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ABSTRACT: L-Aspartate oxidase (Laspo) is responsible for the
oxidation of L-aspartate into iminoaspartate using flavin as a
cofactor. During this process flavin is reduced, and it can be
reoxidized by either molecular oxygen or fumarate. The overall fold
and the catalytic residues of Laspo are similar to succinate
dehydrogenase and fumarate reductase. On the basis of deuterium
kinetic isotope effects as well as other kinetic and structural data, it
is proposed that the enzyme can catalyze the oxidation of L-
aspartate through a mechanism similar to amino acid oxidases. It is
suggested that a proton is removed from the α-amino group, while
a hydride is transferred from C2 to flavin. It is also suggested that
the hydride transfer is a rate-limiting step. However, there is still an
ambiguity about the stepwise or concerted mechanism of hydride- and proton-transfer steps. In this study, we formulated some
computational models to study the hydride-transfer mechanism using the crystal structure of Escherichia coli L-aspartate oxidase in
complexes with succinate. The calculations involved our own N-layered integrated molecular orbital and molecular mechanics
method, and we evaluated the geometry and energetics of the hydride/proton-transfer processes while probing the roles of active site
residues. Based on the calculations, it is concluded that proton- and hydride-transfer steps are decoupled, and a stepwise mechanism
might be operative as opposed to the concerted one.

1. INTRODUCTION
Synthesis of NAD+ is a crucial process for maintaining a number
of cellular processes. In bacteria, synthesis of NAD+ starts with
the conversion of L-aspartate into iminoaspartate by L-aspartate
oxidase (Laspo).1 In the second step, iminoaspartate reacts with
dihydroxyacetone phosphate, which is catalyzed by quinolinate
synthase (NadA), to yield pyridine dicarboxylate, quinolinate. In
the following steps, which are common to all organisms and not
exclusive to bacteria, quinolinate is converted to NAD+ through
several enzymatic reactions.2 Therefore, the first two steps could
be utilized to design and develop drugs against some of the
pathogenic bacteria.3,4 Laspo is amember of flavoenzyme family,
and the bound FAD cofactor oxidizes L-aspartate into
iminoaspartate.5 FAD can be reoxidized by either molecular
oxygen to produce hydrogen peroxide under aerobic conditions
or by fumarate under anaerobic conditions.
The crystal structure of Laspo derived from Escherichia coli

shows that the folding topology of the enzyme is similar to the
succinate dehydrogenase and fumarate reductase (SDH/FRD)
family of oxidoreductases.5 As a common feature, these enzymes
act on dicarboxylic acid substrates.6 Nonetheless, Laspo cannot
oxidize succinate as compared to other similar reductases.
Another marked difference is that Laspo oxidase has Glu121 in
place of a neutral residue, which is present in other SDH/FRD
family members.

Based on the similarities of Laspo to the SDH/FRD family, it
was proposed that the oxidation of L-aspartate to iminoaspartate
occurs through a mechanism similar to succinate oxidation (B in
Figure 1). In this mechanism, the deprotonation of L-aspartate
by an active site base at the C3 position is followed by the
transfer of the hydride ion from C2 to FAD yielding
iminoaspartate.6 However, based on the oxidation mechanism
of the other D-amino acid oxidases, this process may proceed
through a different mechanism.7,8 According to this mechanism,
the α-amino group of aspartate is deprotonated by an active site
base, and a hydride ion moves fromC2 to FAD forming reduced
FAD and iminoaspartate (A in Figure 1). Recently, Chow et al.
reported a mechanistic study by performing primary solvent,
multiple kinetic isotope effect, and primary kinetic isotope effect
experiments for the aspartate oxidation half-reaction.9 It was
shown that the oxidation of L-aspartate by Laspo generated
unlabeled malate in D2O when malate dehydrogenase was
present. It was concluded that the oxidation mechanism should
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be similar to amino acid oxidases (A in Figure 1), and amine
deprotonation and hydride-transfer steps might follow a
concerted fashion rather than a stepwise.
The crystal structure of a mutant form of Laspo in complex

with succinate (Figure 2) reveals important information about

the active site of the enyzme.6 The isoalloxazine ring of FAD is in
close proximity to succinate, which is surrounded by catalytically
important residues, such as His244, His351, Thr259, Ser389,
Glu121, and Arg290. It can be inferred that Glu121 is poised to
act as the catalytic base, which can deprotonate the ammonium
ion in the L-aspartate based on the mechanism proposed by
Chow et al.9 In addition, Arg290 and the other residues might
have H-bonding interactions with the L-aspartate. The C2
position in succinate is in closed proximity to the N5 position of
the isoalloxazine ring of FAD implying that hydride-ion transfer
is likely to happen from the C2 position of L-aspartate.
Mechanistic studies of Laspo could provide invaluable

insights in the design of novel therapeutics against bacterial
infections. A number of experimental and computational studies
favored the hydride-transfer mechanism for the oxidation of a
variety of amines by flavin containing enzymes, such as D- and L-
amino-acid oxidases, MAO-A and -B, and LHNO.10−19 The
solvent kinetic isotope effect study by Chow et al. showed that
general base-catalyzed deprotonation of L-aspartate is a partially
rate-determining process, and it rules out succinate dehydrogen-

ase-like mechanisms (B in Figure 1) for L-aspartate.9 In addition,
due to the enamine−imine tautomerization process in this
mechanism (3=>2 in B in Figure 1), the imine should
incorporate a deuterium in D2O if this mechanism is operative.
NMR and ESI-MS studies did not show any deuterium
incorporation. It was also suggested that hydride-transfer and
proton-transfer steps should be concerted based on multiple
kinetic isotope effects.
The hydride-transfer process for other enzymes, such as liver

alcohol dehydrogenase,20 aryl alcohol oxidase,21,22 galactose
oxidase,23 HMG-CoA reductase,24 and choline oxidase,25 were
studied computationally. Our own N-layered integrated
molecular orbital and molecular mechanics (ONIOM) method,
using quantum mechanics (QM) and molecular mechanics
(MM) in the calculations, is an important tool to study
mechanistic details of enzymatic reactions.26−31 Density func-
tional theory (DFT) calculations can highlight interactions and
reactions involving substrates and active site residues, and the
surrounding residues can be incorporated into model systems
using molecular mechanics methods. By this way, a realistic 3-D
model system reflecting the protein environment could be
included in the calculations.
In this study, we studied the reaction mechanism of hydride

transfer proposed by Chow et al. (A in Figure 1) for Laspo using
the crystal structure of the enzyme−succinate complex with
ONIOM method. The role of the active site residues was
investigated using model geometries for enzyme−substrate
complexes, transition states (TS), and enzyme−product
complexes. We also highlighted the sequence of proton−
hydride-transfer steps.

2. COMPUTATIONAL DETAILS AND METHODOLOGY
The model systems included two-layer ONIOM27 calculations
using three DFT functionals in the QM layer, including CAM-
B3LYP,32 M06-2X,33 ωB97XD,34 and AMBER force fields,35 in
the MM region using the Gaussian 09 package.36 The CAM-
B3LYP functional includes both the hybrid quality of B3LYP
and long-range corrections;26,37 the M06-2X functional yielded
better results in comparison to B3LYP in the main-group
chemistry;38 ωB97XD provides empirical dispersion together
with long-range corrections. RESP charges of each atom for

Figure 1. Oxidation of L-aspartate (1) into iminoaspartate (2) by Laspo through (A) concerted mechanism and (B) stepwise mechanism.

Figure 2. Structure of the active site of Laspo in complex with succinate
including FAD and the surrounding residues.
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FAD and L-aspartate were calculated using HF/6-31G(d), and
the missing MM parameters were derived using an antechamber
option in AMBER 16.39,40 Amber 94 MM charges were used for
all atoms in the other residues. A mechanical embedding option
was included in the calculations.
The geometries of the reactants, products, and TS were

optimized using the 6-31G(d,p) basis set. TS are validated with
the frequency calculations requiring one negative eigenvalue,
and reactants and products were validated without any negative
eigenvalues. Frequency calculations were done at 25 °C and 1
atm. TS structures were validated with intrinsic reaction
coordinate (IRC) calculations.41 TS structures were located
through potential energy surface (PES) scans using scanning
bond coordinates, and the maximum energy points in the scans
were subjected to TS optimization using the Berny algorithm.42

ONIOM calculations used a truncated model enzyme,
including FAD, L-aspartate, and the residues located around L-
aspartate in a radius of 10 Å. The model enzyme-L-aspartate
complex was obtained from the crystal structure of the
succinate-bound enzyme (PDB accession code: 1KNP)6 using
the VMD program.43 Succinate was converted to L-aspastate by
attaching an ammonium group to the C2 position. This model
consists of 1238 atoms, 96 residues, L-aspartate, and 2 water
molecules. N-terminal and C-terminal residues on the periphery
were capped with acetyl and N-methyl groups. This procedure
not only mimics the electrostatic environment of the active site
but also prevents creation of extra charged residues around the
model active site, which might bring about considerable changes
through strong chemical interactions. Protonation states of the
residues with ionizable groups were determined using the
PropKa program.44 The total charge of ONIOMmodels was−3.
In the ONIOMmodel system, the QM region included FAD, L-
aspartate, and other catalytically important residues, such as
His351, His244, Arg290, Thr259, Glu121, and Ser389, while the
rest of the residues were placed in the MM region. The QM
region included 95 atoms together with a total charge of −1.
FAD and these residues were partitioned into QM and MM
regions, and Figure 3 shows the QM region.
The initial model structure obtained from the crystal structure

(Figure 2) together with L-aspartate was optimized using the
M06-2X functional with a 6-31G(d,p) basis set to obtain an
initial model enzyme−substrate-cofactor complex. A PES scan

using the distance between the H atom at the C2 position of L-
aspartate and N5 position of the FAD ring was performed to
locate the TS structure for the hydride-transfer process (B in
Figure 1). The geometry of the highest energy point in the PES
scan was used optimized to locate the TS structure. The
optimized structure of the reactant complex (RC) and product
complex (PC) of the hydride-transfer process were obtained
using proper geometries in the PES scan. RC and PC obtained
with the PES scans were validated with the IRC calculation on
the optimized TS structure.

3. RESULTS AND DISCUSSION
In this study, the proposed hydride-transfer mechanism for
Laspo (A in Figure 1) was investigated using two-layer ONIOM
(QM-MM) calculations. In this respect, the details of the
hydride transfer were studied computationally, and the under-
lying non-covalent interactions together with the energetics of
hydride-transfer process were highlighted. Besides, the proton-
transfer process from the ammonium group of L-aspartate to a
nearby basic residue is probed before and during the hydride-
transfer process.
3.1. ONIOM Model Systems for Hydride-Transfer

Mechanisms. 3.1.1. RC. The optimized geometry of RC for
the hydride-transfer process for the oxidation of L-aspartate into
iminoaspartate reveals important mechanistic details (Figure 3).
The ammonium group of L-aspartate is deprotonated by Glu121
indicating that Glu121 is the catalytic base for the proton-
transfer step. Second, it shows that the proton-transfer step
occurs before the hydride-transfer step. The initial calculation
started with an un-optimized model structure in which L-
aspartate contained ammonium cations and Glu121 had a
negatively charged carboxylate anion. The optimization of this
initial structure yielded a neutral amine group in L-asparate and
protonated neutral Glu121. In order to locate a TS structure for
the proton-transfer step between L-aspartate and Glu121 (N1
andO4 in Figure 3), a PES scan was performed on the optimized
structure of RC (Figure 3). The distance between the proton on
O4 in Glu 121 and N1 in L-aspartate was decreased in a number
of steps. However, an uphill energy profile was obtained without
a suitable candidate for the TS structure. This shows that the
proton transfer from L-aspartate to Glu 121 is a barrier-less
process. A series of H-bonding interactions between L-aspartate
and surrounding residues holds L-aspartate close to the FAD’s
isoalloxazine ring. Because L-aspartate is a dicarboxylate anion,
Arg290, His244, His351, and Thr259 have close H-bonding
interactions, as shown with dotted lines in Figure 3. Protonated
Glu121 has H-bonding interactions with amine N of L-aspartate
(N1 in Figure 3). In addition, the isoalloxazine ring has a bent
conformation, which is different from the succinate-bound
crystal structure having planar conformation (Figure 2). The
transition from planar to bent conformation was previously
reported in some flavoenzymes upon substrate binding.45 CAM-
B3LYP and ωB97XD functionals produced similar RC
structures as M062X.

3.1.2. TS. To be able to find a suitable TS structure candidate
for the hydride-transfer process from L-aspartate to FAD, a
relaxed PES scan was carried out by scanning the distance
between the H atom at the C2 position of L-asparte (H1 in
Figure 3) and the nitrogen atom at FAD (Ν2 in Figure 3). The
highest energy point in the scan was subjected TS optimization.
The resulting TS structure (Figure 4) shows that a hydride ion
(H1 in Figure 4) is in departure from the C2 position of L-
aspartate to the N2 position of FAD. Similar H-bonding

Figure 3. Structure of optimized RC, including FAD, L-aspatate,
Glu121, His244, His351, Thr259, Arg290, and Ser389 in the QM
region obtained with ONIOM [M06-2X/6-31G(d,p):Amber] with
tube models. All the H atoms are excluded in the figure except the ones
that belong to L-aspartate and others having H-bonding interactions.
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interactions as in the case of RC, shown as a dotted line, shows
important H-bonding interactions. Arg290 has two H-bonding
interactions with one of the O atoms of the carboxylate group of
L-aspartate. (O6 in Figure 4). His351 interacts with the other O
atom (O5 in Figure 4). The other carboxylate group in L-
aspartate has H-bonding interactions with His244 and Thr259
(O1 and O2 in Figure 4). The H atom connected to O4 in
Glu121 has a close H-bonding interaction with the amine N of L-
aspartate (N1 in Figure 4). Furthermore, Ser389 interacts with
L-aspartate. Another visible observation in the TS structure is
that the bending of isoalloxazine ring is more prominent as
compared to the RC structure (Figure 3). As the hydride anion
(H1 in Figure 4) moves away from C2, C2 and N1 start to
assume sp2 characteristics and the bond distance shortens
between them. CAM-B3LYP and ωB97XD functionals
produced similar TS structures as M062X.
The Gibbs free energy difference between TS and RC, which

is the activation energy for the hydride-transfer process (Eaf) in
terms of ONIOM energy, was calculated to be 24.37 kcal/mol
with M062X functionals with the 6-31G(d,p) basis set in the
QM region (Eaf, at entry #1 in Table 1). This value was estimated
closely with ωB97XD functionals. However, CAM-B3LYP
estimated around 10 kcal/mol more energy barrier with respect
to M062X andωB97XD functionals. Based on the reported kcat
value of the native enzyme for L-aspartate (40.0 ± 2.4 min−1),4

considering that the hydride transfer is the rate-limiting step, an
activation barrier around 17−18 kcal/mol might be expected.
Therefore, M062X and ωB97XD functionals estimate barriers
closer to the expected range. Furthermore, activation energies

based on ωB97XD and M062X results are closer to some
reported calculated activation barriers for MAO and other
oxidases for the hydride-transfer mechanism.16,46,47 The
activation energies of hydride-transfer process in terms of
electronic energy were estimated to be 3−4 kcal more than the
activation energies in terms of Gibbs free energy for three
functionals (* values in Table 1). The activation energies of
hydride-transfer process in terms of electronic energy were also
calculated using single-point energy calculations with a larger
basis set, 6-311 + G(2d,2p) for three functionals (** values in
Table 1). 6-311 + G(2d,2p) basis sets produced 1−2 kcal/mol
more activation energies than 6-31G(d,p) basis sets. It is
observed enthalpic and entropic contributions to the Gibbs free
energy together with zero-point energy correction lowers the
activation barrier. An initial molecular dynamics simulation on
the enzyme−substrate complex could provide a better initial
model system for the calculations, which might further produce
more accurate energy barriers.

3.1.3. PC. The optimized the geometry of PC (Figure 5) for
the hydride-transfer process corresponds to the reduced

isoalloxazine and iminium intermediate. The hydride ion
completely transferred to the N2 position of isoalloxazine ring
forming reduced FAD. L-aspartate is converted to an iminium
ion having a planar geometry around the C2 position.
Isoalloxazine ring conformation is considerably bent with a
nearly 45° angle between benzene and pyrimidine groups.

Figure 4. Structure of optimized TS including FAD, L-aspatate, Glu121,
His244, His351, Thr259, Arg290, and Ser389 in the QM region
obtained with ONIOM [M06-2X/6-31G(d,p):Amber] with tube
models. All the H atoms are excluded in the figure except the ones
that belong to L-aspartate and others having H-bonding interactions.

Table 1. Energy Profile for the Hydride-Transfer Process for ONIOM Calculations Using CAM-B3LYP, M062X, and ωB97XD
Functionals in the QM Region with 6-31G(d,p) Basis Setsa

entry # functional Εaf (kcal/mol) Εar (kcal/mol) imaginary frequency (i)

1 M062X 24.37, 28.05*, 29.46** 34.73, 33.57*, 35.81** −1281.76
2 ωB97XD 24.17, 26.80*, 28.46** 35.13, 33.57*, 37.95* −1287.75
3 CAM-B3LYP 34.95, 37.62*, 38.08** 37.39, 36.26*, 40.97** −1401.88

a(Eaf: activation energy for the forward reaction in kcal/mol in terms of ONIOM Gibbs free energy, Ear: activation energy for the reverse reaction in
kcal/mol in terms of ONIOM Gibbs free energy). The activation energy values with * refers to activation energies in terms of ONIOM electronic
energy obtained with 6-31G(d,p) basis set, and ** refers to activation energies in terms of ONIOM electronic energy obtained with 6-311 +
G(2d,2p) basis set through single point energy calculations.

Figure 5. Structure of optimized PC, including FAD, L-aspatate,
Glu121, His244, His351, Thr259, Arg290, and Ser389 in the QM
region obtained with ONIOM [M06-2X/6-31G(d,p):Amber] with
tube models. All the H atoms are excluded in the figure except the ones
that belong to L-aspartate and others having H-bonding interactions.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01949
ACS Omega 2023, 8, 19963−19968

19966

https://pubs.acs.org/doi/10.1021/acsomega.3c01949?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01949?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01949?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01949?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01949?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01949?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01949?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01949?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01949?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Similar H-bonding interactions exist as in the case of TS. Glu121
has H-bonding interactions with Ser389, which interacts with
N1 of iminium intermediate. His351 interacts with one of the
carboxylate O atom in L-aspartate (O6 in Figure 5). In TS and
RC structures (Figures 3 and 4), His351 interacts with the other
carboxylate O atom (O5). CAM-B3LYP and ωB97XD func-
tionals produced similar PC structures to M062X.
The Gibbs free energy difference between TS and PC, which

is the activation energy for the reverse hydride-transfer process
(Ear) in terms of ONIOM energy, was calculated around to be
34−37 kcal/mol with three functionals (Table 1). This indicates
that hydride transfer is an exergonic process. PC is stabilized by
H-bonding interactions more than the RC structure. M062X
and ωB97XD functionals estimated less barriers for the reverse
process. 6-311 + G(2d,2p) basis set produced 2−4 kcal/mol
more activation energies than the 6-31G(d,p) basis set in terms
of electronic energy for the reverse hydride-transfer process for
three functionals.

4. CONCLUSIONS
In this study, computational models using hybrid QM-MM
calculations were formulated to analyze the hydride-transfer
mechanism for the oxidation of L-aspartate by Laspo into
iminium intermediates and reduced FAD. Using PES scans, a
productive enzyme-cofactor-substrate RC, TS, and PC were
generated using the available crystal structure of the enzyme.
These models highlighted the roles of active site residues during
the hydride-transfer process from the substrate to the
isoalloxazine ring. It was found that a series of H-bonding
interactions between FAD and the substrate keep them closer.
Most importantly, Glu121 acts as the catalytic base for the
proton-transfer step, and this step occurs prior to the hydride-
transfer process without a barrier. ONIOM calculations revealed
a bent FAD conformation before, during, and after hydride-
transfer processes. Our models provide insights for the oxidation
of L-aspartate by Laspo. These results may be used to study
further details of the enzyme mechanism. In future, molecular
dynamics studies can be coupled with QM-MM studies to
elucidate more mechanistic insights into the oxidation of L-
aspartate by Laspo.
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