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We report the mechanistic studies of a FAD:NADH reductase (PrnF) involved in arylamine oxygenation.
PrnF catalyzes the reduction of FAD via a sequential ordered bi-bi mechanism with NADH as the first sub-
strate to bind and FADH2 as the first product to be released. The residues Asp145 and His146 are pro-
posed as catalytic acid/base residues for PrnF based on pH profile and molecular dynamics simulation
studies. These studies provide the first detailed account of the mechanism of the flavin reductase
involved in arylamine oxygenation.

� 2011 Elsevier Ltd. All rights reserved.
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Figure 1. Proposed role of PrnD and PrnF in pyrrolnitrin (1) biosynthesis.
Most of the monooxygenases catalyzing the oxygenation are
flavoprotein enzymes that carry out the two reactions on a single
polypeptide chain.1 However, two-component monooxygenases
where NAD(P)H oxidation and the oxygenation reaction are cata-
lyzed by separate polypeptides linked by an electron transport
chain have been also described.2–4 Bacterial two-component mono-
oxygenase systems that utilize reduced flavin as a substrate are also
continually being identified.5–9 Although these enzyme systems
catalyze distinct reactions, a central theme in the two-component
oxygenase family is the presence of a flavin-dependent reductase
involved in flavin reduction followed by the transfer of reduced
flavin to the oxygenase component. Flavin reductase catalyzes the
reduction of flavins, such as flavin mononucleotide (FMN), flavin
adenine dinucleotide (FAD), and riboflavin by NAD(P)H to form
reduced flavins that are required to activate oxygen by the terminal
oxygenases.

Previously, we reported the characterization of an amino-pyr-
rolnitrin oxygenase (PrnD) and a flavin reductase (PrnF) in Pseudo-
monas fluorescens Pf-5.10,11 PrnF and PrnD are proposed to form a
two-component oxygenase system, in which PrnF supplies the re-
duced flavin that PrnD needs to function (Fig. 1). PrnD catalyzes
unusual arylamine oxidation to give the antibiotic pyrrolnitrin
1,10,12 which is produced by many pseudomonads and has broad-
spectrum antifungal activity.13–15 Although PrnF has been bio-
chemically characterized, detailed mechanistic studies of PrnF or
related enzymes have not been thoroughly reported yet. Here,
All rights reserved.

+82 2 458 3504 (J.-K.L.); tel.:

zhao5@illinois.edu (H. Zhao).
we describe the thorough mechanistic studies of PrnF. We also pro-
pose the catalytic acid/base residues for PrnF by pH profile and
molecular dynamics simulation studies.

The prnF gene was cloned into the T5 RNA polymerase-based
plasmid pQE30Xa to give pQE30Xa-prnF and heterologously ex-
pressed in Escherichia coli BL21(DE3) as described previously.11 In
the presence of FAD, PrnF oxidized NADH with kcat of 65 s�1

(Km = 3.2 lM for FAD and 43.1 lM for NADH). A binding of 1.02
PrnF per FAD and a dissociation constant (Kd) of 78 nM for the PrnF
binding to FAD was obtained.11 A kinetic model is proposed for the
PrnF reaction in an aqueous reaction. Steady-state assays were per-
formed at 30 �C. Plots of initial velocity as a function of FAD (or
NADH) concentration were hyperbolic, and kinetic parameters
were calculated by fitting to the Michaelis–Menten equation. Ini-
tial velocity studies for PrnF when NADH was the varied substrate
and FAD concentration was held constant yielded a family of
straight converging lines that intersect to the left of the ordinate
for the double reciprocal plot of the initial velocity against NADH
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Figure 2. Initial rate analysis of PrnF with NADH (A) and FAD (B) as the variable
substrates. (A) Double reciprocal plot from initial rate measurements of the
reduction of FAD by NADH catalyzed by PrnF. FAD was held constant at 1 lM (r),
5 lM (.), 10 lM (s), and 50 lM (d). (B) NADH was held constant at 10 lM (j),
30 lM (r), 50 lM (.), 100 lM (s), and 300 lM (d).
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Figure 3. Product inhibition of PrnF by NAD+. (A) NAD+ as a competitive inhibitor
for NADH. Assays were performed as a function of NADH using 10 lM FAD in the
absence (r) and presence of 10 lM (.), 20 lM (s), and 30 lM (d) NAD+. (B) NAD+

as a noncompetitive inhibitor for FAD. Assays were performed as a function of FAD
using 150 lM NADH in the absence (r) and presence of 10 lM (.), 30 lM (s), and
50 lM (d) NAD+.
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concentration (Fig. 2A). When FAD was the varied substrate and
NADH concentration was held constant, a double reciprocal plot
of initial velocity against FAD concentration yielded a family of
straight, converging lines that also intersected to the left of the
ordinate (Fig. 2B). These results indicate that the reaction proceeds
via a sequential mechanism, ruling out the possibility of a ping-
pong mechanism.

In any two-substrate reaction, two different cases can exist: A
binary two-substrate complex or a ternary complex. In case of ter-
nary complex formation, each line passes through an intersection
point while in case of binary complex formation, the lines are par-
allel and do not intersect.16 Based on the data of Figure 2B, wherein
all lines intersected at a single point, formation of a binary complex
was ruled out. The ternary complex formation may result from a
random or ordered mechanism.

Inhibition studies on PrnF were performed with a product and a
dead-end inhibitor to discern between an ordered or random
mechanism. When NADH was the variable substrate and FAD
was held constant, NAD+ gave a linear competitive inhibition
pattern (Fig. 3A) indicating that the NADH substrate and NAD+

product are competing for the free enzyme. The replot of the slope
versus NAD+ was also linear. When FAD was the variable substrate
and NADH concentration was held constant, NAD+ gave a noncom-
petitive inhibition pattern (Fig. 3B). That is, NAD+ demonstrated
competitive inhibition versus NADH and noncompetitive inhibi-
tion versus FAD. This pattern substantiated a sequential mecha-
nism with ternary complex formation suggested by the initial
velocity results. AMP, which is presumed to be a dead-end inhibi-
tor of NADH,17 also exhibited competitive inhibition versus NADH
and noncompetitive inhibition versus FAD. All of these data sup-
port the conclusion that the PrnF has a sequential ordered mecha-
nism with NADH binding first and FAD being the second substrate,
and with the reduced flavin as the first product to be released fol-
lowed by NAD+.8

The pH profiles of the kinetic parameters using NADH and FAD
are shown in Figure 4. The effect of pH on the ionization of free PrnF
was visualized by the plot of log kcat/Km (M�1 s�1) versus pH. Kinetic
parameters were calculated by fitting to the Michaelis–Menten
equation. For PrnF, the pH dependence of kcat/Km was found to be
bell-shaped, and the pH dependence of Y (kcat/Km) was fitted to a
bell-shaped curve described by Eq. (1) which describes a bell-shaped
curve with a slope of +1 at low pH and a slope of �1 at high pH:

log Y ¼ log½YH=ð1þ H=K1 þ K2=HÞ� ð1Þ
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Figure 4. pH dependence of steady-state kinetic parameters, logkcat (d) and
logkcat/Km (s), of PrnF with FAD and NADH as substrates. PrnF activity was
measured at 30 �C in the presence of NADH and FAD as described previously.10,11

igure 5. Homology modeling and docking of FAD and NADH in the substrate
inding pocket of PrnF. (A) Ribbon diagram of the superimposed PheA2 (brown
lor) and PrnF (green color) structures with the conserved residues, represented as

stick model. PheA2 residues are shown with red carbon while PrnF residues are in
ellow carbon. Amino acid numbers are based on the PrnF sequence. (B) Hydrogen
ond network between PrnF residues, FAD and NADH. Interacting amino acids are
lored with yellow carbon, FAD with blue carbon and NADH with white carbon.

otential hydrogen bonds are represented by green dashed lines and distances are
presented in Å. All the figures were generated using Discovery Studio 3.1.
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where H is the proton concentration, K1 and K2 are the dissociation
constants for the groups that ionize at low and high pH, respec-
tively, and YH is the pH-independent plateau value of Y at interme-
diate pH. Fitting of the data using Eq. (1) yielded macroscopic pKa

values of 6.2 ± 0.5 (acid limb) and 8.7 ± 0.7 (alkali limb) (Fig. 4).
The pH profile of logkcat/Km for FAD reduction is dependent on
two ionizing groups indicating that a group with a pK of 6.2 has
to be unprotonated and a group with a pK of 8.7 has to be proton-
ated for activity. Assuming no change in rate-limiting step across
the pH range, these macroscopic pKa values most likely represent
ionization of residues in the free enzyme. Functional groups with
a pKa of �6.2 and �8.7 are probably acting as a general acid and
general base, respectively, in the catalytic process. The fit indicated
a correlation coefficient R2 value of 0.975. By analogy with other
reductases/dehydrogenases that share similarity at the sequence le-
vel with PrnF (Supplementary data), we speculated that the pKa of
6.2 may be attributed to ionization of the conserved Asp145, a po-
tential active site acid residue. We also speculated that the pKa of
8.7 may be attributed to ionization of the conserved His146. In
the logkcat (s�1) versus pH plot, logkcat increased steadily up to
pH 7.0 and then decreased. Since the slope was less than 0.5, the
pH profile for logkcat was constructed in a point-to-point manner.

To investigate the structural basis for the reaction mechanism
of PrnF, a homology model of PrnF was built (Supplementary data)
using the crystal structure of flavin reductase (PheA2) from Bacillus
thermoglucosidasius A7 (Protein Data Bank accession code 1RZ0)18

that shares 34.1% sequence identity with PrnF as a template
(Fig. S1). The modeled structure of PrnF showed a dual binding
cleft for NADH and FAD substrate, similar to that found in flavin
reductases, which have been reported to accommodate the binding
of flavins.18–20 In particular, the putative catalytic residues, Asp145
and His146 in PrnF, overlapped with those (Asp122 and His123) in
PheA2 excellently (Fig. 5A). FAD and NADH were docked to their
respective binding domains (Supplementary data) and the final
docking poses were ranked based on the total docking (CDOCKER)
energy including the intra-molecular energy for the ligands and
the ligand–protein interactions, and the lowest energy structure
was used for post-docking analysis.21

The FAD molecule in PrnF is bound in a wide groove of the pro-
tein. The si-face of the FAD isoalloxazine ring is buried and the re-
face is completely exposed to bulk solvent (Fig. S3A). The FAD
forms an extensive hydrogen bond network with the residues
Arg48, Asn49, Val50, Gly51, Val52, Thr53, and Ala72 (Fig. S3B).
F
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The pyrophosphate moiety of FAD is hydrogen-bonded to the main
chain atoms of residues Val50, Gly51, and Arg105. The FAD ribose
and adenine moieties form hydrogen bond interactions with
Arg48, Asn49, and Val50. Taken together, FAD is stabilized by
numerous hydrogen bonds with the protein, and the re-face of
the isoalloxazine ring of FAD is exposed to bulk solvent. NADH is
bound in a wide groove and adopts a very compact folded confor-
mation with the nicotinamide ring stacked over the adenine base
in a nearly parallel mode, which is very similar to the conformation
of NAD+ bound to PheA2.18 The nicotinamide ring of NAD is packed
in a parallel mode against the re-face of the isoalloxazine ring of
FAD with a distance of 3.0 Å between FAD N5 and nicotinamide
C4. This distance allows hydride transfer between NADH and
FAD.20 The bound NADH is hydrogen-bonded to the protein via
the side chains of Arg27, Asp145, His146, and Ser70 (Fig. 5B).

Sequence alignment between PrnF, PheA2 (Fig. S1) and other
homologous protein sequences (Fig. S4) coupled with molecular
dynamics suggests that NADH is coordinated by Asp 145 and
His146 (Fig. 5B). The indispensable role of Asp145 and His146
residues in catalysis was further confirmed by site-directed muta-
genesis. All mutant enzymes were successfully overexpressed, with
bands displaying a molecular mass of �25 kDa as expected for a
monomer of PrnF. The secondary structure of these mutants
(D145A and H146A) was analyzed along with the wild-type PrnF.
The CD spectra of all the native proteins were very similar (data
not shown). This indicated that all tested wild-type and mutant
enzymes had a similar secondary structure and no major misfolding
was caused by the introduced mutations. Indeed, upon site-directed
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mutagenesis of Asp145 and His146 into Ala, both PrnF mutants com-
pletely lost their activity. Despite its efficient expression and similar
secondary structure, the mutants were inactive demonstrating the
crucial role of these residues in catalysis.

In conclusion, this study represents the first detailed report of
the mechanistic properties of the flavin reductase PrnF involved
in arylamine oxygenation. The successful characterization of the
reaction mechanism of the PrnF reductase in two-component aryl-
amine oxygenase system allows us to continue more detailed
investigations of this novel two-component arylamine oxygenase
system such as X-ray crystallography, protein engineering, and
protein–protein interaction studies.
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