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Siderophore A (SidA) is a flavin-dependentmonooxygenase that catalyzes theNAD(P)H- and oxygen-dependent
hydroxylation of ornithine in the biosynthesis of siderophores in Aspergillus fumigatus and is essential for viru-
lence. SidA can utilize both NADPH or NADH for activity; however, the enzyme is selective for NADPH. Structural
analysis shows that R279 interacts with the 2′-phosphate of NADPH. To probe the role of electrostatic inter-
actions in coenzyme selectivity, R279 was mutated to both an alanine and a glutamate. The mutant proteins
were active but highly uncoupled, oxidizing NADPH and producing hydrogen peroxide instead of hydroxylated
ornithine. For wtSidA, the catalytic efficiency was 6-fold higher with NADPH as compared to NADH. For the
R279Amutant the catalytic efficiencywas the samewith both coenyzmes, while for the R279Emutant the catalytic
efficiency was 5-fold higher with NADH. The effects are mainly due to an increase in the KD values, as no major
changes on the kcat or flavin reduction values were observed. Thus, the absence of a positive charge leads to no co-
enzyme selectivity while introduction of a negative charge leads to preference for NADH. Flavin fluorescence
studies suggest altered interaction between the flavin and NADP+ in the mutant enzymes. The effects are caused
by different binding modes of the coenzyme upon removal of the positive charge at position 279, as no major con-
formational changes were observed in the structure for R279A. The results indicate that the positive charge at po-
sition 279 is critical for tight binding of NADPH and efficient hydroxylation.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Fungi from Aspergillus spp. are opportunistic human pathogens that
cause bronchopulmonary infections in immunocompromised individ-
uals and represent a significant health risk to patients in intensive care
units [1]. Aspergillus fumigatus is the most common human fungal path-
ogen and the mortality rate for Aspergillus-related infections is N50%
[1,2]. It has been shown that during infection, A. fumigatus synthesizes
and secretes siderophores to scavange iron from the mammalian host.
Since iron is required for growth, enzymes in the biosynthesis of
siderophores have been identified as potential drug targets [3,4].
Ferricrocin and triacetylfusarinine C are hydroxamate-containing
siderophores that are required for virulence [5–7]. In the biosynthesis of
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these siderophores, N5-hydroxyornithine is essential for the formation of
the hydroxamate iron binding site.

The flavin-dependent monooxygenase siderophore A (SidA), cata-
lyzes the hydroxylation of ornithine to N5-hydroxyornithine. SidA uti-
lizes NAD(P)H to reduce the flavin cofactor in order to react with
molecular oxygen to form a C4a-hydroperoxyflavin intermediate,
which is the hydroxylating species (Scheme 1) [8–10]. The formation
and stabilization of the C4a-hydroperoxyflavin is critical for hydroxy-
lation. In the absence of ornithine, this intermediate is very stable, even-
tually decaying to hydrogen peroxide and oxidized flavin (half-life
of ~30 min) [8,10,11]. Rapid turnover only occurs when ornithine is
present. Stabilization of the C4a-hydroperoxyflavin intermediate en-
sures that the enzyme couples NADPH oxidation and oxygen activation
with ornithine hydroxylation [9,10]. SidA is also able to useNADH, how-
ever, the KM value is 10-fold higher than for NADPH. In addition, the en-
zyme is only ~50% coupled with NADHwhile with NADPH the coupling
is ~95% [9]. This difference led us to explore the structural determinants
of coenzyme selectivity in SidA. Here, we present biochemical and
structural data which show that R279 is the key regulator of coenzyme
selectivity in SidA.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbapap.2014.02.005&domain=pdf
http://dx.doi.org/10.1016/j.bbapap.2014.02.005
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Scheme 1. A) Reaction catalyzed by SidA. B) Structure of the catalytic intermediate C4a-hydroperoxyflavin.
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2. Materials and methods

2.1. Materials

Buffers and media were obtained from Fisher Scientific (Pittsburgh,
PA). BL21(DE3)-T1R chemically competent cells were obtained from
Sigma-Aldrich (St. Louis, MO). NADH and NADPH were obtained from
EMD4 Biosciences (Billerica, MA). DNA primers were synthesized by Inte-
grated DNA Technologies (Coralville, IA). Plasmid preparation and gel pu-
rification kits were obtained from Qiagen (Valencia, CA). Escherichia coli
TOP10 chemically competent cells were obtained from Invitrogen (Carls-
bad, CA). Chromatography columns were obtained from GE Healthcare.
2.2. Site-directed mutagenesis

Mutagenesis of R279 to Ala or Glu was performed using the
QuikChange (Agilent Technologies)method following themanufacturer's
instructions. Wild-type SidA (wtSidA) gene, subcloned into the pET15b
plasmid, was used as the template for mutagenesis reactions [12].
For the R279A mutation, the forward primer (5′-GCACCACCCTGATC
ATGGCCGACTCGGCTATGCGCCC-3′) and reverse primer (5′-GGGCGCAT
AGCCGAGTCGGCCATGATCAGGGTGGTGC-3′) were used. For the R279E
mutation, the forward primer (5′-CCCGCACCACCCTGATCATGGAAGACT
CGGCTATGCGCCC-3′) and reverse primer (5′-GGGCGCATAGCCGA
GTCTTCCATGATCAGGGTGGTGCGGG-3′) were used. The codon at posi-
tion 279 is underlined.
2.3. Protein expression and purification

All mutant proteins were expressed in E. coli BL21(DE3)-T1R cells and
purified as previously described [12]. In general, ~25 mg of protein were
obtained per liter of autoinduction media. The purified proteins were
stored in 100 mM sodium phosphate, 50 mM NaCl, pH 7.5, at −80 °C
at a concentration of ~200 μM(based on flavin content) in 30 μL aliquots.
2.4. Determination of Flavin Incorporation

Flavin incorporation was determined by measuring protein concen-
tration via the Bradford assay (BioRad) and comparing it to the protein
concentration based on the flavin spectra. SidA concentration based
on flavin content was determined using an extinction coeficent of
13.7 mM−1 cm−1 at 450 nm [9]. Flavin incorporation was generally
close to 70% for wtSidA and mutant proteins.
2.5. Steady-state kinetics

The rate of oxygen consumption was measured using a Hansatech
Oxygraph system (Norfolk, England). Reactions consisted of a 1 mL vol-
ume of 100 mM sodium phosphate, pH 7.5, at 25 °C. The concentration
range of NADPH was 0.005–0.5 mM for wtSidA, 0.05–2 mM for R279A,
and 0.1–5 mM for R279E. Similarly, the concentration range for
NADH was 0.01–3 mM for wtSidA and R279A, and 0.05–5 mM for
R279E. L-ornithine was held constant at 15 mM for all assays where
NAD(P)H was varied. When L-ornithine was varied, the coenzyme
was kept constant at a concentration at least 5-times the KM value. Re-
actions were initiated by addition of 2.0 μM of SidA and monitored for
5 min with constant stirring.

Hydroxylated ornithine was monitored using a variation of the
Csaky iodine oxidation assay [13,14]. The standard assay buffer
contained 104 μL of 100 mM sodium phosphate (pH 7.5) with varying
concentrations of L-ornithine (0 to 20 mM) and saturating concentra-
tions of NAD(P)H (at least 5-times theKM value). Reactionswere initiat-
ed by addition of 2.0 μM SidA and incubated for 10 min at 25 °C with
constant shaking at 750 rpm.

2.6. Pre-steady-state kinetics

All rapid reactionexperimentswere carried out at 15 °Cusing anSX-20
stopped-flow spectrophotometer (Applied Photophysics, Leatherhead,
UK) in an anaerobic glove box (Coy, Grass Lake, MI). Anaerobic buffer
was obtained through repeated cycles of vacuum (10 min) and flushing
with O2-free argon (1 min) for 1 hr. The same procedure was used to
make the enzyme anaerobic. Substrates were made anaerobic by dissolv-
ing in anaerobic buffer inside the glove box. The rate of flavin reduction
was measured by mixing anaerobic SidA (15 μM after mixing) with an
equal volume of NADPH at final concentrations of 0.5 mM for wtSidA,
0.05–2 mM for R279A, and 0.5–5 mM for R279E. Reduction by NADH
was performed at 0.05–1.5 mM for wtSidA, and 0.05–5 mM for both mu-
tant enzymes. Spectra were taken on a logarithmic time scale until full re-
duction of the flavin was observed as determined by a decrease in
absorbance at 452 nm. The rate constants at various coenzyme concentra-
tions were determined by fitting the changes in absorbance at 452 nm to
Eq. (1). In this double exponential equation, a is the change in absorbance,
k is the rate, and c is the final absorbance. The resulting values were plot-
ted as a function of reduced coenzyme concentration and the data fit to
Eq. (2) to obtain the maximum rate constant of flavin reduction (kred)
and the KD value [15].

υ ¼ cþ a1e
− k1

�tð Þ þ a2e
− k2

�tð Þ ð1Þ
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kobs ¼
kred NAD Pð ÞH½ �
K þ NAD Pð ÞH½ � ð2Þ

D

2.7. Flavin fluorescence

The effect of oxidized coenzyme binding on flavin fluorescence was
determined on a SpectraMax M5e plate reader (Molecular Devices, Sun-
nyvale, CA). Excitation was performed at 450 nm, and the changes in fla-
vin fluorescence were monitored from 500 to 625 nm. A 495 nm cutoff
filter was used for each fluorescence experiment. The standard assay
buffer contained 100 μL of 100 mM sodium phosphate, pH 7.5, with
15 μM SidA. For wtSidA, 0.9 mM NADP+ or 4 mM NAD+ were used. For
R279A, 3 mM NADP+ or 5 mM NAD+ were used. For R279E, 15 mM
NADP+ or 5 mM NAD+ were used.

2.8. Crystallization and structure determination

Crystals of A. fumigatus R279A SidA containing L-ornithine were ob-
tained at 4 °C by the vapor diffusion method under the same conditions
used for the wild-type protein (reservoir containing 1.6 M ammonium
sulfate, 0.1 M HEPES, pH 6.6, 2% dioxane, and a protein solution of
8 mg/ml SidA in 25mMHEPES, pH7.5, 100mMNaCl, 15mM L-ornithine,
1 mMNADP+ [12]. Data were collected at the European Synchrotron Ra-
diation Facility (Grenoble, France). The structurewas solved bymolecular
replacement starting from the structure of the wild-type enzyme (PDB
entry 4B63). All crystallographic calculations were performed with pro-
grams of the CCP4 package [16]. Figures were generated using Pymol
(www.pymol.org).

3. Results and discussion

Class B flavin-dependent monooxygenases are highly selective for
NADPH [17]. Somemembers of this family, such as phenylacetonemono-
oxygenase (PAMO) and the ornithine hydroxylase from Pseudomonas
aeruginosa (PvdA), are 100% selective for NADPH as these enzymes
are reported to be unable to react with NADH [18,19]. Similarly,
the Baeyer–Villiger monooxygenases (BVMOs) cyclohexanone mono-
oxygenase (CHMO) and 4-hydroxyacetophenone monooxygenase
(HAPMO) have been shown to be highly selective for NADPH with a
700-fold preference over NADH (based on reported kcat/KM values) [20].
Fig. 1. Interaction of R279 with NADP+. The figure
On the other hand, mammalian flavin-dependent monooxygenase
(FMO) and SidA are less selective, with less than 20-fold preference for
NADPH [9,21,22]. The x-ray crystal structure of SidA in complex with
NADP+ shows that the R279 ion pairs with the 2′-phosphate of NADP+

and the guanidinium group is involved in stacking interactions with the
adenine base (Fig. 1) [12].We probed the role of this residue in coenzyme
selectivity using site-directed mutagenesis and subsequent characteriza-
tion of the resulting mutant enzymes.

The effect of removing the positive charge of R279on coenzyme selec-
tivitywas probed bymutating this residue to alanine. The R279A enzyme
was purified following the same procedures as wtSidA. The yield of the
purifiedmutant enzymewas ~25mg per liter of E. coli culture with a fla-
vin content of ~70%. This data is consistent with previously reported
values for wtSidA [8,9]. Mutation of R279 to E was also performed in
order to introduce a negative charge at this position, which would have
a repulsion effect with the 2′-phosphate of NADPH, but not with NADH.
The resulting R279E enzyme was purified as the R279A with similar
yields. The flavin spectra for bothmutants are identical to the flavin spec-
trum of the wtSidA (not shown).

The kinetic values determined by measuring the rate of oxygen con-
sumption were calculated as a function of coenzyme concentration with
ornithine saturating at 15 mM (Fig. 2). The data is summarized in
Table 1. The catalytic efficiency with NADPH decreased ~40- and ~300-
fold for the R279A and R279E enzymes, respectively. This decrease is
mainly due to an increase in the KM values, since the kcat value was un-
changed for the R279A enzyme, while it decreased only by 30% for the
R279E enzyme. With NADH, the catalytic efficiencies for R279A and
R279E decreased only 7- and 11-fold, respectively. These relatively
minor effects are alsomainly due to changes in the KM values. Interesting-
ly, a slight increase in the kcat value for NADHwas observed for the R279E
enzyme (~30%) (Table 1).

Reduction of the flavin cofactor by NAD(P)H was monitored using a
stopped-flow spectrophotometer under anaerobic conditions. We have
previously determined that the hydride transfer step occurs in two
phases and using stereospecifically labeled (4R)-4-2H-NADPH the reac-
tion was shown to be specific for the pro-R-hydrogen and a kinetic iso-
tope effect value of ~5.5 was measured in both phases. This indicates
that both phases of flavin reduction of wtSidA with NADPH correspond
to hydride transfer. The affinity ofwtSidA for NADPH is very high,which
prevents accurate determination of the KD value for this coenzyme in
the stopped-flow spectrophotometer. Therefore, the KD value for
was made using Pymol with PDB entry 4B63.

http://www.pymol.org)


Fig. 3.A) Flavin reduction as a function of NADPH for R279A (▲), and R279E (■). B) Flavin
reduction as a function of NADH for wtSidA (●), R279A (▲), and R279E (■). The maxi-
mum rate constants for flavin reduction (kred) and the KD value were obtained by fitting
the data to Eq. (2).

Fig. 2. Initial rate of oxygen consumption as a function of NADPH (A) or NADH (B) for
wtSidA (●), R279A (■), and R279E (♦). The assays were performed in 1mL sodium phos-
phate, pH 7.5, at 25 °C. The lines are fit to the Michaelis–Menten equation.
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NADPH has been estimated to be ~1 μM [10]. The reaction of wtSidA
withNADH also occurs in two phases. Thefirst phase is fast, isotope sen-
sitive, and increases as a function of NADH concentration, indicating
that it corresponds to flavin reduction. The second phase has a much
slower rate and is isotope and concentration independent. Therefore,
this phase is believed to correspond to NAD+ release [8]. With the
R279 mutants, the reaction with NADPH also occurs in two phases.
The first phase was fast and increased as a function of NADPH concen-
tration, allowing determination of both the kred and KD values (Fig. 3
and Table 2). This relatively fast phase corresponds to flavin reduction.
The second phase was slower (~0.07 s−1 for both mutant enzymes)
Table 1
Steady-state kinetic parameters determined by oxygen consumption.

Parameters/variable substrate Wild-type R279A R279E

NADPH
kcat (s−1) 0.45 ± 0.01 0.48 ± 0.01 0.30 ± 0.01
KM (mM) 0.0070 ± 0.0001 0.31 ± 0.02 1.54 ± 0.20
kcat/KM (M−1 s−1) 64,000 ± 5000 1500 ± 100 200 ± 10

NADH
kcat (s−1) 0.75 ± 0.02 0.75 ± 0.03 1.00 ± 0.05
KM (mM) 0.070 ± 0.007 0.51 ± 0.07 1.0 ± 0.1
kcat/KM (M−1 s−1) 11,000 ± 150 1500 ± 100 1000 ± 60

Conditions: 100 mM sodium phosphate, pH 7.5, and 25 ºC.
and independent of NADPH concentration. We attribute this phase to
NADP+ release. The results indicate that alteration of the electrostatic
environment at position 279 does not significantly affect the rate of fla-
vin reduction. However, the affinity for NADPH is significantly affected
(Table 2). Using the estimate of 1 μM for the KD value of NADPH for
Table 2
Rate constants for flavin reduction and dissociation constants with NAD(P)H.

NADPH NADH

Enzyme kred (s−1) KD (mM) kred (s−1) KD (mM)

wtSidA 0.63 ± 0.01 ~0.001 1.69 ± 0.01 0.070 ± 0.005
R279A 0.88 ± 0.01 0.27 ± 0.05 1.84 ± 0.04 0.37 ± 0.03
R279E 0.9 ± 0.1 1.6 ± 0.5 1.52 ± 0.02 0.26 ± 0.02

Conditions: 100 mM sodium phosphate, pH 7.5, and 25 ºC.

image of Fig.�3
image of Fig.�2


Table 4
Crystallographic statistics.

R279A

PDB code 4NZH
unit cell axes (Å)a 77.9, 84.1, 144.9
resolution (Å) 2.0
Rmerge (%)b,c 9.3 (61.9)
completeness (%)c 99.0 (97.1)
unique reflections 30,804
redundancy 15.5 (15.0)
I/σ(I)c 29.6 (3.7)
Rcryst (%) 20.7
Rfree (%) 24.3
rmsd bond lengths (Å) 0.005
rmsd bond angles (°) 1

a Space group is I222.
b Rmerge = Σ|Ii-bIN|/ΣIi, where Ii is the intensity of ith observation and bIN is the mean

intensity of the reflection.
c Values in parentheses are for reflections in the highest resolution shell.
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wtSidA, it can be predicted that mutations of R279 changed the KD for
NADPH at least 270-fold for R279A and 1600-fold for R279E (Table 2).

The lower affinity ofwtSidA for NADHpermits the accurate determi-
nation of both the kred and KD values (Fig. 3). Mutation of R279 resulted
in a decrease in KD values for NADH of only 3.7- to 5-fold. While no sig-
nificant changes of the kred values with either reduced dinucleotide
were observed in the mutant enzymes. Clearly, the modification of
R279 is less important for NADH binding. In summary, the steady-
state and stopped-flow kinetic analyses of the R279A/E enzymes show
that removal of the positive charge at position 279 significantly de-
creases the affinity for NADPH. Comparison of the catalytic efficiencies
of the R279A enzyme with NADPH and NADH clearly shows no sub-
strate selectivity. Furthermore, in the R279E enzyme, the coenzyme se-
lectivity is reversed, favoring NADH by 5-fold.

The activity of wtSidA and the R279 mutants were also determined
by following ornithine hydroxylation (Table 3). As expected, the KM

value for ornithine did not significantly change in the R279 mutants.
However, the kcat values for the R279A and R279E mutants decreased
by ~2–6 fold (Table 3). The decrease in the kcat values could originate
from uncoupling. If only some of the oxygen that is consumed in the re-
action leads to hydroxylation of ornithine, and the rest is released as hy-
drogen peroxide, a lower rate of ornithine hydroxylation would be
measured. Coupling of the enzymatic reaction was determined by di-
viding the turnover value from the oxygen consumption assay
with the turnover value calculated in the hydroxylation assay. For
wtSidA, couplingwith NADPH is greater than 90%, but with NADH, cou-
pling decreases to 50%. With the R279mutants, the coupling is only be-
tween ~25 and 60% (Table 3). These results indicate that the positive
charge is essential for efficient hydroxylation and for minimizing pro-
duction of hydrogen peroxide. In SidA and other flavin-containing
monooxygenases, NADPH remains bound throughout the catalytic
cycle [9,10,23–25]. This is strictly required because NADP(H) plays a
role in reducing the flavin, and stabilizing the C4a-hydroperoxyflavin.
For wtSidA, the decrease in coupling with NADH can be attributed to a
faster koff, which in turn leads to fast decay of the C4a-hydroperoxyflavin.
Similarly, in the mutant enzymes, since coenzyme binding affinity is
lower, the decrease in coupling can be attributed at least in part to
NAD(P)+ being released prior to hydroxylation of ornithine.

The structure of R279A was solved by x-ray crystallography at 2.0 Å
resolution (Table 4). The enzyme was crystallized under the same con-
ditions aswtSidA in the presence of ornithine andNADP+. The structure
of R279A is virtually identical to that ofwtSidAwith a root-mean-square
deviation for the Cα atomsof 0.22 Å (with reference to PDB entry 4B63).
The conformation of the alaninemutation is the same as for the Arg279
side chain of wtSidA (Fig. 4). The major difference between the crystal
structures of wtSidA and R279A is the absence of electron density for
NADP+, which might be due to the lower binding affinity. We noticed
minor differences on the side chain of some residues in the loop region
that is close to the binding site of NADP+, most notably Tyr324 (not
shown). Clearly, no major conformational changes are observed in the
Table 3
Steady-state kinetic parameters following ornithine hydroxylation.

Parameter/variable substrate wtSidA R279A R279E

Ornithinea

kcat (s−1) 0.41 ± 0.01 0.25 ± 0.01 0.170 ± 0.003
KM (mM) 0.65 ± 0.10 1.0 ± 0.2 0.72 ± 0.16
kcat/KM (M−1 s−1) 700 ± 100 260 ± 40 220 ± 40
% coupling 91 52 56

Ornithineb

kcat (s−1) 0.40 ± 0.01 0.19 ± 0.01 0.070 ± 0.003
KM (mM) 0.72 ± 0.11 1.0 ± 0.2 0.08 ± 0.01
kcat/KM (M−1 s−1) 560 ± 70 200 ± 30 220 ± 20
% coupling 53 25 34

Conditions: 100 mM sodium phosphate, pH 7.5, and 25 ºC. Assays were performed at five
times the KM value for aNADPH or bNADH.
structure of R279A. Thus, the decrease in binding is directly due to the
lack of ionic interaction in the mutant protein.

Intrinsic flavin fluorescence was used as a probe of the interaction
between the nicotinamide ring and the isoalloxazine ring of FAD. With
wtSidA, binding of NADP+ causes a decrease in flavin fluorescence. In
contrast, binding of NAD+ causes an increase in flavin fluorescence
(Fig. 5) [8]. Clearly, the interaction between the oxidized co-enzymes
and the flavin is not the same, which results in differences in the flavin
environment that can be detected by flavin fluorescence. As observed in
the wtSidA structure in complex with NADP+, the nicotinamide ring
binds adjacent to the isoalloxazine ring. Thus, this interaction might
be responsible for the observed quenching of the flavin fluorescence.
It is possible that with NAD+, the nicotinamide ring is not binding so
close to the flavin as to cause fluorescence quenching, but instead
makes the active site more hydrophobic, which would enhance flavin
fluorescence (Fig. 5). With the R279 mutants, NAD+ binding causes a
similar increase in the fluorescence, consistent with the results for
wtSidA. In contrast, the binding of NADP+ no longer quenches the fluo-
rescence, but increasesfluorescence in themutant enzymes. These results
suggest that interaction betweenR279 and the 2′-phosphate has an effect
in the interaction of the nicotinamide ring and the flavin in the active site.

A structurally homologous arginine is conserved in other Class B
flavin-dependent monooxygenases such as FMO, CHMO, and PvdA
[23,26,27]. Asmentioned previously, PvdA has been reported to not rec-
ognize NADH as a substrate. This is surprising since the structure of
PvdA and SidA are almost identical with an RMS of 1.049 Å. It is possible
that protein dynamics important for NADPH binding are different be-
tween these two enzymes, however, this remains to be tested. In FMO,
the role of the conserved Arg residue has not been determined. Based
on amino acid sequence alignment, several positively charged residues
were targeted for mutagenesis in order to determine coenzyme selec-
tivity in HAPMO from Pseudomonas fluorescens ACB [20]. Replacement
of R339 with alanine (equivalent to R279 in SidA) resulted in a shift of
the selectivity from NADPH to NADH. However, the selectivity originat-
ed fromanalmost complete loss of activitywithNADPH. Thus, the inter-
actions between an Arg residue and the 2′-phosphate of NADPH play
different roles in HAPMO as compared to SidA. In addition, it was also
shown that a lysine residue (K439) in HAPMO is also important for co-
enzyme selectivity.Mutagenesis of K439 to alanine decreased the selec-
tivity for NADPH by ~100-fold. In CHMO from Acinetobacter sp. NCBI
9871, another BVMO, a lysine residue (K326) has also been shown to
be involved in coenzyme selectivity. Characterization of the CHMO
K326A mutant showed a decrease in the selectivity for NADPH of
more than 50-fold [20]. The three-dimensional structure of CHMO was
later solved and showed that K326 is in hydrogen bonding distance to
the 2′-phosphate of NADP+ [27]. The structure of SidA does not show
the presence of another positively charged residue in close proximity



Fig. 4. Superposition of the structure of wtSidA (gray) and R279A (gold). The FAD and Orn in R279A are those found in the structure of R279A. The NADP+ is only observed inwtSidA (PDB
entry 4B63). The insert shows the 2Fo–Fc weighted electron density map around the site of the R279A mutation contoured at the 1.4 σ level. The picture also shows the conformation of
R279 and bound NADP+ as observed in the wild-type enzyme (light blue carbons; PDB entry 4B63).
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to the 2′-phosphate of NADP+. The large decrease in activity upon mu-
tation of the R339 in HAPMOand the role of another positive residue in-
dicates that the mechanism of coenzyme selectivity in BVMOs is more
complex than in SidA.

In summary, the biochemical characterization of the R279 mutants
clearly shows that this residue plays a key role in coenzyme selectivity.
Removal of the positive charge at this position abolishes the ability to
Fig. 5. Changes in flavin fluorescence induced by oxidized coenzyme binding. The oxidized flav
when bound to NADP+ (orange) or NAD+ (blue) were recorded from 500 to 630 nm.
preferentially bind NADPH and the addition of a negative charge shifts
the coenzyme selectivity to NADH. Even though this residue is not
near the active site, the reaction becomes significantly uncoupled in
the mutant enzymes. This can be attributed, in part, to the release of
NAD(P)+ from the active site due to the decrease in affinity. The chang-
es in flavin fluorescence indicate that the interaction between NADP+

and the flavin is modified upon mutation. Therefore, it is possible that
in fluorescence was excited at 450 nm. The emission of the free enzymes (black lines) or

image of Fig.�4
image of Fig.�5
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mutation of R279, in addition to affecting the binding affinity, also af-
fects the positioning of NADP+, which is required for optimal stabiliza-
tion of the C4a-hydroperoxyflavin in SidA.
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