localized or systemic infection that can occur in
both immunocompromised and immunocompetent patients [1]. It
is caused by aerobic, gram positive actinomycetes belonging to the
genus Nocardia in the family Nocardiaceae [2]. Nocardia cyriaci-
georgica, Nocardia nova, and Nocardia farcinica are the most com-
mon species that infect the respiratory system, producing acute or
chronic pulmonary infections [3,4]. In addition, infections of the
brain, central nervous system, heart, kidneys, lymph nodes, skin
tissues, and bone marrow have also been reported [2,5]. The
genome of N. farcinica IFM 10152 has recently been sequenced and
annotated. This revealed the presence of a gene cluster that
ry, Virginia Tech, Blacksburg,

Carolina, 70 President St,
includes eight predicted genes (A, B, C, D, E, F, G, and H), and was
shown to have similarity to the biosynthetic gene cluster of the
siderophore mycobactin from Mycobacterium tuberculosis [6].
Based on sequence homology as well as gene organization, this
gene cluster was proposed to be involved in the biosynthesis of the
siderophore nocobactin in N. farcinica [7].

Siderophores are low molecular weight iron chelators that are
synthesized and secreted by some microbial pathogen, including
Nocardia, Mycobacteria, and other related species [8]. The ability of
nocobactin to sequester iron influences the growth and virulence of
N. farcinica [9]. The iron binding properties of siderophores de-
pends on the chemical moieties that are able to coordinate iron,
with the most common being catecholate, carboxylate, and
hydroxamate [10]. Nocobactin biosynthetic pathway involves
L-Lysine (L-Lys) hydroxylation by L-Lys 6N-hydroxylase, also known
as NbtG. Hydroxylated L-Lys is acylated and assembled into the
nocobactin backbone by non-ribosomal peptide synthetases where
it makes up the hydroxamate iron binding site [11].

NbtG is a member of the class B flavin monooxygenases, and is
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Fig. 2. Structure superimposition of (A) NbtG (PDB: 4D7E, cyan) on PvdA (PDB: 3S61,
magenta) showing the functionally related Arg residue. (B) Structure superimposition
of NbtG (cyan) on SidA (PDB: 4B63, yellow) showing the relative positions of the M239,
P238, and R301 residues of NbtG (cyan) in comparison with R279 (yellow) in the SidA-
NADPH bound structure. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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grouped under the subfamily of N-hydroxylating monooxygenases
(NMOs) [12]. The best characterized NMOs are the L-ornithine
(L-Orn) monooxygenases from Aspergillus fumigatus (SidA) and
Pseudomonas aeruginosa (PvdA) [13e18]. SidA displays an ~20-fold
preference for NADPH over NADH, while PvdA is only able to react
with NADPH [13,19,20]. Furthermore, SidA and PvdA form long-
lived stable C4a-hydroperoxyflavin intermediates which are the
key oxygenating species responsible for substrate hydroxylation
[21]. The mechanism of stabilization has been studied in detail in
SidA and involves interactions of C4a-hydroperoxyflavin with
NADPþ, which remains bound throughout the catalytic cycle
[15e18,22]. In contrast, NbtG does not form a stable C4a-
hydroperoxyflavin species, resulting in low levels of L-Lys hydrox-
ylation (~30%) and high levels of superoxide and hydrogen peroxide
by-products. In addition, NbtG can utilize either NADH or NADPH
with very similar affinities [12,23,24]. The lack of specificity of NbtG
for NADPH was previously proposed to result from the absence of a
conserved Arg residue equivalent to that found in SidA (R279), and
PvdA (R240), which is capable of interacting with the 20-phosphate
of the adenine-ribose moiety in NADPH [15,16,18]. Using sequence
alignment and structural superimposition, M239 was identified as
being in the position of the Arg found in the L-Orn hydroxylases and
was replaced with Arg. Further structural analyses also identified
R301 as a residue in close proximity to the 2’-phosphate of NADPH
(Figs. 1 and 2).

Another interesting feature of NMOs is the presence of the
consensus sequence motif GGG(Q/N)S(G/A) within the NADPH
binding domain [25]. Sequence alignment shows that the Q/N
residue is not conserved in NbtG and that a glutamate (Glu216) is
found instead. In PvdA and SidA, the Q/N residues (Gln217 and
Gln256, respectively) have been proposed to be involved in
NADP(H) binding; however, they have never been kinetically
characterized [15,22,26]. In PvdA, Q217 is predicted to stabilize the
loop conformation that exists between the first strand and the helix
of the NADPH binding domain through hydrogen bonding with the
Fig. 1. Amino acid sequence alignment of NMOs. All the aligned enzymes are L-Lys monooxygenases except for the L-Orn monooxygenases from P. putida and A. fumigatus.
Conserved amino acids targeted for site-directed mutagenesis (Magenta) are within the NADPH binding domain. R279 (SidA) and R240 (PvdA) indicated in yellow are aligned with
P238 (NbtG). M239 is also highlighted in yellow. The alignment was created with T-coffee [46]. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)



Fig. 3. Position of E216 residue in the NbtG (PDB: 4D7E, cyan). The structure was
superimposed to the structure of SidA with L-Lys-bound SidA (PDB: 4B64; yellow). Lys
(orange) is predicted to bind in NbtG in adjacent to the flavin m as observed in SidA.
The potential hydrogen bond of E216 with L-Lys in NbtG is shown with dashed-yellow
lines. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 4. Steady-state oxygen consumption for E216Q. (A) E216Q oxygen consumption
rates as a function of NADPH without L-Lys (O) or with 2 mM L-Lys (C), and (B) rates as
a function of NADH without L-Lys (O) or with 2 mM L-Lys (C). (C) Relative oxygen
consumption activity of mutant proteins vs. wtNbtG at 2 mM NADPH in the absence (-,
plain) or presence of (þ, shaded) 2 mM L-Lys.
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backbone nitrogen of Asp289. Gln256 in SidA forms an H-bond
with NADPþ in molecular dynamics simulations of the NADPþ-SidA
complex [15,22,25]. In NbtG, the corresponding Glu216 residue is
within H-bonding distance to the epsilon nitrogen of L-Lys (Fig. 3)
[26]. Here, we probed the function of M239 and R301 and E216 by
site-directed mutagenesis and biochemical characterization of
M239R, R301A, and E216Q. The data are consistent with R301 and
E216 playing important roles in NADPH selectivity and L-Lys bind-
ing, respectively.

2. Materials and methods

2.1. Materials

NADPH (purity � 98%) was purchased from MP Biomedicals
(Billerica, MA). NADH (purity � 95%) and FAD (purity � 95%) were
purchased from Acros Organics (New Jersey, US) and Sigma (St.
Louis, MO), respectively. Compound concentrationwas determined
using the following absorption coefficients: NAD(P)H
3340 ¼ 6.22 � 103 M�1 cm�1, and FAD 3450 ¼ 11.3 � 103 M�1 cm�1.
Buffers and media components were obtained from Fisher Scien-
tific (Pittsburgh, PA). All solvents were reagent grade. DNA primers
used for mutagenesis reactions were synthesized by Integrated
DNA Technologies (Coralville, IA). Plasmid and gel purification kits
were obtained from Qiagen (Valencia, CA). Escherichia coli
BL21(DE3)-T1R and E. coli TOP10 chemically competent cells were
from Fisher Scientific and Invitrogen (Carlsbad, CA), respectively.
Chromatography columns were obtained from GE Healthcare.

2.2. Site-directed mutagenesis

All mutagenesis reactions were performed using the Quik-
Change (Agilent Technologies) method following manufacturer's
instructions. Wild-type NbtG (wtNbtG) subcloned into pVP56Kwas
used as the template [12]. The forward primer (50

CGGTGGTGGTCAGACCGCAGGTTCTGCAC 30) and the reverse primer
(50 GTGCAGAACCTGCGGTCTGACCACCACCG 30) were used to make
the E216Q enzyme. The forward primer (50 CATCACCTG-
CAGGGTGCGGTGACCCGCATC 30) and the reverse primer (50
GATGCGGGTCACCGCACCCTGCAGGTGATG 30) were used to make
the R301A enzyme. The forward primer (50 GTGTTATCTCCCC-
GATGGCCACCATTTATACG 30) and the reverse primer (50



Table 1
Steady-state kinetics parameters determined by measuring oxygen consumption.

kcat, (s�1) Km, (mM) kcat/Km, (M�1 s�1) kcat, (s�1) Km, (mM) kcat/Km, (M�1 s�1)

NADPH No L-Lys 2 mM L-Lys

wtNbtGa 0.58 ± 0.02 0.2 ± 0.02 2900 ± 300 1.08 ± 0.01 0.14 ± 0.01 7700 ± 500
E216Q 1.7 ± 0.08 0.38 ± 0.07 4500 ± 715 2.4 ± 0.09 0.40 ± 0.06 5950 ± 700
R301A ND ND ND ND ND 26 ± 2.7
M239R e e e 0.98 ± 0.02 0.09 ± 0.006 10700 ± 730

NADH No L-Lys 2 mM L-Lys

wtNbtGa 0.32 ± 0.01 0.36 ± 0.05 900 ± 100 1.29 ± 0.04 0.40 ± 0.04 3300 ± 400
E216Q 1.3 ± 0.05 2.0 ± 0.25 670 ± 60 2.4 ± 0.1 2.6 ± 0.4 940 ± 100
R301A 0.54 ± 0.05 2.1 ± 0.5 255 ± 40 0.8 ± 0.05 1.5 ± 0.3 545 ± 70
M239R e e e 0.7 ± 0.02 0.08 ± 0.01 8900 ± 1100

Conditions: the experiment was performed at 25 �C in 100 mM sodium phosphate buffer, pH 7.5. ND: Not Detected.
a Values from Binda et al., 2015 [12].
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CGTATAAATGGTGGCCATCGGGGAGATAACAC 30) were used to make
the M239R enzyme. Codons of mutated positions are underlined
and bolded.

2.3. Protein expression and purification

All NbtGmutant proteinswere expressed in E. coli BL21(DE3)-T1R

cells and purified as previously described for wtNbtG [12]. The re-
combinant proteins were overexpressed as 8xHis-MBP fusion pro-
teins. In general, 3 L of terrific broth (TB) supplemented with 25 mg/
mL of kanamycin were grown [27]. Purification was done following
standard procedures previously reported for wtNbtG [12]. The
8xHis-MBP fusions were cleaved after the purification step with a
nickel immobilized affinity chromatography (IMAC) column [12].

2.4. Determination of flavin extinction coefficient and incorporation

For all three mutant proteins, extinction coefficients were
determined based on the extinction coefficient of free FAD
(11.3 mM�1 cm�1 at 450 nm), following previously published pro-
cedures [12,28]. FAD incorporation was determined by comparing
the protein concentration measured using the Bradford assay
(BioRad) to the concentration measured based on the flavin
spectrum.

2.5. Oxygen consumption assay

The initial reaction velocity was calculated bymeasuring oxygen
consumption in 1 mL of 100 mM sodium phosphate buffer, pH 7.5.
The reaction was initiated with 1 mM mutant enzyme and moni-
tored using a Hansatech Oxygraph Plus System (Norfolk, England)
at 25 �C with constant stirring. For E216Q, the activity at various
concentrations of NADPH (0.025e5 mM), NADH (0.025e13 mM), or
L-Lys (0e10 mM) were determined. When L-Lys was varied, assays
were saturated with either 2 mM NADPH or 10 mM NADH. L-Lys
was kept constant at 2 mMwhen NAD(P)H was varied. The activity
of R301A was determined with NADPH (0.025e20 mM) or NADH
(0.025e6 mM) at a constant concentration of L-Lys (2 mM). The
activity of R301A at varying concentrations of L-Lys (0.025e5 mM)
was determined at a constant NADH concentration of 8 mM. For
M239R, NADPH was varied between 0.1 and 5 mM, while L-Lys was
kept constant at 2 mM.

2.6. Product formation assay

The formation of N6-hydroxy-L-Lys was measured using a vari-
ation of the Casky iodine oxidation assay [29,30]. Briefly, each re-
action consisted of 104 mL of 100 mM sodium phosphate buffer (pH
7.5) and varying concentrations of L-Lys or NAD(P)Hwith a constant
concentration of the other substrate. For E216Q, when NADPH
(0.025e10 mM) was varied, L-Lys was constant at 30 mM. The ac-
tivity, as a function of L-Lys concentration (1e100 mM), was
measured at 2 mM NADPH. For R301A, similar experiments were
performed with varying NADH concentrations (0.025e10 mM) at
constant L-Lys concentration (2 mM). When L-Lys was varied
(0.025e10 mM), NADH was kept constant at 2 mM. For M239R,
NADPHwas varied between (0.025e2mM)with a constant 2mM L-
Lys. Reactions were initiated by the addition of 1 mME216Q, M239R,
or 2 mM R301A, and the reaction was allowed to proceed for 5 min
(E216Q) or 10 min (R301A, M239R) at 25 �C with shaking at
750 rpm. All samples were run in triplicate.
2.7. Flavin reduction

These experiments were carried out using an SX-20 stopped-
flow spectrophotometer (Applied Photophysics, Leatherhead, UK)
in an anaerobic glove box (Coy, Grass Lake, MI) at 25 �C in 100 mM
sodium phosphate buffer, pH 7.5. Buffer solutions and enzyme
stocks were made anaerobic as described previously [31]. The rate
of flavin reduction was monitored after mixing oxidized E216Q or
R301A (15 mM, after mixing) with an equal volume of various
concentrations of NAD(P)H (0.025e5 mM after mixing for E216Q or
0.1e8 mM for R301A). Flavin spectra changes at 450 nm were
monitored on a logarithmic time scale until full flavin reduction
was observed. Data were fit to a three or two-phase exponential
decay equation (Eqs. (1) and (2)). In these equations, A is the change
in absorbance, kobs is the observed rate for each phase, C is the final
absorbance, t is the time.

To obtain the maximum rate constant of flavin reduction (kred)
and the KD value, the observed rates (kobs) as a function of NAD(P)H
concentration were analyzed using equation (3) (Eq. (3)) [32].

v ¼ C þ A1e
�ðkobs1t Þ þ A2e

�ðkobs2t Þ þ A3e
�ðkobs3t Þ (1)

v ¼ C þ A1e
�ðkobs1t Þ þ A2e

�ðkobs2t Þ (2)

kobs ¼
kred � ½NADðPÞH�
KD þ ½NADðPÞH� (3)
3. Results

3.1. Purification of mutant proteins

Overall yields of ~35, 150, and 36 mg were obtained from 50 g
cells of E216Q, R301A, and M239R, respectively. The purified
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Fig. 5. Steady-state oxygen consumption for R301A. (A) As a function of NADPH
(saturated with 2 mM L-Lys). (B) As a function of NADH without L-Lys (B) or with
2 mM L-lysine (C). (C) As a function of L-Lys (saturated with 8 mM NADH).
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proteins were stored in 100 mM sodium phosphate buffer, 50 mM
NaCl, pH 7.5, at �80 �C at a concentration of ~200 mM (based on the
flavin content) in 30 mL aliquots.

3.2. Determination of flavin extinction coefficient and incorporation

The flavin spectra recorded for the mutant proteins were similar
to that of wtNbtG. Extinction coefficients at 450 nm were almost
identical with values of 12.8 mM�1cm�1 for E216Q and 12.6
mM�1cm�1 for both R301A and M239R compared to 12.6
mM�1cm�1 for wtNbtG [12]. Non-covalently bound FAD incorpo-
ration was ~77% and 76% for R301A and M239R, respectively, but
slightly increased to 83% in E216Q compared to 75% in the wtNbtG.

3.3. Oxygen consumption assay

The initial rates of oxygen consumption were measured to
determine the kinetic parameters of the NbtG mutant enzymes.
Compared to wtNbtG, in the absence of L-Lys and using NADPH as
the coenzyme, E216Q showed a ~ 3-fold higher kcat value with
only a 2-fold increase in the Km value. Catalytic efficiency
increased only 1.5-fold due to the increase in the kcat and Km (Fig. 4
and Table 1). Addition of 2 mM L-Lys increased the kcat value for
E216Q similarly to wtNbtG behavior in the presence of L-Lys, while
the Km value for NADPH was increased ~ 2-fold for E216Q (Table 1,
Fig. 4). R301A was almost inactive in the absence or presence of L-
Lys with up to 20 mM NADPH. Because of the low activity and high
apparent Km value, only the kcat/Km value could be calculated and
it was ~300-fold lower than for wtNbtG (Table 1, Fig. 5). The ki-
netic parameters of M239R with NADPH in the presence of L-Lys
were not significantly different than those of wtNbtG. However,
using NADH, the kcat and Km values decreased by 2 and 5-fold,
respectively. These changes produced a ~3-fold increase in the kcat/
Km value (Table 1).

Using NADH in the absence of L-Lys, the kcat value increased ~4-
fold and ~2-fold for E216Q and R301A, respectively, with an ~6-fold
increase in the Kmvalue for bothmutant enzymes. The kcat/Kmvalue
was similar to wtNbtG for E216Q but decreased ~4-fold for R301A
due to the increase in the Km value. The presence of L-Lys leads to a
~2-fold increase in the kcat values for R301A and E216Q, while the
Km values did not change in the presence of L-Lys. kcat/Km values
were ~ 6-fold lower than for wtNbtG for both mutant proteins
because of high Km values (Figs. 4 and 5).

For wtNbtG and R301A, the initial rates increased as a func-
tion of L-Lys concentration, with substrate inhibition observed at
high levels (Fig. 5). For E216Q, there was no such L-Lys concen-
tration dependence (~1 s�1 at all concentrations tested - data not
shown).

For general comparison, the activity of the mutant enzymes at
2 mM NADPH in the absence or presence of 2 mM L-Lys was
measured and the initial velocities were compared with wtNbtG.
R301A showed almost no activity, while E216Q exhibited higher
oxidase activity. The presence of L-Lys enhanced the rates for only
E216Q and wtNbtG by 30% and 38%, respectively. However, M239R
had similar kinetic parameters with NADPH as wtNbtG (Fig. 4c).

3.4. Product formation assay

Activity of NbtG variants was also determined by measuring the
initial rates of hydroxylated L-Lys production (Table 2). E216Q
showed a ~2-fold higher kcat and kcat/Km with similar Km and KI
values for NADPH. When varying L-Lys, the Km and KI values were
increased ~30-fold and 4-fold, respectively, which in turn,
decreased the catalytic efficiency by 10-fold (Fig. 6). In contrast, no
product was detected for R301A with 2 mM L-Lys and various
NADPH concentrations up to 20 mM (data not shown). However,
using NADH allowed the reaction to proceed with ~2-fold lower kcat
and 4-fold higher Km values, which resulted in an 8-fold lower kcat/
Km value (Table 2). In addition, varying L-Lys resulted in no signif-
icant changes in any of the kinetic parameters (Fig. 7). For M239R,
varying NADPH led to the decrease of kcat, Km, and kcat/Km by ~24, 9,
and 3-fold, respectively, and an increase in the inhibition constant
of only 2-fold (Table 2).



Table 2
NbtG steady-state kinetic parameters for hydroxylated L-Lys formation.

wtNbtGa E216Q M239R wtNbtGa R301A

NADPH NADH

kcat (s�1) 0.32 ± 0.02 0.62 ± 0.07 0.013 ± 0.0007 0.62 ± 0.08 0.28 ± 0.01
Km, NAD(P)H (mM) 0.7 ± 0.2 0.9 ± 0.2 0.08 ± 0.03 0.6 ± 0.1 2.1 ± 0.3
kcat/Km, NAD(P)H (M�1s�1) 460 ± 130 700 ± 170 160 ± 60 1100 ± 300 130 ± 20
KI, NAD(P)H (mM) 2.4 ± 0.6 4 ± 1 5.0 ± 2.0 5.7 ± 1.7 14 ± 4

2 mM NADPH 2 mM NADH

Km, L-Lys (mM) 0.35 ± 0.05 11 ± 2 e 0.9 ± 0.3 0.5 ± 0.1
kcat/Km, L-Lys (M�1s�1) 910 ± 140 90 ± 20 e 580 ± 230 540 ± 190
KI, L-Lys (mM) 15 ± 3 60 ± 10 e 6.3 ± 2.5 7.5 ± 2.0
% Uncoupling 70 75 98 52 65

Conditions: the experiment was performed at 25 �C in 100 mM sodium phosphate buffer, pH 7.5. For the E216Q and R301A reactions that varied NAD(P)H, L-Lys was kept
constant at 30 and 2 mM, respectively.

a Values from Binda et al., 2015 [12].
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3.5. Flavin reduction

The reaction of oxidized E216Q or R301A was monitored at
450 nm as a function of NADPH concentration to determine the rate
constant for flavin reduction (kred) (Fig. 8). E216Q reduction showed
three kinetic phases instead of the two observed inwtNbtG (Table 3
and Fig. 8). For wtNbtG, it was speculated that the multiple phases
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were originated by the presence of multiple enzyme forms (some
less active) [12]. It is possible that multiple enzyme forms are
present the samples of E216Q. Analysis of the first phase permitted
the calculation of kred and KD values that were 6-fold higher than for
wtNbtG. The second phase showed kinetic parameters that were
very similar to those calculated for the first phase observed in
wtNbtG. Finally, the third phase had the same reduction rate
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Fig. 8. E216Q reduction with NADPH. (A) Spectral changes for 15 mM E216Q with 15 mM NADPH, the inset shows different time traces. (B) Changes in the flavin absorbance at
450 nm at various concentrations of NADPH (0.025e5 mM) in the absence of L-Lys. (C) Dependence of the kobs values as a function of NADPH during the first (B), second (C), and
third (,) phases. All data were fit to the triple exponential decay equation.

Table 3
Pre-steady state kinetic parameters with NAD(P)H in the absence of L-Lys.

wtNbtGa E216Q

NADPH

First phase
kred, NADPH (s�1) 1.00 ± 0.03 6.0 ± 0.4
KD, NADPH (mM) 0.20 ± 0.03 1.1 ± 0.2
kred/KD, NADPH (M�1 s�1) 5000 ± 760 5650 ± 800
Second phase
kred, NADPH (s�1) 0.12 ± 0.002 1.00 ± 0.05
KD, NADPH (mM) 0.23 ± 0.03 0.23 ± 0.05
kred/KD, NADPH (M�1 s�1) 520 ± 70 4300 ± 800
Third phase
kcat, L-lys (s�1) ND 0.13 ± 0.007
Km, L-lys (mM) ND 1.3 ± 0.2
kcat/Km, L-lys (M�1 s�1) ND 100 ± 10

Conditions: the experiment was performed at 25 �C in 100 mM sodium phosphate
buffer, pH 7.5. ND: Not detected.

a Values from Binda et al., 2015 [12].
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observed in the second phase of wtNbtG, but the KD showed a ~6-
fold higher value [12]. Reduction of R301A was very slow, with
complete reduction observed at � 8 mM NADPH with a kred(app)
value of 0.09 s�1 and 0.003 s�1 for the first and second phase,
respectively.

4. Discussion

Flavin-dependent monooxygenases have been classified into
eight groups (A-H) based on their structural and functional prop-
erties [33]. These enzymes catalyze hydroxylation, sulfoxidation,
epoxidation, BaeyereVilliger oxidation, and halogenation reactions
through the incorporation of a single oxygen atom into a variety of
substrates [34,35]. They have received great attention in environ-
mental, industrial, and pharmaceutical applications due to their
regio- and enantioselective catalytic activity and their wide-
spectrum of substrate reactivity [36e38].

NMOs are members of the class B flavin monooxygenases and
catalyze the hydroxylation of the side chain amine of L-Lys or L-Orn.
The hydroxylamine product makes up the iron-binding site in
hydroxamate-containing siderophores [6,33,34]. Biosynthesis of
siderophores is one of the virulence mechanisms adopted by many
pathogens such as Pseudomonas aeruginosa, Nocardia sp., Myco-
bacteria sp., as well as fungi such as Aspergillus fumigatus [39,40].

Members of class B flavin monooxygenases utilize NADPH and/
or NADH as their redox partners. Despite the minor structural dif-
ference of one phosphate group between the two coenzymes,
members of this class are highly selective for NADPH over NADH
with few exceptions. For example, phenylacetone monooxygenase
(PAMO) and PvdA are strictly selective for NADPH [41,42], while
cyclohexanone monooxygenase (CHMO) and 4-
hydroxyacetophenone monooxygenase (HAPMO) are less strict,
displaying an ~ 600e700-fold preference for NADPH over NADH
[43]. Lower selectivity has been reported of 20-fold NADPH pref-
erence in SidA [13]. This ratio decreased to an ~ 2-fold NADPH
preference in NbtG, and shifted towards NADH preference in L-Lys
6N-hydroxylase from Mycobacterium smegmatis (MbsG) and
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flavoprotein monooxygenase (FPMO) from Stenotrophomonas mal-
tophilia with an ~ 3 and 1.5-fold over NADPH, respectively
[12,30,44].

The NMOs SidA and PvdA have been structurally and bio-
chemically characterized. They share similar mechanistic and
structural features, such as high NADPH and L-Orn selectivity
[13,19,23]. Furthermore, they efficiently catalyze highly coupled
reactions with low amount of oxygen reactive species (by-product)
formation. These enzymes stabilize the C4a-hydroperoxyflavin via
interactions mediated by NADPþ, which remains bound after FAD
reduction to ensure efficient substrate hydroxylation [15,16,18,21].
In contrast, NbtG catalyzes the hydroxylation of L-Lys as well as D-
Lys, utilizes both NADPH and NADH, and does not stabilize C4a-
hydroperoxyflavin. Thus, the reaction results in the production of
significant amounts of hydrogen peroxide and superoxide (i.e., a
highly uncoupled reaction) [12]. Interestingly, similar results have
been reported previously for MbsG, which has 53% identity to NbtG
[45]. Unfortunately, there is no current structural information that
could aid in the interpretation of the mechanistic differences be-
tween SidA, PvdA, and NbtG as there are no structures either with
bound NADPþ or L-Lys.

However, based on sequence alignment of NbtG and other
mycobacteria-related species, as well as structure superimposition
with SidA and PvdA (Figs. 1e3), P238, M239, and R301 were pro-
posed as residues that could interact with the 20 -phosphate of
NADPH, as potential counterparts for the Arg residue found in SidA
(R279) and PvdA (R240), which is responsible for coenzyme
selectivity [16,18].

Indeed, P238 orientation shows clashes with the NADP(H)
molecule bound in the SidA crystal (Fig. 2). However, we previously
reported an NADPH domain rotation in NbtG that could lead to
different binding of NADPH. It was previously shown that P238R
shifted coenzyme selectivity exclusively to NADPH, but, the reac-
tion rate was compromised with no actual improvement on the
reaction coupling [12]. Within the same flexible loop containing
P238, the neighboring residue M239 was replaced by Arg. The
biochemical characterization of M239R showed that it was active
with both NADPH and NADH. Replacement of M239 to Arg did not
change the oxygen consumption kcat or KNADPH values, but it
decreased the KNADH value ~ 5-fold compared to wtNbtG. However,
the product formation rate drastically decreased giving rise to a 40%
increase in reaction uncoupling. This data does not indicate that the
addition of a positive charge at position 239 improves NbtG's
selectivity and monooxygenase activity. Further structural analysis
showed that the R301 in NbtG was highly conserved among related
Mycobacteria L-Lys hydroxylases (Figs. 1 and 3). The R301 residue
lies within a different loop in the NADPH binding domain and could
possibly orient close to the 20 -phosphate of the adenine-ribose
moiety. Steady-state kinetic results of R301A showed a drastic
decrease in activity with NADPH but not with NADH. Additionally,
complete FAD reduction could not be observed at NADPH concen-
trations lower than 8mM. Similar replacement of R279 to Ala or Glu
in SidA affected only the KD,NADPH value ~270 and 1600-fold,
respectively (16). Clearly, the results suggest that R301 plays a
major role in NADPH binding and might interact with the 20

-phosphate moiety of NDA(P)H.
Next, to test if E216 plays a role in catalysis, we studied the ki-

netics of NbtG E216Q. Steady-state kinetic analysis revealed an
increase in kcat values of oxygen consumption as well as product
formation with no significant effect on coenzyme binding. How-
ever, the Km,L-Lys value increased ~30-fold, implying a potential role
in L-Lys binding. This data is supported by the potential H-bonding
observed between the N6-atom of L-Lys and the side chain carboxyl
of Glu216 (Fig. 3). Interestingly, this interaction is not predicted for
the equivalent residue in SidA (Gln256) as the distance to either of
the L-Orn or L-Lys side chain amino groups is not optimal for such
interactions. In NbtG, E216 might be able to interact with L-Lys
because of the displacement of the a-helix caused by NADPH
binding domain rotation [12,26].

Furthermore, the appearance of a new, faster phase of reduction
upon NADPH binding accompanied by changes in FAD spectra
could be attributed to the unstable binding of NADPH (resulting in
the higher KD value) due to removal of the negative charge of
Glu216. This might lead to changes in the FAD microenvironment
after hydride transfer (Fig. 8a). Substitution of N323 to Ala in SidA
significantly increased the flavin reduction rate by ~20-fold. In
addition, steady-state kinetics have shown that substrate binding
(Km(L-Orn)) was increased ~ 15-fold with no observed effect on
NADPH binding. Thus, N323 was proposed to hydrogen bond with
the nicotinamide ribose of NADPH as well as contribute to L-Orn
binding to balance flavin reduction and substrate binding [14]. In
Sida, the interaction of N323 with NADPHwas proposed to regulate
the position of NADPþ, which is believe to require significant
movement [22]. It is possible that in NbtG E216 is involved in L-Lys
binding and in the modulation of NAD(H) interaction during
reduction.

Our results show that sequence alignment alone is not sufficient
to assign amino acid functionality, as different conformational
characteristics should be considered. The data described here is
consistent with R301 playing a role in NADPH selectivity in NbtG. In
addition, E216 plays a role in L-Lys binding and FAD reduction in
NbtG.
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