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ABSTRACT: The ornithine hydroxylase known as SidA is a class B
flavin monooxygenase that catalyzes the first step in the biosynthesis
of hydroxamate-containing siderophores in Aspergillus fumigatus.
Crystallographic studies of SidA revealed that the FAD undergoes
dramatic conformational changes between out and in states during
the catalytic cycle. We sought insight into the origins and purpose of
flavin motion in class B monooxygenases by probing the function of
Met101, a residue that contacts the pyrimidine ring of the in FAD.
Steady-state kinetic measurements showed that the mutant variant
M101A has a 25-fold lower turnover number. Pre-steady-state
kinetic measurements, pH profiles, and solvent kinetic isotope effect
measurements were used to isolate the microscopic step that is
responsible for the reduced steady-state activity. The data are
consistent with a bottleneck in the final step of the mechanism, which involves flavin dehydration and the release of hydroxy-L-
ornithine and NADP+. Crystal structures were determined for M101A in the resting state and complexed with NADP+. The resting
enzyme structure is similar to that of wild-type SidA, consistent with M101A exhibiting normal kinetics for flavin reduction by
NADPH and wild-type affinity for NADPH. In contrast, the structure of the M101A−NADP+ complex unexpectedly shows the FAD
adopting the out conformation and may represent a stalled conformation that is responsible for the slow kinetics. Altogether, our
data support a previous proposal that one purpose of the FAD conformational change from in to out in class B flavin
monooxygenases is to eject spent NADP+ in preparation for a new catalytic cycle.

The SidA ornithine hydroxylase (UniProt E9QYP0)
catalyzes the first step in the biosynthesis of hydrox-

amate-containing siderophores in the pathogenic fungus
Aspergillus f umigatus.1,2 The essential role of SidA in
siderophore biosynthesis and the lack of a sidA gene in
animals have motivated the development of inhibitors of SidA
to disable the pathogen’s ability to acquire iron from the host
during infection.3

SidA is an N-hydroxylating flavin-dependent monooxyge-
nase (NMO) that catalyzes the hydroxylation of L-ornithine (L-
Orn) to N5-hydroxy-L-Orn (Figure 1).4,5 The multistep kinetic
mechanism of SidA begins with reduction of the enzyme-
bound FAD with NADPH (Figure 2). Reaction of the reduced
FAD with molecular oxygen yields the C4a-hydroperoxyflavin

intermediate (FADOOH). L-Orn then is hydroxylated by
FADOOH to generate the product N5-hydroxy-L-Orn and
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Figure 1. Reaction catalyzed by SidA.

Figure 2. Kinetic mechanism of SidA. The conformation of the
isoalloxazine is noted in the ovals.
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C4a-hydroxyflavin. Hydrolysis of the latter and product release
complete the catalytic cycle. A notable feature of the
mechanism of SidA, as well as other class B flavin
monooxygenases, is that NADP+ remains bound to the enzyme
until the final step of product release. It is thought that NADP+

stabilizes the C4a-hydroperoxyflavin, preventing uncoupling of
the reductive and oxidative half-reactions and the release of the
reactive oxygen species, H2O2.

6

Dynamics is a relatively new aspect of the mechanism of
SidA and other related ornithine hydroxylases. We recently
reported the first structure of the resting conformation of SidA,
i.e., the state immediately before NADPH binding (Figure 3).7

Remarkably, the FAD isoalloxazine of the resting state is
rotated out of the active site compared to other SidA structures
(Figure 3). Movement between the out and the more typical in
conformation involves dual dihedral rotations of 180° and 90°
around the N10−C1′ and C1′−C2′ bonds of the FAD ribityl,
respectively. This motion is substantial; the pyrimidine edge of
the isoalloxazine moves by 9.5 Å. It is also catalytically relevant,
because the active face of the isoalloxazine (re-face) is hidden
in the out conformation. Movement of the FAD is
accompanied by a 10 Å conformational change of the Tyr
loop. In the out conformation, the eponymous residue of the
Tyr loop stacks against the si-face of the FAD. Either the
binding of NADP(H) or reduction of the FAD was sufficient
to promote the in conformation. A similar out FAD
conformation and movement of the Tyr loop were also
observed in crystal structures of the ornithine hydroxylase KtzI
(34% identical to SidA).8 The observation of the same
conformational changes in the two enzymes suggests it may be
a conserved dynamic feature of ornithine hydroxylases.
Although the precise role of the out conformation in catalysis
remains to be determined, we suggested that the transfer of
hydride from NADPH to the FAD occurs with the latter in an

out conformation, and that the concerted dynamics of the FAD
and protein allows NADP+ to adopt the conformation needed
to stabilize C4a-hydroperoxyflavin and prevent uncou-
pling.7,9,10

Here, we show that an active site methionine residue of SidA
(Met101) is both a key determinant of the FAD conformation
and essential for efficient catalysis. Met101 contacts the
pyrimidine edge of the isoalloxazine in the in state and is
present in approximately half of 1241 homologous sequences
analyzed, including KtzI (Figure 3). The other homologues
contain Leu at this position; PvdA is example of this group.
The contacts formed by Met101 may help align the
isoalloxazine to form hydrogen bonds with the main chain
(Figure 3). We note these hydrogen bonds are also formed by
PvdA, suggesting that Met and Leu at this position in the chain
could have similar roles in stabilizing the in state. Crystal
structures of SidA variant M101A show that the FAD is locked
in the out conformation. Unlike the wild-type enzyme, the
binding of NADP+ to M101A fails to promote the in FAD
conformation. Surprisingly, movement of the Tyr loop is not
impaired in M101A, suggesting that the mutation decoupled
the dynamics of the FAD from that of the protein.
Replacement of M101 with Ala does not affect the binding
of NADPH or the hydride transfer step, which is the rate-
limiting step in SidA. Instead, the mutation slows a step after
or at the same time as flavin oxidation, a step that most likely
involves the release of NADP+. These results provide insight
into the origins and purpose of active site dynamics in class B
flavin monooxygenases.

■ MATERIALS AND METHODS
Materials. Escherichia coli BL21(DE3)-Turbo chemically

competent cells, buffers, and media were obtained from Fisher
Scientific (Pittsburgh, PA). NADPH was obtained from Sigma-
Aldrich (St. Louis, MO), and E. coli TOP-10 chemically
competent cells from Invitrogen (Carlsbad, CA). Chromatog-
raphy columns used for protein purification were from GE
Healthcare. DNA primers were synthesized by Integrated
DNA Technologies (Coralville, IA). Plasmid preparation kits
were obtained from Qiagen (Valencia, CA).

Site-Directed Mutagenesis and Protein Production.
The M101A variant of the SidA construct was generated from
the wild-type SidA gene in pET15b. This mutation was chosen
as Met101 is in the proximity of the pyrimidine edge of the
isoalloxazine of SidA when the flavin is in the in position
(Figure 3). Site-directed mutagenesis was performed using the
QuikChange system (Agilent Technologies) following the
manufacturer’s instructions. For the mutagenesis reaction, the
forward primer (5′-CGGTATGCTGGTCCCGGGCT-
CGAAGGCGCAGATCAGCTTCATCAAGGATCTC-3′)
and reverse primer (5′-GAGATCCTTGATGAAGCTGA-
TCTGCGCCTTCGAGCCCGGGACCAGCATACCG-3′)
were used. The mutated gene was sequenced to ensure that the
mutation was incorporated. SidA M101A was expressed with
an N-terminal His tag followed by a thrombin cleavage site.
SidA M101A was expressed in E. coli and purified using

previously described methods.10 In brief, the protein was
expressed in BL21(DE3)-Turbo cells overnight at 25 °C. The
cells were harvested by centrifugation and lysed by sonication
in a buffer containing 25 mM HEPES (pH 7.5), 300 mM
NaCl, 25 mM imidazole, 60 μg/mL lysozyme, 20 μg/mL
DNase I, 20 μg/mL RNase, 34.2 mg of PMSF, and 150 μM
FAD. The lysate was centrifuged at 45000g for 45 min at 4 °C.

Figure 3. Comparison of the out and in conformations of wild-type
SidA. Superposition of the resting conformation (yellow, PDB entry
6X0H) and SidA complexed with NADP+ (aquamarine, PDB entry
6X0I). The FAD is oxidized in both structures. Met101 is the residue
mutated in this study. NADP+ has been omitted for the sake of clarity.
Black dashes denote FAD−protein hydrogen bonds observed in the in
state. Red dashes denote close contacts between the in FAD and
Met101. The sequence logo was generated from 1241 sequences with
WebLogo.11
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The protein was purified over two 5 mL Ni-NTA columns
connected in tandem, washed with 30 mM imidazole, and
eluted with 300 mM imidazole. The His tag was cleaved using
thrombin as described previously.10 Briefly, thrombin (2 mg/
mL) was added to the purified protein and dialyzed into a
buffer containing 25 mM HEPES (pH 7.5) and 300 mM NaCl,
and thrombin (2 mg/mL) was added and incubated overnight
at 4 °C. Cleaved SidA M101A for crystallization was dialyzed
into a storage buffer containing 25 mM HEPES (pH 7.5) and
100 mM NaCl, flash-frozen in liquid nitrogen, and stored at
−80 °C.
Determination of the Flavin Extinction Coefficient

and Incorporation. The spectra of purified M101A were
recorded in 100 mM sodium phosphate (pH 7.5). The bound
flavin was removed by incubating the enzyme in 9% (w/v)
SDS at 25 °C for 20 min. After centrifugation, the free flavin
spectra were recorded. The extinction coefficient for M101A
was calculated to be 10600 M−1 cm−1 at 458 nm, using an
extinction coefficient at 450 nm for free FAD of 11300 M−1

cm−1.12 Flavin incorporation was determined by measuring the
protein concentration via the Bradford assay (Bio-Rad) and
comparing it to the protein concentration based on the flavin
absorbance. Flavin incorporation was generally close to ∼70%
for M101A, which is similar to that of wild-type SidA.12

Steady-State Kinetics. The rate of oxygen consumption
was measured using a Hansatech (Norfolk, England) Oxygraph
system. The assay solution contained 1 mL of 100 mM sodium
phosphate (pH 7.5) at 25 °C. The NADPH concentration was
kept constant at 1 mM, while the L-Orn concentration was
varied between 0.1 and 15 mM. The assays were initiated by
addition of 5 μM M101A. Reactions were monitored for 5 min
with constant stirring. Hydroxylated L-Orn was measured using
a variation of the Csaky iodine oxidation assay.12,13 The
standard assay buffer contained 104 μL of 100 mM sodium
phosphate (pH 7.5) with varying concentrations of L-Orn and
the NADPH concentration held constant at 1 mM. Reactions
were initiated by addition of 5 μM M101A. Reaction mixtures
were incubated for 10 min at 25 °C while being constantly
shaken at 750 rpm.
Pre-Steady-State Kinetics. All rapid reaction experiments

were carried out at 25 °C using an SX-20 stopped-flow
spectrophotometer (Applied Photophysics, Leatherhead, U.K.)
housed in an anaerobic glovebox (Coy, Grass Lake, MI).
Preparation of anaerobic buffer involved five cycles of 5 min of
vacuum and 1 min of flushing with O2-free argon for 30 min
total. The enzyme was made anaerobic by applying 1 min
cycles of vacuum and 15 s of flushing with O2-free argon for 5
min total. Substrates were made anaerobic by being dissolved
in anaerobic buffer inside the glovebox. The stopped-flow was
made anaerobic by flushing with 1 mL of anaerobic 100 mM
sodium acetate (pH 5.0) containing 100 mM D-glucose and
100 μg/mL glucose oxidase Type-X. The rate of flavin
reduction of M101A was measured in single mixing mode
where the anaerobic enzyme (15 μM after mixing) was mixed
with an equal volume of NADPH (15−500 μM after mixing).
The rate of flavin oxidation was measured in double mixing

mode. Anaerobic M101A (60 μM before mixing) was first
mixed with an equal volume of NADPH (60 μM before
mixing). This mixture was incubated in an aging loop for 60 s
until the bound flavin was fully reduced. The reduced
M101A−NADP+ complex was then reacted with O2 (300
μM after mixing). Flavin oxidation was also performed in the
presence of 10 mM L-Orn. Spectra were recorded on a

logarithmic time scale until full reduction or oxidation was
completed.

pH Dependence of Flavin Oxidation. The pH depend-
ence of flavin oxidation was measured in double mixing mode.
Anaerobic M101A (60 μM before mixing) was first mixed with
an equal volume of NADPH (60 μM before mixing) in 20 mM
Tris-HCl and 200 mM NaCl (pH 8.0). This mixture was
allowed to incubate in an aging loop for 60 s until the bound
flavin was fully reduced. The reduced M101A−NADP+

complex was then allowed to react with air-saturated buffer.
This air-saturated solution contained 200 mM buffer that
rapidly increased the pH to the desired value in the flow cell.
Between pH values of 6 and 8, sodium phosphate was used;
between pH values of 8.5 and 9.0, Tris-SO4 was used, and
between pH values of 9.5 and 10.5, sodium carbonate/
bicarbonate was used.

Solvent Kinetic Isotope Effect Studies on Flavin
Oxidation. Solvent kinetic isotope effect (SKIE) experiments
were performed in the presence and absence of 15 mM L-Orn.
For the reactions in D2O, M101A was concentrated to ∼400
μM (based on flavin content) and diluted to 60 μM in a 100%
D2O buffer of 20 mM Tris-HCl and 200 mM NaCl (pD 8.0).
This gave a concentration of ∼85% D2O, and after two mixes
in the stopped-flow with 100% D2O buffer, a final D2O
concentration of ∼96% was achieved. SKIEs in the absence
and presence of L-Orn were determined at pL values of 7.0 and
9.0, respectively (pL refers to the pH or pD of the solution,
and pD is equal to the pH value + 0.4, which is the variation
from the change in the equilibrium on a hydrogen selective
glass electrode).14 All solutions were checked for their proper
pL values with a Fisher Scientific Accumet AB15+ Basic pH
meter. Spectra were recorded on a logarithmic time scale until
oxidation was complete.

Data Analysis. All data were fit using KaleidaGraph
(Synergy Software, Reading, PA). The rates of flavin reduction
were determined by fitting the decrease in absorbance at 458
nm to a double-exponential decay equation (eq 1).

= + +− −v c a ae ek t k t
1 2

1 2 (1)

For flavin oxidation studies, the increase in absorbance at
458 nm, which corresponds to flavin oxidation by H2O
elimination in the presence of L-Orn, was fit to a triple-
exponential rise function (eq 2). In the absence of L-Orn, a
double-exponential function was sufficient to model the data
(eq 2 with the third term omitted). The oxidation rate
constant measured at 458 nm as a function of pH was fit to eq
3. This equation describes a curve with a single pKa with
increasing activity as the pH increases and plateau regions at
high and low pH. C and A in eq 3 represent the upper and
lower limits for the pL profile, respectively.

= + − + − + −− − −v c a a a(1 e ) (1 e ) (1 e )k t k t k t
1 2 3

1 2 3

(2)

= +
+

−

−y
C A(10 )
1 10

K

K

p pL

p pL

a

a (3)

Crystallization, X-ray Diffraction Data Collection, and
Refinement. M101A was crystallized using conditions similar
to those described for wild-type SidA.7 Crystallization was
performed in sitting drops at 293 K with an enzyme stock
solution containing 8−10 mg/mL M101A in 25 mM HEPES
(pH 7.5) and 100 mM NaCl. The crystallization reservoir
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contained 17−21% (w/v) PEG 3350, 0.1 M HEPES (pH 7.5),
and 0.1 M calcium acetate. The drops were formed by mixing a
2:1 enzyme/reservoir solution. For crystallization of the
NADP+ complex, the enzyme stock solution contained 1
mM NADP+. The crystals were cryoprotected in 15% (v/v)
PEG 200, 20% (w/v) PEG 3350, 0.1 M HEPES, (pH 7.5), and
0.1 M calcium acetate.
X-ray diffraction data were collected in shutterless mode at

ALS beamline 4.2.2. The data sets were integrated and scaled
with XDS.15 Intensities were converted to amplitudes with
AIMLESS.16 The space group is P21 with the unit cell
dimensions listed in Table 1. The asymmetric unit contains

one SidA tetramer. We note this is the same crystal form that
we used previously to determine structures of wild-type SidA.17

Data processing statistics are summarized in Table 1 and listed
in detail in Table S1.
PHENIX18 was used for refinement, and Coot19 was used

for model building. The starting model for refinement was
derived from the coordinates of wild-type SidA (PDB entry
6X0H for ligand-free M101A and PDB entry 6X0I for the
NADP+ complex). Noncrystallographic symmetry restraints
were used during refinement. The structures were validated
using MolProbity20 and the wwPDB validation server.21 Polder
maps were used to validate the modeling of ligands and the
Tyr loop.22 Refinement statistics are summarized in Table 1
and listed in detail in Table S1.

■ RESULTS
Ultraviolet−Visible (UV−vis) Flavin Spectra of

M101A. The flavin spectra for M101A show some minor
changes in the λmax from 450 nm for wild-type SidA (SidA
henceforth) to 458 nm for M101A (Figure S1). Also, the
extinction coefficient was decreased to 10600 M−1 cm−1,
compared to a value of 13700 M−1 cm−1 for SidA.
Steady-State Oxygen Consumption. The steady-state

kinetic parameters for oxygen consumption for M101A were
determined using L-Orn as the variable substrate and NADPH
at a saturating concentration. M101A displayed reduced

activity, its kcat value being ∼25-fold lower than that of SidA
(Table 2). The Km value for L-Orn appears to be unaffected,
indicating that mutation of Met101 does not affect the binding
of L-Orn.

Steady-State L-Orn Hydroxylation. The steady-state
kinetic parameters for L-Orn hydroxylation for M101A were
calculated under saturating concentrations of NADPH. The
data indicate that M101A has very similar kcat values for L-Orn
hydroxylation and oxygen consumption; thus, the coupling of
the oxidative and reductive half-reaction is ∼100% and similar
to that of SidA (Table 2 and Figure S2).

Pre-Steady-State Kinetics of Flavin Reduction and
Oxidation. The rate constant for flavin reduction was
measured for M101A at varying concentrations of NADPH
to determine if this mutation affected the affinity for NADPH
or the hydride transfer step. M101A is reduced by NADPH in
a double-exponential manner similar to that of SidA (Figure
S3A).23,24 M101A is fully reduced by NADPH, and the rate
constant for flavin reduction is only slightly different from that
of SidA (Table 3). Although under conditions tested the KD
value could not be calculated, the fact that the maximum rate
of flavin reduction was observed at 15 μM NADPH (Figure
S3B) indicates that the mutation did not substantially change
the KD value for NADPH. Thus, the M101A mutation did not
significantly affect the rate of reduction or affinity for NADPH.
The oxidative half-reaction in the presence and absence of L-

Orn was performed to determine if the reaction with molecular
oxygen, stabilization of the C4a-hydroperoxyflavin intermedi-
ate, or flavin dehydration step was affected by the mutation.
Table 3 shows the rate constant for formation of the C4a-
hydroperoxyflavin (kOOH, step 3 in Figure 2). Similar to SidA,
the reaction is enhanced when L-Orn is present for M101A.
The rate constants for hydrogen peroxide release (kH2O2

),
which occurs in the absence of L-Orn, show that elimination of
hydrogen peroxide is ∼2-fold slower for M101A. In the
presence of L-Orn, hydroxylation occurs and the changes in
flavin spectra at 458 nm report on the dehydration of the flavin
(kH2O, step 6 in Figure 2). The mutation of Met101 causes an

∼14-fold decrease in kH2O (Table 3).
pH Profile for Flavin Oxidation in the Presence and

Absence of L-Orn. The pH profiles of flavin oxidation for
M101A were measured to determine if this mutation changed
the pKa value for N5 of the flavin (Table 4 and Figures S4−
S6). The results show similar pKa values as calculated for SidA
in the absence or presence of L-Orn, suggesting that Met101

Table 1. Summary of X-ray Diffraction Data Collection and
Refinement Statistics

ligand-free NADP+

resolution (Å)a 61.4−2.20 (2.24−2.20) 62.9−2.10 (2.14−2.10)
mean I/σa 10.8 (0.9) 9.4 (1.7)
CC1/2

a 0.995 (0.484) 0.993 (0.740)
completeness (%)a 98.7 (89.2) 96.6 (95.9)
multiplicitya 3.5 (2.8) 3.5 (2.9)
Rcryst

a 0.194 (0.334) 0.204 (0.205)
Rfree

a,b 0.230 (0.378) 0.241 (0.255)
Clashscore (PR)c 3.38 (99) 2.94 (99)
MolProbity score
(PR)c

1.53 (98) 1.25 (100)

average B (Å2)
protein 35.1 28.8
FAD 27.5 23.4
NADP+ N/A 25.5
water 30.1 26.1

PDB entry 7JVK 7JVL
aValues for the outer resolution shell of data are given in parentheses.
bA 2% test set. cFrom MolProbity. The percentile ranks (PR) for
Clashscore and MolProbity score are given in parentheses.

Table 2. Steady-State Kinetic Parametersa

Oxygen Consumption

SidAb M101A

kcat (s
−1) 0.59 ± 0.01 0.023 ± 0.002

Km (L‑Orn) (mM) 1.1 ± 0.3 0.7 ± 0.2
kcat/Km (L‑Orn) (M

−1 s−1) 500 ± 100 30 ± 10
L-Orn Hydroxylation

SidAb M101A

kcat (s
−1) 0.62 ± 0.02 0.024 ± 0.001

Km (L‑Orn) (mM) 1.0 ± 0.2 1.8 ± 0.3
kcat/Km (L‑Orn) (M

−1 s−1) 600 ± 100 14 ± 2
aConditions: 100 mM sodium phosphate, pH 7.5, and 25 °C. The
uncertainties were calculated from three trials. bData from ref 24.

Biochemistry pubs.acs.org/biochemistry Article

https://dx.doi.org/10.1021/acs.biochem.0c00783
Biochemistry XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00783/suppl_file/bi0c00783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00783/suppl_file/bi0c00783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00783/suppl_file/bi0c00783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00783/suppl_file/bi0c00783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00783/suppl_file/bi0c00783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00783/suppl_file/bi0c00783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00783/suppl_file/bi0c00783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00783/suppl_file/bi0c00783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00783/suppl_file/bi0c00783_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.0c00783/suppl_file/bi0c00783_si_001.pdf
pubs.acs.org/biochemistry?ref=pdf
https://dx.doi.org/10.1021/acs.biochem.0c00783?ref=pdf


does not play a major role in regulating the pKa value of
residues in the active site or the flavin N5 atom.
Solvent Kinetic Isotope Effect. The SKIEs of flavin

oxidation were measured for M101A to determine if its
atypical oxidation kinetics are due to a chemical step becoming
more rate-limiting due to the mutation. Previously, we have
shown that the SKIEs for flavin oxidation in SidA for both
hydrogen peroxide and water elimination involve a proton
transfer originating from N5 of the flavin.9 The data indicate
that in the absence of L-Orn, the SKIE is lower for M101A,
while in the presence of L-Orn, the SKIE is only slightly lower
or perhaps unchanged (see Table 4 and Figure S7). This
suggests that for M101A, the much slower acceleration of
flavin oxidation when L-Orn is present is not due to water
elimination becoming more rate-limiting.
Structures of M101A. The crystal structure of M101A

with the FAD oxidized and no substrates bound (resting state)
was determined at 2.2 Å resolution. Electron density clearly
indicated that the FAD was in the out conformation, which is
expected for the resting enzyme (Figure 4A). The Tyr loop
adopts the conformation associated with the out FAD, in which
Tyr324 stacks against the si-face of the isoalloxazine. These
observations were consistent for all four protomers of the
tetramer in the asymmetric unit. The root-mean-square
deviation between the resting conformations and M101A and
wild-type SidA is only 0.18−0.35 Å/chain. These results
suggest that the mutation did not perturb the resting structure
of SidA.
The structure of M101A complexed with NADP+ (FAD

oxidized) was determined at 2.1 Å resolution. The electron
density clearly indicated the conformations of the FAD,
NADP+, and Tyr324 (Figure 5A). Unexpectedly, the FAD
adopts the out conformation despite the presence of NADP+ in
the active site. Although the FAD remains out, the Tyr loop has
moved to the conformation associated with the in FAD (Figure
5B). Movement of the Tyr loop is necessary to avoid a steric

clash with NADP+. The conformation of NADP+ is identical to
that of the wild-type enzyme; however, because the FAD is out,
the NADP+ packs against the si-face of the isoalloxazine in
M101A, rather than the re-face as observed in the wild-type
enzyme (Figure 5B).
The active site of the M101A−NADP+ complex resembles

the dead-end inhibited complex of wild-type KtzI (PDB entry
4TLZ), also a class B ornithine hydroxylase (34% identical to
SidA).8 In both structures, the FAD is out, NADP+ is in the
standard conformation, and the Tyr loop adopts the
conformation associated with the in FAD (Figure 5C).

■ DISCUSSION
Flavin-dependent monooxygenases represent a large family of
enzymes with diverse chemical activities.6,25 The mechanism

Table 3. Pre-Steady-State Kinetic Parameters for Flavin Reduction and Oxidationa

Reduction

kred1 (s
−1) kred2 (s

−1) KD (μM)

SidAb 0.62 ± 0.01 0.220 ± 0.005 ∼1
M101A 0.87 ± 0.01 0.25 ± 0.04 N/D

Oxidation

(−) L-Orn (+) L-Orn

kOOH (s−1) kH2O2
(s−1) kOOH (s−1) kH2O (s−1)

SidAb 0.65 ± 0.06 0.0150 ± 0.0005 18 ± 2 1.20 ± 0.03
M101A 0.73 ± 0.08 0.0080 ± 0.0001 25 ± 2 0.084 ± 0.007

aConditions: 100 mM sodium phosphate, pH 7.5, and 25 °C. The uncertainties were calculated from three technical replicates. bData from ref 24.

Table 4. pKa and Solvent Kinetic Isotope Effect Values

(−) L-Orn (+) L-Orn

SidAa

pKa, H2O >9 6.7 ± 0.1
pKa, D2O >10 7.18 ± 0.05
SKIE 2.30 ± 0.07 1.59 ± 0.01

M101A
pKa, H2O >9 6.9 ± 0.1
SKIE 1.59 ± 0.09 1.35 ± 0.08

aData from ref 24. The reported uncertainties are from the fitting
analysis.

Figure 4. Structure of the resting state of M101A. (A) Electron
density for the FAD and Tyr324. The mesh represents a polder omit
map (3σ). (B) Comparison of the resting conformations of M101A
(yellow) and wild-type SidA (gray, PDB entry 6X0H).
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by which these enzymes regulate the reactivity of the flavin
cofactor has been the subject of intense investigation for
several decades. As a result, many important aspects are
currently known. For example, members of the class A flavin
monooxygenase are single-component systems that contain a
tightly bound FAD. In the substrate-free form, the FAD is
buried, and substrate binding triggers a conformational change
that exposes the isoalloxazine ring to the surface of the protein
where NADPH can interact and transfer a hydride equivalent.
This is known as the swinging flavin.26 This type of mechanism
used by class A monooxygenases has been coined “cautious”

because reaction with NADPH occurs only when the substrate
is ready for hydroxylation in the active site, which ensures
coupling of the reactions.6,25,26 Class B monooxygenases
contain two Rossmann folds, one each for flavin and
NADPH binding. These enzymes use a “bold mechanism”,
where the enzyme is reduced by NADPH, in the absence of a
substrate. Furthermore, NADP+ remains bound to the enzyme
to stabilize the C4a-hydroperoxyflavin until a suitable substrate
binds.6

The structures of SidA and PvdA with L-Orn bound in the
active site provided the first view of how class B
monooxygenases organize a flavin, NADP(H), and L-Orn for
catalysis.10,27 Mechanistic and computational analysis with
SidA showed that interactions of the amide oxygen of
NADP(H) with the flavin N5 atom were key in the
stabilization of the C4-hydroperoxyflavin.9,28,29 Recent work
on SidA7 and a related enzyme, KztI,8 revealed unprecedented
flavin motion in members of the class B monooxygenase
family. In both enzymes, the FAD adopts an out conformation
in the ligand-free oxidized state, which differs substantially
from the in conformation adopted during catalysis (Figure 3).
Here, we sought insight into the origins of flavin motion in

class B monooxygenases by probing the function of Met101, a
residue that contacts the pyrimidine ring of the in FAD.
Steady-state kinetic analysis of M101A shows that the activity
is significantly impaired. The reduction of activity does not
originate from decreased reactivity with NADPH, as the rate
constants for flavin reduction were not significantly affected
(Table 3). These results are consistent with the structure of the
resting M101A being nearly identical to that of the wild-type
enzyme.
Our data suggest that the catalytic defect of M101A

originates in events occurring after flavin reduction, in the
oxidative half-reaction. It has been previously shown that the
pKa of the flavin N5 atom in SidA is modulated to stabilize the
C4a-hydroperoxyflavin or to facilitate flavin oxidation.24 We
determined the pKa values for M101A in the absence of L-Orn,
which represents flavin oxidation by H2O2 release, and in the
presence of L-Orn, which reports on flavin oxidation by
dehydration (Figure 2, step 6). The results show no significant
changes in the pKa values upon mutation of Met101. To
determine if the chemical steps involved in flavin oxidation
were affected, we performed SKIE experiments. The SKIE
values were lower for H2O2 release (in the absence of L-Orn)
and marginally lower for flavin dehydration (in the presence of
L-Orn). Thus, a step that occurs at the same time or after these
chemical steps is the slow step in the reaction for M101A.
We suggest that our kinetic and structural data are consistent

with the mutation of Met101 affecting NADP+ release. Kinetic
data implicate a bottleneck in step 6 of Figure 2, which
involves flavin dehydration and the release of N5-hydroxy-L-
Orn and NADP+. The structure of ligand-free M101A is very
similar to that of wild-type SidA, consistent with M101A
exhibiting wild-type affinity for NADPH and normal flavin
reduction kinetics. In contrast, the structure of the M101A−
NADP+ complex unexpectedly shows the FAD in the out
conformation. This complex may represent a stalled con-
formation that leads to the slow kinetics observed for M101A.
This interpretation is in agreement with the proposal of Setser
et al. that the purpose of the FAD conformational change from
in to out is to eject NADP+ in the last step of catalysis.8

The M101A−NADP+ complex perhaps represents a dead-
end state that is avoided by the wild-type enzyme but is made

Figure 5. Structure of M101A complexed with NADP+. (A) Electron
density for FAD, NADP+, and Tyr324 (polder omit, 3σ). (B)
Comparison of the NADP+ complexes of M101A (salmon) and wild-
type SidA (aquamarine, PDB entry 6X0I). (C) Comparison of the
NADP+ complexes of M101A (salmon) and wild-type KtzI (gray,
PDB entry 4TLZ).
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more accessible by the M101A mutation. Why M101A
encourages the dead-end complex is unknown, but one
possibility is that Met101 influences enzyme dynamics in the
final step of the mechanism (step 6, Figure 2). Step 6 involves
an orchestrated sequence of events involving motion of
NADP+, FAD, and the Tyr loop. The structures of the wild-
type enzyme complexed with NADP+ reveal steric blocks that
must be resolved for the enzyme to return to the resting state.
The structures suggest that NADP+ must dissociate first to
allow enough room for the FAD to rotate around its C1′−C2′
and N10−C1′ bonds into the out conformation. Finally, the
Tyr loop moves to cover the re-face of the out FAD, as shown
in Figure 3 (yellow). Apparently, Met101 plays a role in this
sequence of molecular motions. We note that Met101 adopts
two different side chain conformations in SidA structures,
including dual conformations in the NADP+ complex (Figure
5B, aquamarine), which indicates that Met101 is flexible. Our
work suggests that this flexibility may have a purpose in
resetting the enzyme to its resting state. Another possibility is
that Met101 helps stabilize the in conformation by acting as a
guide that facilitates hydrogen bonding of the pyrimidine edge
of the isoalloxazine (Figure 3). Without Met101, the FAD may
be more prone to slipping into the out state prior to the release
of NADP+, resulting in the dead-end state observed in crystallo.
In this scenario, Met101 may help control the order of protein
and flavin motions that are needed for proper product release
and resetting the enzyme for the next round of catalysis.
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