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ABSTRACT: Aspergillus fumigatus siderophore (SidA), a member of class B
flavin-dependent monooxygenases, was selected as a model system to
investigate the hydroxylation mechanism of heteroatom-containing molecules
by this group of enzymes. SidA selectively hydroxylates ornithine to produce
N*-hydroxyornithine. However, SidA is also able to hydroxylate lysine with
lower efliciency. In this study, the hydroxylation mechanism and substrate
selectivity of SidA were systematically studied using DFT calculations. The
data show that the hydroxylation reaction is initiated by homolytic cleavage of
the O—O bond in the C*-hydroperoxyflavin intermediate, resulting in the

formation of an internal hydrogen-bonded hydroxyl radical (HO®). As the

HO® moves to the ornithine N° atom, it rotates and donates a hydrogen atom to form the C*-hydroxyflavin. Oxygen atom
transfer yields an aminoxide, which is subsequently converted to hydroxylamine via water-mediated proton shuttling, with the
water molecule originating from dehydration of the C*-hydroxyflavin. The selectivity of SidA for ornithine is predicted to be the
result of the lower energy barrier for oxidation of ornithine relative to that of lysine (16 vs 24 kcal/mol, respectively), which is
due to the weaker stabilizing hydrogen bond between the incipient HO® and O3’ of the ribose ring of NADP" in the transition

state for lysine.

B INTRODUCTION

Flavin-dependent monooxygenases are a large family of
enzymes present in all kingdoms of life.' These enzymes are
important in xenobiotic catabolism and the biosynthesis of
sterols, fatty acids, and siderophores, among others.”™* On the
basis of sequence similarity and structural features, flavoprotein
monooxygenases are categorized into eight distinct classes (A
through H).>® Members of class B are able to hydroxylate both
carbon atoms and heteroatoms, so they are called multifunc-
tional flavoprotein monooxygenases and include flavin-contain-
ing monooxygenases (FMOs), Baeyer—Villiger monooxyge-
nases (BVMOs), and N-hydroxylating monooxygenases
(NMOs). In this class of enzymes, NADPH provides the
reducing equivalents required for oxygen activation by the
flavin cofactor. Furthermore, it has been shown that NADP*
remains bound in the active site, where it plays an essential role
in the stabilization of the hydroxylating species, the C*-
(hydro)peroxyflavin (Scheme 1).”~°

NMOs are relatively less studied members of class B of flavin
monooxygenases; however, these enzymes are pharmaceutically
highly important."® NMOs are involved in N-hydroxylation of
the long alkyl chain of primary amines such as lysine and
ornithine.”'" The hydroxylated amines are subsequently
incorporated into low-molecular-weight iron chelators known
as siderophores.">™** Siderophore biosynthesis increases in
response to iron shortages during infection in many bacterial
and fungal pathogens.'*~"” The most studied NMOs are the
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ornithine hydroxylases from Aspergillus fumigatus (SidA)'®"

and Pseudomonas aeruginosa (PvdA)*®*' and the lysine
hydroxylases from Mycobacterium smegmatis (MbsG) and
Escherichia coli (IcuD).**** Deletion of NMO genes in A
fumigatus and P. aeruginosa eliminates both siderophore
synthesis and virulence, validating these enzymes as a target
for drug development.”*>® The mechanism of reaction by
NMOs has been studied using kinetic and spectroscopic
methods."”***”*® It has been shown that NMOs are highly
selective for their amino acid substrates: lysine hydroxylases are
able to hydroxylate only lysine, while ornithine hydroxylases are
selective for ornithine.'”*” Several high-quality crystal
structures of SidA in different redox states and in complex
with FAD, NADP", ornithine, and lysine make this enzyme an
excellent model for computational studies. Here, quantum-
mechanical (QM) methods were systematically applied to
investigate the molecular mechanism of amino acid hydrox-
ylation by SidA. Mainly the atomistic details of the reaction
coordinates from the formation of the C*-hydroperoxyflavin—
substrate complex to the production of the hydroxylated
substrate and the selectivity of SidA for ornithine over lysine are

described.
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“(A) Sequential kinetic mechanism for SidA. (B) Hydroxylation
mechanism involving transfer of the distal oxygen (Og4) from the C*-
hydroperoxyflavin—NADP*—ornithine complex to the orn N* atom
and ultimately the formation of hydroxylamine, which is the focus of
this paper.

B MATERIALS AND METHODS

DFT Analyses of the Model System. The structure of reduced
SidA from A. fumigatus in complex with NADP* and ornithine (PDB
entry 4B67)" was selected as the model system. Although the
structure of oxidized SidA with bound lysine is available, the structure
of this complex in the reduced form is not. To obtain coordinates for
the SidA—lysine complex in the reduced state, the N° atom of
ornithine in PDB entry 4B67 was replaced with —CH,—N°. To
establish the proper hydrogen-bonding network, particularly for the
SidA—lysine complex, the structures were subjected to restrained
molecular dynamics (MD) simulations as previously described.*® The
minimal system to study the reaction mechanism quantum-
mechanically included the catalytic molecules (FAD and Orn or
Lys), NADP* (only the ribose and nicotinamide groups), and the
residues within hydrogen-bonding distance from ornithine/lysine
(Figure 1). The geometric coordinates of the CS’ atom of the ribose
sugar in NADP?, the C2’ atoms of the FAD model, and one carbon

atom (preferably Car) of each of the surrounding local residues were
constrained as outlined in Figure 1.>° This minimal level of atom
constraint maintains the approximate X-ray distances between all of
the components we included to describe the active site but still allows
free motion of all of the interacting local atoms forming the key
hydrogen bonds. The method of Polyak et al.>' was used to add the
peroxide group to reduced FAD.

The potential energy surfaces were scanned along the appropriate
defined reaction coordinate usm% the B3LYP level of theory (default
spin), with a 6-31G(d) basis set.”* The resulting structures served as
the starting point for subsequent geometry optimization, which was
carried out using the same method with added diffuse functions. A
larger basis set 6-311+G(p,d) was used for single point energy
calculations on the optimized geometries.”> All fully optimized
geometries were followed by a complete frequency analysis to
characterize the stationary points as either minima or first order
saddle points. Based on the protonation state and type of substrate, the
total number of atoms in each system varied from 150 to 155. All DET
calculations were conducted using the Gaussian 09 package.**

Energy Contributions by Active-Site Residues. The method
offered by Tian et al®® was followed to calculate the energy
contribution of each hydrogen-bond-making residue and NADP*
during the hydroxylation reaction. In the optimized structures of
reactants, transition states, and products, the residues were deleted one
by one, and then B3LYP/6-311+G(d,p) single-point energy
calculations were applied on each system without further optimization.
The difference between the energy of the whole system (optimized
structure with all residues) and the energy of that system minus the
one residue was used to calculate the relative energy contribution
(REC) of that residue.>®

B RESULTS AND DISCUSSION

The catalytic cycle of SidA has been characterized in detail.>'?
The reaction is initiated by tight binding of NADPH to the
oxidized enzyme, followed by stereospec1ﬁc transfer of the pro-
R-hydride equivalent to the flavin cofactor.® The reduced flavin
reacts with molecular oxygen to ultimately form the C*-
hydroperoxyflavin (FADgqy), which is the hydroxylating
species (Scheme 1). The formation of this hydroperoxy
intermediate 1s accelerated by binding of ornithine, lysine,
and arginine. 1819 However, SidA is >10-fold more selectlve for
ornithine over lysine and does not hydroxylate arginine.*® The
mechanism of hydroxylation in SidA has not been probed by
any biochemical or computational methods. Conventional
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Figure 1. (A) Hydrogen-bonding interactions in the active site of SidA (PDB entry 4B67). FAD, NADP*, ornithine, and lysine are shown in yellow,
orange, cyan, and purple carbons, respectively. (B) Fragments of FAD, NADP?, and interacting residues that were included in the DFT calculations
for the N-hydroxylation reaction by SidA. With the exception of Q102, only the side chains of the other residues were considered for the QM study.
The points of positional restraint are illustrated with squiggle lines. At the B3LYP/6-31G(d) level, this included 1526 basis functions. For the
hydroxylation of Lys, the amine group of ornithine was replaced with —CH,—NH, (1549 basis functions).
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wisdom suggests that the hydroxylation process occurs via
nucleophilic attack of the side-chain N* group on the distal
oxygen (O4) of FADqqp, a mechanism generally thought to
occur in other flavin-dependent hydroxylation reactions.””~*!
In this work, DFT calculations on the SidA complexes were
performed to gain insight into the mechanism of hydroxylation.
Furthermore, taking advantage of the availability of the
structure of SidA in complex with NADP® and lysine, we
explored the mechanism of substrate selectivity. We present
theoretical data suggesting that the mechanism of FADgoy
oxidation proceeds by substrate-initiated homolytic cleavage of
the O—O bond that produces an internally bound HO® radical
as the primary oxidant.

Protonation of the Ground-State SidA—Substrate
Complex. Activation of molecular oxygen by reduced flavin
occurs via a single-electron-transfer step that yields a flavin
semiquinone and an superoxide anion.*”** This radical pair is
believed to collapse, forming the C*-peroxyflavin intermediate
(FADgo-).** The catalytically competent intermediate in the
hydroxylation reaction is the protonated form of this
intermediate, FADooy (Scheme 1).** Using stopped-flow
time-resolved spectroscopy analyses, solvent kinetic isotope
effects, and DFT calculations, we showed that FADgoy is
formed via a proton transfer to the FAD - mediated by the 2’
OH of the nicotinamide ribose of NADP* and proved that
ornithine binds with the N° atom in its neutral form (=NH,).*°
To explore the ground-state SidA—Lys complex, the hydrogen-
bonding network of the flavin intermediate was also
investigated with lysine bound in the active site using the
B3LYP/6-31+G(d) method, and these results were compared
with those obtained in the presence of ornithine. The system
was studied with FADqq-, or FADqy, in complex with lysine
having its N® atom in the neutral form. In the energy-optimized
geometry of the FADyo—Lys complex, a hydrogen bond
between the peroxide moiety and the ribose 2'-OH (observed
with ornithine) is interrupted when lysine is bound;
consequently, the only hydrogen-bond donor to the anionic
O, is the lysine N°H moiety (Figure S1D in the Supporting
Information). As observed with the FAD5-—Orn complex, the
nicotinamide group is hydrogen-bonded to Oy instead of the
proximal oxygen (O,), and the interaction between the
carbonyl of the NADP* amide and the hydrogen of the FAD-
N atom is lost in this complex (Figure SID and ref 30). This
interaction has been shown to be essential for stabilization of
FADgoy in SidA and other flavin monooxygenases. These
results indicate that FAD - is not predicted to be stable when
Lys is bound, consistent with the previous results obtained with
Orn.*

Analysis of the FADyoy—Lys and —Orn complexes showed
two hydrogen-bonding orientations: FAD oy acting as hydro-
gen-bond donor and the amine group of Ormm/Lys as a
hydrogen-bond acceptor and vice versa (Figure S1). If O4 of
FADgoy acts as the hydrogen-bond acceptor with N*H, of
Lys/Orn as the donor, it makes a weak hydrogen bond as a
donor to the ribose 3’-OH of the ribose ring. This complex is
always less stable than the complex in which HO, functions as a
hydrogen-bond donor, where the hydrogen bond made by HO,4
to N of the substrate is in the range of ~1.7 A (H---N* distance
in the Lys or Orn complex) (Figure SIC,F). The differences
between the energies of these two hydrogen-bonding patterns
are 2.12 and 4.21 kcal/mol for the FADyou—Orn and
FADoy—Lys complexes, respectively.
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These combined results are consistent with previous
studies®®* suggesting that the primary hydrogen-bonding
interaction in FADOOH—-Orn/Lys complexes involves the
interaction of the more acidic OOH proton with the more basic
NH, nitrogen lone pair.

Oxygen Transfer from FADggy. To explore the reaction
pathway, a potential energy scan was performed starting from
the optimized FADooy—Orn (Figure S1C) or FADyou—Lys
(Figure S1F) reactant complex (Figure 2). The reaction
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Figure 2. Potential energy surfaces for the oxidations of Lys and Orn
by SidA. For each complex, the reaction coordinate was defined as the
distance between the distal oxygen of the C*- hydroperoxyflavin (Oy)
and the N* atom of the amino acid ligand at the B3LYP/6-31G(d)
level of theory.

coordinate was defined as the distance between HO, (the
protonated distal oxygen) of FADyoy and the N* atom of the
amino acid substrate. During the simulation, this distance was
sequentially decreased from 2.7 A in several steps of 0.15 A
until a value of ~1.5 A was reached. The resulting potential
energy curves were relatively smooth until the saddle point (at
a distance close to 1.9 A), with maxima of about 16 and 24
kcal/mol for Orn and Lys, respectively. Starting with the
calculated coordinates at the maximum points in the energy
profiles, the energy-optimized geometries of the TSs were
obtained as depicted in Figure 3B,B’, while the coordinates of a
single carbon atom of each local residue were constrained in
order to maintain the general juxtaposition of the residues in
the X-ray structure (Figure 1B). No geometry constraints were
placed upon the substrate (Orn or Lys) so it could move about
in the local pocket during the oxidation step. The results show
that during the oxygen atom transfer step for the Orn oxidation,
the HO group being transferred is suspended nearly equidistant
between the proximal oxygen (r(o o, = 1.84 A) and the N*
atom (’(ol,—N*) = 1.94 A).

The net charge on the transferring HO,4 group in both
transition states was found to be essentially zero (Table 1). A
natural bond order (NBO) analysis** suggested that the HO®
radical fragment in the Orn TS (Figure 3B) had a charge of
only —0.02¢, while in the Lys TS (Figure 3B’) that charge was
—0.04e. Additionally, frequency calculations for this type of TS
show that the oxygen of the HO4 group oscillates back and
forth between the oxygen and nitrogen in a windshield-wiper
motion, while there is little or no motion of the H atom of the
HOy group. Also, there is essentially no movement of the Lys/
Orn N or the leaving FAD O, group. It has been demonstrated
that when largely heavy-atom motion (oxygen) is involved in
the TS, then the magnitude of the imaginary frequency is
typically quite small (less than 400 cm™"), while involvement of
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Figure 3. B3LYP/6-31+G(d) geometry-optimized structures along the hydroxylation reactions of (A—I) ornithine and (A’—I') lysine. The four
studied steps are oxygen transfer (OT) as a hydroxyl radical group (HO*®), intermolecular proton transfer (IPT) from N* to the oxygen atom on the
aminoxide, oxidized flavin regeneration (FR) by dehydration of FADy, and proton shuttling (PS) mediated by the released water molecule. The
lengths (in A) of all hydrogen bonds shown are measured as the distance between the hydrogen and the accepting heavy atom.

mostly light-atom motion (hydrogen) is associated with an
imaginary frequency of magnitude approaching 1000 cm™ or
more.*" Upon identifying the imaginary frequency associated
with the oxygen atom transfer in the Orn TS, we observed it to
have a magnitude of 370 cm™', while that for the Lys TS was
341 cm™". These data are clearly consistent with the concept
that movement in the TS consists largely of motion of the
oxygen atom of the HO*® radical.

This observation is consistent with earlier reports where this
oxidative step was attributed to a somersault-like rearrangement
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of FADooy (FADg_oy — FADg.po) that produces an
internally hydrogen-bonded HO® radical in which the O--
O--"N”* moiety in the TS is essentially linear and the H atom of
the HO,4 group is perpendicular to this axis and hydrogen-
bonded to the proximal oxygen (r(Hx—Op) = 1.99 A) and the

ribose 02’ oxygen, as noted in Orn TSy (Figure 3B). The
classical activation barrier for this homolytic O—O bond
cleavage is 27.0 kcal/mol in the absence of a substrate,
supporting the suggestion that this rearrangement is induced by
complexation of the OOH moiety of the hydroperoxide to the
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Table 1. Critical Distances (in A) and Mulliken Charges (in au) for Each Complex along the Hydroxylation Reaction of

Ornithine and Lysine after Geometry Optimization”

distances charges
amino acid structure C4(FAD)-0y4 04-0, O,—N* Oy o, H, N*
Orn Reactant 1.501 1.455 2.627 —0.321 —0.484 0.487 —0.794
TSor 1.389 1.849 1.919 —-0.537 —0.441 0.453 —0.601
Productyy 1.432 2.64 1.395 —0.682 -0.615 0.451 —-0.329
TSppr 1.442 2732 1.528 —0.639 —0.63 0.46 —0.489
Product;py 1.447 2.803 1.458 —0.663 —0.566 0.454 —0.362
TSgx 1.426 2.539 1.409 —-0.725 —0.548 0.484 —-0.356
Productyy 3.400 2.701 1.396 —0.854 —-0.578 0.422 —-0.336
TSps 3.501 2.436 1.425 —0.904 —0.545 0.441 —0.405
Productpg 3.500 2.708 1.453 —0.848 —-0.610 0.469 —0.388
Lys Reactant 1.469 1.464 2.645 —-0.328 —-0.492 0.485 —0.835
TSor 1.398 1.823 1.960 —-0.515 —0.444 0.447 —0.661
Productyr 1.425 2.526 1.389 —0.682 —0.604 0.466 —0.351
TSpr 1.435 2.644 1.510 —0.662 —-0.627 0.475 —0.494
Product;py 1.443 2.690 14585 —0.65 —0.618 0463 —0.395
TSer 1.456 2.562 1.407 —-0.720 —0.538 0.446 —0.394
Productyy 3.403 2.660 1.391 —0.889 —-0.627 0.438 —-0.356
TSps 3.074 2.510 1.425 —-0.924 —0.556 0.444 —0.435
Productyg 3.261 2.846 1.460 —0.867 —0.630 0.450 —0.409

“The geometry optimizations were performed at the B3LYP/6-31+G(d) level of theory. The subscripts refer to different steps of the reaction: OT
for oxygen transfer, IPT for intermolecular proton transfer, FR for flavin regeneration, and PS for proton shuttling.

substrate NH, group because the barrier for O—O bond
cleav%ge attending the N-oxidation of Orn is only 16 kcal/

* 1t is also noted that in the TS the HO® radical is
strongly hydrogen-bonded to the 2’-oxygen of the NADP*
ribose moiety (ry_oy) = 1.83 A). It is essential that the

reactivity of this internally bound HO® radical be tempered by
such hydrogen-bonding interactions because it can abstract H
atoms indiscriminately in the absence of this stabilizing
influence. In fact, it is very likely that this strong hydrogen
bond to the adjacent 2'-oxygen is largely responsible for the
lower activation barrier for Orn oxidation relative to Lys
oxidation (AAE* = 8 kcal/mol). The TS coordination was
slightly different between Orn and Lys, as in the TS of the
FADoop—Lys complex HO4 makes a weak hydrogen bond to
03’ of ribose (r(y _o3) = 3.21 A) because the N* atom of Lys is

already donating a hydrogen bond to ribose’s 2'-OH. The
critical distances are almost the same for the two complexes in
the transition state: (o _o,) is 1.84 + 0.01 A and r(0,-x) is 1.94

+ 0.02 A (averaged over the equivalent values for Orn and Lys
complexes). Therefore, the increase of ~8 kcal/mol in the
energy barrier for oxidation of Lys relative to Orn can be
attributed to the different orientation of the HO® radical (due
to the spatial restraint of the SidA active site in each reactant
complex) and the much stronger hydrogen-bonding interaction
of the HO® to the 2’-OH group (1.829 A) in the transition
state of Orn relative to that for Lys binding (3.21 A to O3).

When r(o,_y) reaches ~1.7 A, the atoms at the center of the
reaction rearrange, and the hydroxyl radical loses its hydrogen
bond to the ribose 2’-OH and faces toward the FAD O,°
radical, followed by a rapid hydrogen transfer from the HO4*
group to the FAD O,° radical to form FADqy late along this
concerted pathway (Figure 3C,C’). The steep change in the
potential energy surface at r(q,_yy & 1.7 A is coupled to this

rearrangement. At the end of this step, the ribose O2’ that was
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hydrogen-bonded to the HO® radical in the TS reorients to
donate a hydrogen bond to O4 (now part of the oxygenated
amino acid; Figure 3C,C’). These data provide additional
support for the “somersault rearrangement” mechanism that
has also been proposed for FMO and P450 monooxyge-
nases.*®*” The results for SidA further support a new
mechanism that is different from the accepted nucleophilic
displacement (SNZ) by the sp>-hybridized nitrogen to HO4 of
FADgog.>” " In summation, the product of this initial step is
predominantly a primary alkyl amine N-oxide, retaining its two
hydrogen atoms on the amine nitrogen. In this kinetic product,
ro,-N) is >0.0§ A shorter than this length in the energy-

optimized geometry of the N°-hydroxyornithine (Table 1), and
the charge distribution on the produced aminoxide (Table 1)
indicates that the negative charge on Oy is now increased by
average of 0.35¢ while that on N is decreased by 0.47e.
Formation of Hydroxylamine. Intramolecular Proton
Transfer. Upon formation of an alkyl aminoxide in the
penultimate oxygen atom transfer reaction, the final product
is formed by protonation of the transferred oxygen (O4) and
deprotonation of the nitrogen (N¥). Structural analyses of the
active site of SidA in the presence of Lys/Orn show that no
space is available for a water molecule to be accommodated
close to the aminoxide to mediate the protonation/deprotona-
tion reaction.*° Taking this structural constraint into account,
three scenarios for proton transfer can be considered: (1)
protonation occurs via an intramolecular proton transfer from
the N* atom, a mechanism previously proposed on the basis of
computational studies for hydroxylation of primary amines by
cytochrome P450s;* (2) dehydration of FADqy occurs in the
presence of the alkyl aminoxide, and the resulting water
molecule facilitates the proton shuttle; or (3) the primary
aminoxide, ornithine N°-oxide, is the final product of the
enzymatic reaction, and protonation/deprotonation happens
nonenzymatically in solution after this molecule is released. To
ascertain whether an intramolecular proton transfer occurs in

DOI: 10.1021/jo502651v
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Figure 4. Relative energy profiles for the hydroxylation reactions of Orn and Lys catalyzed by SidA, calculated at the B3LYP/6-311+G(d,p) level.
The steps of the reaction are denoted as OT for oxygen transfer, IPT for intermolecular proton transfer, FR for flavin regeneration, and PS for
proton shuttling. The gray and pink bars refer to the less favorable proton transfer (out of two) in the intramolecular proton transfer step in the Orn

and Lys complex, respectively.

SidA, the activation energies required for the transfer of either
of the two hydrogens on N”* to the oxygen atom were
calculated. The relative energy values for the two hydrogens do
not differ significantly (the differences in the energy barriers are
3.4 and 2.5 kcal/mol for the ornithine and lysine complexes,
respectively; Figure 4). Interestingly, this step is endothermic,
and the enzyme—FADy—hydroxylamine complex is energeti-
cally less favorable than the enzyme—FAD,y—amine oxide
product complex (Figure 4).

Although the energies of reaction for the intramolecular
proton rearrangement steps are only +0.2 and +2.85 kcal/mol
for Orn and Lys, respectively, the considerably large activation
energies for this step (39.79 and 41.49 kcal/mol for Orn and
Lys, respectively; Figure 4) exclude any equilibration
assumption. On the basis of these results, it can be concluded
that the aminoxide form of ornithine/lysine is the final product
of the enzymatic reaction and that the proton rearrangement
most likely occurs upon release of the amine oxide product to
the bulk solution. Alternatively, the formation of the
hydroxyornithine/lysine could happen via the second scenario
(see the next section).

Water-Mediated Proton Transfer. The decay of C*-
hydroxyflavin (FADy) to regenerate the oxidized flavin occurs
with the release of the oxygenated product and water from the
active site (Scheme 1). In most flavin monooxygenases, these
two steps are not distinguishable in kinetic experiments*’ and
FAD(y eliminates water either prior to or concomitant with
product release.””*" FADqy; dehydration is proposed to occur
by hydrogen transfer from the FAD N°—H to the hydroxyl
group (O,H).****** If the dehydration reaction occurs before
product release, we wondered whether the eliminated water
molecule could assist in the proton transfer in the aminoxide.
To answer this question, we studied the dehydration of FAD gy
by direct transfer of the N° hydrogen to the OH group of
FADgy in the presence of ornithine (lysine) oxide. In the
absence of any acid/base to assist the hydrogen transfer, this
step needs to overcome high energy barriers of 48.08 and 44.06
kcal/mol for the ornithine and lysine complexes, respectively
(Figure 4, TSgg). The products of this step (aminoxide + water
+ FAD) are 6—8 kcal/mol lower in energy than the complex of
aminoxide and FADqy (Figure 4, Productg). The released
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water molecule maintains its hydrogen bond to the oxygen of
the aminoxide while it weakly donates hydrogen bonds to the
FAD N° and the FAD O,. The observed orientation of the
water molecule in the active site supports its role as a proton
shuttle in the formation of a hydroxylamine from the related
aminoxide (Figure 3G,G’). In the next step, the potential
energy surface was scanned along with the decrease in the
distance between the oxygen of the water molecule and the
hydrogen on N* of Lys or Orn. From the two hydrogen atoms
on N¥ the one that was at a shorter distance to the water
oxygen was selected to define the reaction coordinate, and
scanning was stopped when (o ) reached 1 A. The activation

energies required for water-mediated proton transfer on the
aminoxide were found to be as low as 15.10 and 10.72 kcal/mol
for ornithine oxide and lysine oxide, respectively, in the active
site of SidA (Figure 4, TSps). The lower energy barrier for Lys
oxide can be related to the retention of the hydrogen bond
made by water to the FAD O, at the transition state (Figure
3H’). The final products of this step (HO-Lys/HO-Orn +
water + FAD) are 11.65 and 8.16 kcal/mol more stable than
the reactants (aminoxide + water + FADgy) for the Orn and
Lys complexes, respectively (Figure 4, Productps). In the
optimized geometry of the product, the regenerated water from
the proton shuttling reaction orients and interrupts the
hydrogen bond between the nicotinamide moiety of NADP*
and the side chain of Q102, which may initiate the release of
NADP* from the active site (Figure 3L1). The energies of the
final products are 38.38 and 40.83 kcal/mol lower than those
for the starting enzyme—ligand combinations (Orn/Lys +
FADoy) (Figure 4, Productpg). Since the overall reactions are
highly exothermic for both substrates via this pathway, a
hydroxylated amino acid is more likely to be the final product
of the enzymatic reaction. However, SidA needs to overcome
the relatively high energy barrier for dehydration of FADgy.
Recently it was shown that proton shuttle mediators are
required in order to lower the activation energy for elimination
of H,0, from FADyoy.>* It is reasonable to assume that some
local conformational adjustments may occur upon the
formation of the aminoxide that relocate the active-site residues
(e.g., Argl44) and water molecules in the vicinity of the FAD
N°—H. The relocated groups may function as hydrogen-bond
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mediators that facilitate the dehydration reaction and lower its
energy barrier in SidA.

The Role of Active-Site Residues and NADP* in
Catalysis. To determine the role of residues in the active
site of SidA and NADP" on the energy profile of the N-
oxidation reaction, side chains of all residues that are hydrogen-
bonded to Orn and NADP* (ribose + nicotinamide ring) were
treated one by one using DFT/B3LYP calculations as described
in Materials and Methods. Results from the REC calculations
are shown in Figure S. NADP” plays a major role in the energy
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Figure S. Relative energy contributions (RECs) of the active-site
residues and NADP" to the oxidation step of the N-hydroxylation
reaction catalyzed by SidA. The reference for the calculation of REC
values is the optimized reactant of the enzyme—substrate complex
(O or Lys). REC values were calculated at the B3LYP/6-
311+G(d,p) level.

profile and energetically contributes more to the stabilization of
the amine oxide products than the TSs. The O2’ hydroxyl

group on the ribose moiety of NADP" is expected to be the
central atom in this energy contribution by the formation of a
hydrogen bond to the aminoxide product (oxygen in the
ornithine oxide and nitrogen in the lysine oxide). Q102, which
is conserved among SidA, PvdA, and IcuD, forms a hydrogen
bond to the FAD O, atom. Additionally, a water molecule is
hydrogen-bonded between Q102 and the @-amino group of the
amino acid substrate. Because of the long and flexible side chain
of this residue, it contributes differently at each step of the
oxidation reaction. In reference to the enzyme—reactant
complex, it makes its maximum energy contribution in the
product of the lysine oxidation step, which stabilizes the
transferred Oy by extending its hydrogen bond from O, of FAD
to Oy in the oxidized lysine.

Although N323 makes a direct hydrogen bond to the Orn N°
atom in all of the steps of ornithine oxidation, its contribution
to the energy profile does not change significantly from the
reference geometry (enzyme—reactant complex) because its
orientation remains almost unchanged along the reaction
coordinate. The residue equivalent to this asparagine in E. coli
lysine hydroxylase (IcuD) is a serine."" The smaller residue may
provide extra space for IcuD to accommodate lysine in front of
FAD oy in a way that allows the HO,® radical being transferred
to interact with O2" of NADP" instead of O3’ in the transition
state (as happens in the oxidation of lysine by SidA). The other
residues that interact with the a-amino or carboxyl groups of
Orn/Lys (K107, N293, and S469) show small REC values in
the energy profile, as they interact with the a-groups of the
amino acid substrates and their orientation is not affected
during the oxidation reaction.

Scheme 2. Proposed Mechanism for the N-Hydroxylation of Primary Amines by SidA Demonstrating the Windshield-Wiper
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B CONCLUSIONS

We have described the details of the hydroxylation mechanism
and substrate selectivity in the reaction catalyzed by flavin-
dependent N-hydroxylating monooxygenases. Analysis of the
energy profiles along the reaction coordinates starting from the
geometry-optimized FADoy—Orn/Lys complexes show that
the chemical events in this enzymatic reaction are initiated by a
homolytic O—O bond cleavage induced by complexation of
FADqoy with the substrate. This step has been described
previously as a somersault rearrangement (FADqg_oy —
FADg..0) of the intermediate hydroperoxide to the FADy
radical, producing an internally hydrogen-bonded HO® radical
as the primary oxidant. In the present study, complexation of
FADqoy with the substrate NH, group initiates a homolytic
O—-O0 bond rupture in concert with a partial rearrangement of
the OOH group and production of an internally hydrogen
bonded HO® radical with an accompanying one-step oxygen
transfer from FADgoy to the nitrogen atom (Scheme 2).

In the transition state, the radical group (HO®) is stabilized
by hydrogen bonding to 02’ or O3’ of the ribose moiety of
NADP" in the ornithine and lysine complexes, respectively.
This variation in the hydrogen bonding of the HO® group
results in a higher energy barrier for the oxidation of lysine (24
vs 16 kcal/mol), which is partially responsible for the observed
selectivity of SidA for Orn versus Lys.>® This somersault-type
rearrangement leads to transfer of the hydrogen atom from the
HO?® group to the flavin oxyradical and the formation of an N-
alkyl aminoxide. The aminoxide may be considered the final
product of the enzymatic reaction if the decay of FAD oy occurs
after product release. In this case, the proton exchange to
generate the hydroxylamine may happen later in the interaction
of the product of the oxidation step with the bulk solvent. If
dehydration of FAD gy occurs prior to release of the product, it
provides the water molecule that shuttles the proton transfer on
the N-alkyl aminoxide to form the final hydroxy amino acid.
Here, the final products (hydroxylamine + water + oxidized
FAD) are 38.38 and 40.83 kcal/mol more stable than the initial
reactants (Orn/Lys + FADOgy) for Orn and Lys, respectively.
Since the total reaction energies are highly favorable for both
substrates in the latter pathway, hydroxylamine is more likely
the final product of the reaction of SidA.
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