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ABSTRACT: L-Amino acid oxidase (LAAO) is an important
biocatalyst used for synthesizing α-keto acids. LAAO from
Rhodococcus opacus (RoLAAO) has a broad substrate spectrum;
however, its low total turnover number limits its industrial use. To
overcome this, we aimed to employ crystal structure-guided density
functional theory calculations and molecular dynamic simulations to
investigate the catalytic mechanism. Two key steps were identified: S
→ [TS1] in step 1 and Int1 → [TS2] in step 2. We reprogrammed
the transition states [TS1] and [TS2] to reduce the identified energy
barrier and obtain a RoLAAO variant capable of catalyzing 19 kinds of
L-amino acids to the corresponding high-value α-keto acids with a
high total turnover number, yield (≥95.1 g/L), conversion rate
(≥95%), and space-time yields ≥142.7 g/L/d in 12−24 h, in a 5 L
reactor. Our results indicated the promising potential of the developed RoLAAO variant for use in the industrial production of α-
keto acids while providing a potential catalytic-mechanism-guided protein design strategy to achieve the desired physical and
catalytic properties of enzymes.
KEYWORDS: biocatalysts, reprogramming the transition states, α-keto acids, protein engineering, C−N cleavage reaction

■ INTRODUCTION
As green catalysts, enzymes are used in many industries,1,2 such
as the food,3 pharmaceutical,4 energy,5 chemical,1 and
environmental protection industries,6 as they can catalyze
thousands of chemical reactions.2 As biocatalysts, enzymes
exhibit many advantages such as requiring mild reaction
conditions,7 low toxicity of reaction products,6,8 low energy
consumption,1 and high specificity.9 However, natural enzymes
have some drawbacks that limit their industrial application.
These drawbacks include low stability,6 tolerability,10 selectiv-
ity,11 and catalytic efficiency.12 These limitations are
particularly important when using enzymes that can act on
various substrates. However, such enzymes typically have low
catalytic efficiency (total turnover number, TTN), resulting in
low titer and conversion rates, which lower the efficiency of
producing the desired chemicals.

To increase the catalytic efficiency of biocatalytic processes
(i.e., to improve the TTN of enzymes), various protein
engineering strategies have been developed, such as improving
the catalytic stability of enzymes,6,13 combining chemical
enzymatic reactions,14,15 cocompartmentalization of en-
zymes,16 and mechanism-driven protein engineering. For
example, the cocompartmentalization of aldo-keto reductase

(AKR) and cofactors in Pickering emulsion droplets for
continuous flow catalysis significantly increased the TTN of
AKR, by 4.22-fold compared with that of the control.16 In
contrast, with the rapid development of more advanced
technologies for structural analysis, such as cryo-electron
microscopy and intelligent computing methods including
quantum mechanics/molecular mechanics (QM/MM),17−19

the structures and catalytic mechanisms of action of specific
enzymes have been deciphered.19−21

Determining the rate-limiting step of an enzyme based on
structural mechanisms is critical for protein engineering.
Experimental and computational methods have been used to
determine the rate-limiting steps of enzymes. These methods
are usually divided into detection techniques, isotopic
tracing,22 and crystallization experiments,21 such as ultrahigh-
performance liquid chromatography (UHPLC),6 UV−vis
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spectroscopy,23 ultraviolet photoelectron spectroscopy,24

photoelectrochemical performance,25 magnetic resonance
spectroscopy,26 X-ray diffraction,27 and cryo-electron micros-
copy.21 For example, the rate-limiting step (i.e., poor
thermostability) of thermostable PET depolymerase was
identified through UHPLC monitoring. An automated, high-
throughput directed evolution platform was developed to
engineer polymer-degrading enzymes, increasing the glass
transition temperature (Tm) to 82.5 °C.6 Intelligent computa-
tional methods, such as molecular dynamics (MD),28,29

QM,18,30−32 density functional theory (DFT),15,33 kinetic
isotope effect calculations,34 and machine learning,35 have
been developed to determine rate-limiting steps. For example,
computational methods have been used to determine the rate-
limiting step of reduction amination,36 carbene,37 trans-
amination,30 and other catalytic reactions. QM/MM calcu-
lations have been used to reveal that both hydride transfer and
C−N cleavage steps are rate-limiting for 3,5-DAHDH, an
enzyme that catalyzes reductive amination. Subsequently, a
series of variants were rationally engineered, and the activity
toward various aliphatic β-amino acids increased by 110−800-

fold without compromising enantioselectivity.36 This finding
demonstrated that hybrid QM calculations and MD simu-
lations can provide a set of efficient, accurate, and powerful
tools for elucidating the enzymatic reaction mechanism and
relative catalytic efficiency. Utilizing such tools facilitates the
development of protein design strategies guided by the
catalytic mechanism to achieve desired physical and catalytic
properties in enzymes.

A series of α-keto acids (containing a carboxyl and keto
bifunctional group) have been produced by amino acids
oxidases through the C−N cleavage reaction. They are widely
employed in chemical industries, cosmetics, food, beverages,
feed additives, and as components of several drugs against
chronic kidney disease.38−41

L-Amino acid oxidase (LAAO) is
a flavoenzyme containing noncovalently bound flavin adenine
dinucleotide, which catalyzes the stereospecific oxidative
deamination of L-amino acids to α-keto acids, ammonia and
H2O2. Therefore, its potential applications mainly involve the
production of α-keto acids, which are key components of
nutrient and ammonia metabolism in the body and used as
precursors for synthetic alcohols and unnatural amino acids.

Table 1. Performance Parameters of WT and the Variant M5 to Different L-Amino acidsa

aThe related performance parameters were determined and calculated by the 2,4-dinitrophenylhydrazine chromogenic method, including TTN,
specific activity, and % conversion (black, blue, and green fonts are the TTN10 min, specific activity, and % conversion values, respectively).
Experimental details and calculation formulas can be found in the Supporting Information, and the parameters of the 24 h reaction are shown in
Table S4. n.m. means not measurable. All assays were performed in triplicate, and the data are expressed as mean ± SD.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00672
JACS Au 2024, 4, 557−569

558

https://pubs.acs.org/doi/10.1021/jacsau.3c00672?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00672?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00672?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00672?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00672/suppl_file/au3c00672_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00672/suppl_file/au3c00672_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00672?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00672?fig=tbl1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The L-amino acid oxidase from Rhodococcus opacus (RoLAAO,
EC 1.4.3.2) belongs to the oxidoreductase family and is
characterized by an open substrate binding pocket located
between the substrate domain and the cofactor flavin adenine
dinucleotide (FAD) domain,42 which gives it a broad substrate
spectrum.43 However, the low operational catalytic efficiency
and substrate specificity are barriers to the industrial
application of RoLAAO. Herein, we report a catalytic
mechanism-guided protein design strategy to extend the
substrate scope and increase the catalytic efficiency of
RoLAAO. The catalytic mechanism of RoLAAO was first
investigated by structural analysis, MD simulations, and DFT
calculations. Then, two barrier steps were identified, and the
corresponding protein design strategy was developed. A variant
M5 (Y226H/D227H/Y371L/A466C/W467A) with high
TTN (96929−175249) toward the selected substrates was
achieved by reprograming the transition states of RoLAAO.

■ RESULTS

Substrate Scope of RoLAAO

To achieve an efficient enzyme to synthesize α-keto acids from
L-amino acids, the enzymes that catalyze C−N cleavage of L-
amino acids in the BRENDA Enzyme Database (https://www.
brenda-enzymes.org/) were classified and screened. A total of
16 enzymes were identified according to the enzyme
classification number and were classified according to their
substrate range and catalytic characteristics, including trans-
aminases (enzymes 1−2), dehydrogenases (enzymes 3−4),
and oxidases (enzymes 5−16). Among these, the reaction
catalyzed by transaminase is reversible and requires an excess
of amine donors to equilibrate the reaction. L-Amino acid
dehydrogenase (LAADH) requires NAD, a costly compound,
as a cofactor, as well as complex separation and low catalytic
efficiency due to reversible reactions. L-Amino acid deaminase
(LAAD) is membrane-dependent oxidase and only suitable for
whole-cell conversion, and the inability to reuse LAAD limits
its use in industry. Based on substrate scope and enzyme

activity, RoLAAO was selected for further investigation (Table
S1). However, when RoLAAO was expressed in E. coli BL21,
most of it was present in the cell in the form of inclusion
bodies. Therefore, soluble mature RoLAAO, MBP-RoLAAO,
was obtained by deletion of the original signal peptide maltose-
binding protein fusion (Figure S1a).44 The substrate scope
results of MBP-RoLAAO are shown in Table 1. MBP-RoLAAO
can catalyze 17 of 20 L-amino acid types (divided into six
groups depending on the side chain) with TTNs between 2763
and 77654. For aliphatic amino acids (S1−S5), the highest
TTN (77654) was determined for S2, whereas a lower TTN
was determined for S3−S5, which did not catalyze S1. For S/
O-containing amino acids (S6−S9), TTN values ranged from
7789 to 56531, with the highest TTN determined for S6,
whereas MBP-RoLAAO did not catalyze S8. No TTN was
determined for the cyclic amino acid S10. For aromatic amino
acids (S11−S14), the TTN values ranged from 2763 to 12740,
and for acidic amino acids S15 and S16, the TTN values were
2557 and 12339, respectively. For basic amino acids (S17−
S20), the TTN values ranged from 12174 to 75403, with the
highest TTN determined for S19 (L-Asn). A few D-amino acids
(e.g., D-Phe, D-Val, D-Met or D-Leu) were tested, but no
relevant activity was detected. We found that the wild type was
generally highly active against charged substrates. Furthermore,
the TTN values were lower for the substrates of α-keto acid
tablets with important components (detailed descriptions of
the components can be found in the Supporting Information),
such as S3 (L-Val), S4 (L-Leu), S6 (L-Met), and S14 (L-Phe).
The representative substrates (S3, S4, S6, and S14) were
selected for further analysis.
Structure and Catalytic Mechanism of RoLAAO

The crystal structure of RoLAAO in complex with FAD and L-
Phe had been solved (PDB ID: 2JB2),42 but a loop region
(432−439) was missing. We applied AlphaFold245 to
construct a complete structural model of the whole
RoLAAO-FAD-L-Phe complex (root-mean-square deviation
[RMSD] is only 0.13 Å of all residues Cα atoms via structural

Figure 1. Structure of RoLAAO. (a) Structure of dimeric Rhodococcus opacus LAAO (PBD ID: 2JB242). Subunit 1 was shown in light blue (chain
A of 2JB2) and subunit 2 in salmon (chain B of 2JB2). (b) Three domains of RoLAAO, the substrate-binding domain (residues 52−128, 230−238
and 315−422, cyan); the FAD-binding domain (residues 4−51, 239−314 and 423−488, magentas); helical domain (residues 129−229, green). (c)
Close view of the active site of RoLAAO with L-Phe. The cofactor FAD and the L-Phe ligand, R84, D227, Y371, W426, A466, and W467 were
shown as stick models colored by elements. The 3D structure of the whole RoLAAO-FAD-L-Phe complex displayed in the surface can be seen in
Figure S1b. Also, Figure S1c shows the active site of RoLAAO after rotating a certain angle and the statistical diagram on the distances between the
carboxyl group of D227 and the amino group of the substrate (L-Phe) or (aromatic residues, i.e., Y371, W426, or W467).
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alignment with 2JB2) (Figure S1b). RoLAAO is a homodimer
(Figure 1a), and each monomer consists of three well-defined
domains: a substrate-binding domain (SBD), a FAD-binding
domain (FBD), and a helical domain (HD) (Figure 1b). The
SBD and FBD generated an open hydrophobic substrate-
binding pocket (consisting of R84, Y371, W426, A466, and
W467) in the ternary complex structure, the ligand side chain
was aligned with the hydrophobic binding pocket, and a FAD
isoalloxazine ring was placed at the bottom of the pocket. The
HD is exclusively responsible for the unusual dimerization
mode of RoLAAO (Figure 1c).

The catalytic mechanisms of the LAAO enzyme are shown
in Figure 2a,b, the catalytic mechanism of LAAO include two
parts: oxidation half-reaction (OHR) and reduction half-
reaction (RHR). For OHR, the reduced FAD is (re)oxidized
by O2 to yield FADox and H2O2. For RHR, it generally refers to
the process of imino acids formation from corresponding
substrate via proton abstraction and hydride transfer. Previous
computational studies have shown that the energy barrier of
RHR is about 4.4 kcal/mol higher than that of OHR in the
catalytic process of amino acid oxidase.46 In addition, the RHR
step is verified as the rate-limiting step by stopped-flow

Figure 2. Catalytic mechanisms of LAAOs enzyme and computational oxidative deaminization pathway of L-Phe. (a) Methods to convert L-amino
acids into α-keto acids. (b) Reaction mechanism for the oxidation of L-amino acids by RoLAAO. (c) DFT-computed Gibbs free energies (in kcal/
mol) at the CPCM(water)/B3LYP-D3/6-311++G(2d,p) // CPCM(water)/B3LYP-D3/6-31+G(d) level of theory and transition-state structures
(carbon: gray, hydrogen: white, oxygen: red, nitrogen: blue, angles are shown in °, and distances are shown in Å). The results of direct abstraction
of amino proton from substrate by solvent can be seen in Figure S2d. All models were built based on the arrangement of water molecules around
the substrate L-Phe in the RoLAAO active site observed from MD simulations (Supporting Information for details). The optimized structure
geometries of substrate (S), the intermediates (Int1, Int2), and product (P) of QM cluster models are shown in Figure S2.
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experiments, which is consistent with previous reports
(additional notes and experimental details can be found in
the Supporting Information). Based on these, RHR was
comprehensively studied in this manuscript. An overview of
the RHR mechanism and the corresponding energy profile of
RoLAAO are shown in Figure 2c, where the oxidative
deamination reaction in RHR is divided into the following
reaction steps. Step 1 is the deprotonation of substrate S (L-
amino acids) by two molecules of water and acetate anion,
which represent the active water and Asp, respectively, or
solvent. A general base (such as Asp) abstracts a proton
through active water molecules from the substrate S α-NH3

+

(scenario 2) or a proton of substrate S α-NH3
+ is abstracted

directly through the solvent (scenario 2) to generate the
intermediate Int142 via the transition state [TS1]. This
requires a free activation energy of 4.1/13.1 kcal/mol. In
step 2, the CαH (hydride ion: H−) of Int1 is transferred to the
isoalloxazine ring N5 of the cofactor FADM (FADM is a FAD-
truncated model), forming an imino acid Int2 and reduced
FAD (FADH−)47 via the transition state [TS2]. This requires
the free activation energy of 21.7 kcal/mol, indicating that this
reaction can proceed smoothly under enzymatic conditions.
Two barrier steps (S → [TS1] (4.1 kcal/mol) in step 1 and

Int1 → [TS2] (18.8 kcal/mol) in step 2) were observed
(Figure 2c), which reduced the catalytic efficiency of RoLAAO.
These results showed that [TS2] was determined to be the
rate-limiting step affecting the TTN. In addition, decreasing
the Gibbs free energy of [TS1] by increasing the
deprotonation of the substrate will accelerate the initiation of
reaction. Finally, Int2 is spontaneously hydrolyzed to α-keto
acids in step 3, releasing ammonia, accompanied by the release
of 15.9 kcal/mol of energy. Therefore, reducing the energy
barriers by reprogramming the transition states [TS1] and
[TS2] could be a possible strategy to further increase the
catalytic efficiency of RoLAAO.
Protein Engineering of RoLAAO
In step 1, since the energy barrier of scenario 2 cannot be
changed by mutation experiments; thus, we can only enhance
the ability to abstract the proton of the substrate amino group
by mutating residue D227. When residue D227 and water
molecules in the loop region could act as a general base to
abstract a proton from the substrate α-NH3

+ and generate Int1
(scenario 1). However, this general base was not strongly
alkaline, which increased the energy barrier in step 1. There
were three general base residues (D, E, and H), with His being
the most alkaline residue. Therefore, three His variants, i.e.,

Figure 3. Protein engineering and catalytic performance verification of step 1. (a) Structural alignment of RoLAAO-FAD-L-Phe complex (cyan and
labels are shown in blue) with CrLAAO from Calloselasma rhodostoma (PDB ID: 2IID48) (white and labels are shown in black). (b) Transferring
H+ in step 1 of WT. (c−e) Introduction of His residue protein model (Y226H, D227H, and Q228H) using AlphaFold2. (f) Feasibility of three
variants verified by MD simulations (2IID (orange), Y226H (light blue color), D227H (green), Q228H (pink)) with the ligand L-Phe. (g) For
Step1, DFT-computed Gibbs free energies (in kcal/mol) at the CPCM(water)/B3LYP-D3/6-311++G(2d,p) // CPCM(water)/B3LYP-D3/6-
31+G(d) level of theory and transition-state structures (carbon: gray, hydrogen: white, oxygen: red, nitrogen: blue, and distances are shown in Å).
All models were built based on the arrangement of water molecules around the substrate L-Phe in the RoLAAO active site observed from MD
simulations (Supporting Information for details). The QM cluster models contained S/Int1, imidazole (substitute His), and two H2O in step 1
(red line) and contained S/Int1 and imidazole (substitute His) in step 1 (blue line). Also, the optimized structure geometries of these QM cluster
models are shown in Figure S4.
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Y226H, D227H, and Q228H, were successfully designed and
built at the correct positions (in the region of loop D227)
(Figure 3a−e), confirming the feasibility of the three variants
(Figure 3f). Furthermore, the transformation experiments
showed that three single variants introduced with His residues
could increase the TTN for the selected substrates, with the
single variant D227H (named M1) and double variant
Y226H/D227H (named M2) having the highest TTN
(38860−124368 TTN and 48391−135674 TTN, respectively)
for the selected substrates (Figure S3a). To confirm further the
role of the His residue, residue D227 was mutated to D227A
and M2 corresponding to Y226H/D227A, whereas the 227A
and Y226H/D227A reduced the TTN by approximately 64.3−
88.2 and 30.0−75.1%, respectively, for L-Phe, L-Val, L-Met, and
L-Leu, compared with the corresponding value for the WT
(Figure S3b).

The high-energy barrier in step 2 was caused by the poor
orientation of the substrate to the cofactor FAD. Therefore,
the strategies of decrease the energy barrier of step 2 were to
adjust the binding orientation of the substrate close to [TS2]
by releasing steric hindrance and by strengthening substrate

affinity that is, decreasing the catalytic distance for the transfer
of H− between CαH and N5@FAD (d2) and the angle (θ)
between the substrate CαH and the isoalloxazine ring of FAD
to be more close to d2(TS2) and θ(TS2). [TS2] was docked into
the active site of the enzyme and performed constrained MD
simulations. Five residues (R84, Y371, W426, A466, and
W467) that affected the energy barrier in step 2 were identified
and are shown in Figure 4a. To reduce steric hindrance, the
large-volume residues (R84, Y371, W426, and W467) near the
substrate-binding pocket were mutated into a small-volume
residue (A) to allow the substrate closer to FAD and obtaining
the variants R84A, Y371A, W426A, and W467A. This resulted
in a 0.8−1.6-fold and 2.0−3.4-fold increase in the TTNs of the
Y371A and W467A variants, respectively, to the selected
substrates compared with that of the WT. However, the TTN
of variants R84A (forming electrostatic interactions with the
carboxyl group of the substrate to recognize the substrate) and
W426A (forming π−π interactions with the FAD isoalloxazine
ring to recognize FAD) to the selected substrates was
decreased by 0.56−0.82-fold (Figure S5a). The R−π
interaction between the substrate side-chain R group and the

Figure 4. Protein engineering and catalytic performance verification of step1, step 2, and step 1 + 2. (a) Merged [TS2] conformation of the cluster
model with the crystal structure of RoLAAO. (b) Oxidative deaminization TTN of the RoLAAO wild-type and its variants to the selected
substrates. (c) For step 2, DFT-computed Gibbs free energies (in kcal/mol) at the CPCM(water)/B3LYP-D3/6-311++G(2d,p) //
CPCM(water)/B3LYP-D3/6-31+G(d) level of theory and transition-state structures (carbon: gray, hydrogen: white, oxygen: red, nitrogen:
blue, angles are shown in °, and distances are shown in Å). All models were built based on the arrangement of water molecules around the substrate
L-Phe in the RoLAAO active site observed from MD simulations (Supporting Information for details). The optimized structure geometries of these
QM cluster models are shown in Figure S6. (d) Statistics of catalytic distance (d2) and angle (θ) of ligand L-Phe in WT and variants M3 and M5;
(e) Statistics of binding free energy of ligand L-Phe in WT and variants M3 and M5. Data were collected for 4000 snapshots of the last 40 ns MD
simulations.
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Y371 side-chain may influence the approach of the substrate to
FAD to affect substrate affinity. Hence, Y371 was mutated as
smaller volume residues (L/I/N) with different properties. A
very weak interaction between the side chain methyl group of
A466 and the substrate side chain may not be conducive to
adjusting the substrate side chain posture, thereby affecting
substrate affinity. Therefore, A466 was mutated as polar
residues (S/T/C) with smaller volumes. Two mutation
libraries were then built, and the six variants (Y371L,
Y371N, Y371I, A466C, A466E, and A466T) that exhibited
higher activity were identified by a screening protocol based on
the color reaction of 2,4-dinitrophenylhydrazine with the
product α-keto acids (Figure S5b).47,49 Two rounds of iterative
mutagenesis were performed to obtain a triple variant M3
(Y371L/A466C/W467A) (Figure S5 and Figure 4b), and
TTN increased by 2.6−9.4-fold compared with that of the WT
for the selected substrates.

Finally, variant M3 (Y371L/A466C/W467A) was used as a
template and mutated in combination with mutants M1
(D227H) and M2 (Y226H/D227H) to obtain variants M4
(D227H/Y371L/A466C/W467A) and M5 (Y226H/D227H/
Y371L/A466C/W467A), respectively (Figure 4b). Variant M5
showed a 3.1−13.1-fold increase in the TTN, with the highest
value observed for the oxidative deamination of L-Met (175249
TTN) and the greatest improvement for L-Phe (144072
TTN). Variant M5 showed a lower Km than the WT. These
correspond to 2.4-, 6.3-, 2.9-, and 3.7-fold reductions in Km for
the substrates L-Phe, L-Val, L-Met, and L-Leu in comparison to
WT, indicating that the mutagenesis of M5 favors the binding
of these substrates (Figure 4b and Table S2). Moreover, the
kcat values of variant M5 were 240.16 (L-Phe), 158.84 (L-Val),
296.53 (L-Met), and 205.02 s−1 (L-Leu), which are 11.5, 13.1,
3.1, and 4.4 times higher, respectively, than those of the WT.
As a result, kcat/Km of variant M5 increased by 28.1-, 82.8-,
9.2-, and 16.4-fold.
Analysis of Performance Enhancement Mechanisms for
RoLAAO

The 3D structure of the M1/M2/M3/M5-FAD-L-Phe complex
was constituted by hybrid MD simulations and DFT
calculations. The results showed that (1) the RMSD values
of M1, M2, M3, and M5 were 0.12, 0.12, 0.13, and 0.52 Å,
respectively, indicating that mutagenesis in the active pocket
did not considerably alter the overall structure of RoLAAO
(Figure S9a). (2) For M1 or M2 in step 1, the distance for
proton transfer between α-NH3

+ and N@His (called
d1(His models)) was >3 Å but close to d1(2IID) (Figure 3f),
which was consistent with what was observed in CrLAAO
(PDB ID: 2IID);48 the His residue acted as a general base and
transferred a proton from the substrate α-NH3

+ to generate
Int1. (3) The introduced His residue replacing a general base
could increase the efficiency of H+ transfer, leading to a
decrease in the energy barrier of step 1 (S → [TS1]) from 4.1
kcal/mol (in the WT) to 2.5−3.7 kcal/mol (Figure 3g).

For the variants M3 and M5, the energy barrier of step 2M3
(Int1 → [TS2]) decreased from 18.8 (of the WT) to 15.4
kcal/mol (Figure 4c), favoring the CαH (hydride ion: H−)
transfer of substrate. This occurred because the M3 and M5
variants simultaneously stabilized the transition state and
destabilized the ground state and increased the proportion of
the catalytic active conformation by a shorter d2 and a more
appropriate θ to the model substrate (L-Phe), compared with
those of the WT (Figure 4d): (1) the d2 of variants M3 and

M5 was 2.03 and 1.91 Å, which were 0.75 and 0.87 Å shorter
than that of the WT (2.78 Å), respectively. (2) A significant
change in the θ (98.8 and 95.7°, respectively) of variants M3
and M5, which was 21.5 and 24.6° lower, respectively, than
that of the WT (120.3°). (3) The d2 and θ values were closely
to d2(TS2) and θ(TS2), respectively. The distance of the CαH
transfer d2 ≤ 3 Å and θ (106, 136°) (θ(TS2) can vary by 15°) of
the variants M3 and M5 were determined to be 32.76 and
44.79%, which were 8.74 and 20.77% higher, respectively, than
that of the WT (24.02%). (4) The binding free energy
(ΔGbind) of the variants M3 and M5 was higher than that of
the WT (−18.3 kcal/mol) due to the enhanced interaction
(Figure 4e).
Substrate Scope of RoLAAO and Its Applications in the
Synthesis of α-Keto Acids

As shown in Table 1, the variant M5 can transform 19 of the
20 kinds of L-amino acids to the corresponding keto acids,
showing modest-to-excellent catalytic efficiency (TTNs varied
from 106 to 655398). For S1−S5, M5 showed a higher TTN
than the WT (4.4−13.5-fold), except for S1 (TTN from 0 to
106), with the highest TTN in S2 (655398). For S6−S9, TTN
was increased approximately 3-fold compared with that of the
WT, except for S8 (TTN from 0 to 133). However, variant M5
did not exhibit catalytic activity for S10, which is a cyclic
amino acid. For S11−S14, TTN was increased by 5.7−11.5-
fold and 1.1−2.5-fold for S15 and S16, respectively, compared
with that of the WT. For S17−S20, TTN was increased by
2.9−8.3-fold compared with that of the WT. So M5 was an
efficient universal enzyme, showing a broad substrate spectrum
and a high catalytic efficiency for L-amino acids.

To further increase the efficiency of the production of α-keto
acids, the transformation conditions were optimized using E.
coli as a whole-cell catalyst expressing the variant M5 (Figure
S7). The reactions were then scaled to a 5 L reactor under the
optimum conditions (pH 8.0 Tris-HCl, 30 °C, 20 g/L wet cell,
and 2200 U/mL catalase). The titer of α-keto acids (α-
phenylpyruvic acid [α-PPA], α-keto-isovalerate [α-KIV], α-
keto-γ-methylthiobutyric acid [α-KMTB], and α-ketoisocap-
roate [α-KIC]) produced from 100 g/L of the corresponding
substrates (L-Phe, L-Val, L-Met, or L-Leu) was ≥95.1 g/L with
≥95% conversion yield and ≥142.7 g/L/d space-time yields
(STY) in 12−24 h. These findings demonstrate the potential
of the engineered variant M5 to produce α-keto acids (α-PPA,
α-KIV, α-KMTB, and α-KIC) from L-amino acids for industrial
applications due to high titers and high conversion rates.

■ DISCUSSION
In this study, a C−N cleavage enzyme RoLAAO was screened
to efficient produce α-keto acids from L-amino acids. Also, two
key steps, S → [TS1] in step 1 and Int1 → [TS2] in step 2
were identified based on the catalytic mechanisms via MD
simulation and DFT calculations. We used rational design
(reprogramming the [TS1] and [TS2] transition states to
reduce the energy barrier) to engineer the variant M5 with the
highest TTN. The substrate spectrum of variant M5 expanded
to 19 types of L-amino acids with high TTN, and the titer and
conversion rate of α-keto acids were 95.1 g/L and 95%,
respectively, in a 5 L bioreactor. These results demonstrate
that lowering the energy barrier of RoLAAO is a potential
strategy to further increase catalytic efficiency. These results
demonstrate that lowering the energy barrier of RoLAAO is a
potential strategy to further increase catalytic efficiency. Also,
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these findings demonstrate the efficacy of the developed
variant M5 for improving the α-keto acids titer and represent a
potentially attractive strategy for the industrial production of
α-keto acids from L-amino acids. This successful engineering
effort could potentially guide protein engineering on other
enzymes to improve their catalytic efficiency.

In this study, two transition states ([TS1] and [TS2]) were
identified. [TS2] was determined to be the rate-limiting step
affecting the TTN by combining the catalytic mechanism of
LAAO with QM and MD tools. The rate-limiting step in
LAAO is similar to the C−N cleavage reaction catalyzed by
LAAD47 because both enzymes are dependent on FAD, and
their rate-limiting step involves an energy barrier caused by
hydride transfer. However, this differs from C−N cleavage
catalyzed by transaminases, such as PLP-dependent ω-
transaminase, which has more rate-limiting steps.30 In our
study, based on the catalytic mechanism, the energy barrier
was reduced by reprogramming [TS1] and [TS2]. Thus, the
M5 variant led to a significant increase in the TTN (1.5−26.8-
fold increase for the selected substrates). Rational enzyme
design based on catalytic mechanisms has been widely used to
modify enzymes, such as the coronavirus 3C-like protease
(3CLPro),50 tryptophan 6-halogenase (Thal),51 cytochrome
C,37 and imine reductase,52 to meet the requirements of
industrial application. For example, after determining the
catalytic mechanism of 3CLPro, a residue pair (Glu−His) and a
stable hydrogen bond were found to play a substrate-binding
role, and a partial negative charge cluster formed by Arg−Tyr−
Asp was found to be essential for catalysis. Following a
mutation strategy (i.e., introducing a powerful hydrogen bond
interaction between the ligand and critical residue of 3CLPro),
the enzymatic activity was improved by 8-fold.50 In addition,
enzyme energy barrier engineering has been used to improve
the physical and catalytic properties of ω-transaminase (ω-
TA)30 and decarboxylase.32 For example, the catalytic
efficiency for bulky substrates was increased by 1.5−26.8-fold
in turnover number by decreasing the energy barrier of three
high-energy barrier steps in ω-TA.30 Another example is the
reduction in the energy barrier of orotidine-5′-monophosphate
decarboxylase by creating an unstable ground state of the
substrate, which resulted in a considerable increase rate of 17
orders of magnitude compared with that of the uncatalyzed
reaction.32 The catalytic mechanism-based protein design
strategy exhibits several advantages, including small mutation
libraries, high accuracy, and a high success rate, which could
greatly reduce the required experimental effort within
reasonable limits.

α-Keto acids can be produced from the corresponding L-
amino acids by the catalytic activity of transaminase,30

LAAD,47 LAAO,42,43,48 and L-glutamate oxidase (LGOX).53

Among these, the reaction catalyzed by transaminase is
reversible and requires many amine donors.30 LAAD is a
membrane-dependent and only suitable for whole-cell
conversion,47 the conversion efficiency of the pure enzyme is
very low, and it cannot be immobilized. LGOX can only
catalyze ketoglutarate from glutamate due to its high
specificity,53 such as for the production of α-ketoglutarate,
which has been shown in the industrial scale (LGOX was
applied with a substrate concentration of 73.6 g/L (339 mM)
and reached a space-time yield of 14.2 g/L/h).54 In recent
years, a multitude of studies have focused on engineering
enzymes that catalyze the C−N cleavage of L-amino acids to
produce α-keto acids. For instance, the strategy of engineering

substrate pockets and channels is used to design LAAD’s
pocket and channel; for the substrates, L-Leu and L-Ile
significantly improved the catalytic efficiency of α-ketoisocap-
roate (yield 107.1 g/L, conversion 98.0%) and α-keto-β-
methylvalerate (yield 98.9 g/L, conversion 99.0%).55 Another
study revealed that shortening the hydride transfer distance
and expanding the substrate spectrum of LAAD can efficiently
catalyze the oxidative deamination of six L-amino acids to
directly synthesize α-keto acids.47 However, it was difficult for
these engineering enzymes to use one of them to catalyze the
synthesis of various α-keto acids via C−N cleavage of L-amino
acids. Therefore, LAAO is the most suitable enzyme for the
synthesis of a series of α-keto acids. In this study, the best
variant, M5, could catalyze six groups and 20 kinds of natural L-
amino acids, and the catalytic performance for S1−S20 was
increased from a TTN of approximately to approximately
655398, except that for S10. The M5 variant was able to
convert a series of L-amino acids into their corresponding α-
keto acids. It is an efficient universal enzyme, showing a broad
substrate spectrum and a high catalytic efficiency for L-amino
acids. The M5 variant developed in this study can be used to
produce α-keto acids (α-PPA, α-KIV, α-KMTB, and α-KIC) at
high titers and with high conversion rates, which could be used
to treat nephropathy. The results of our study show that
RoLAAO is an excellent enzyme for the industrial production
of α-keto acids.

■ CONCLUSIONS
In conclusion, a C−N cleavage enzyme RoLAAO was screened
to efficient produce α-keto acids from L-amino acids. Also, two
key steps, S → [TS1] in step 1 and Int1 → [TS2] in step 2,
were identified based on the catalytic mechanisms via MD
simulation and DFT calculations. We then developed a protein
engineering strategy to reprogram the [TS1] and [TS2]
transition states to reduce the energy barrier, and a variant M5
with the highest TTN was achieved. The substrate spectrum of
variant M5 expanded to 19 types of L-amino acids with high
TTN, and the titer and conversion rate of α-keto acids were
95.1 g/L and 95%, respectively, in a 5 L bioreactor. These
results demonstrate that lowering the energy barrier of
RoLAAO is a potential strategy to further increase catalytic
efficiency. Also, these findings demonstrate the efficacy of the
developed variant M5 for improving the α-keto acids titer and
represent a potentially attractive strategy for the industrial
production of α-keto acids from L-amino acids. This successful
engineering effort could potentially guide protein engineering
on other enzymes to improve their catalytic efficiency.

■ METHODS

Materials
The expression plasmid pET-28a (+) and host strain E. coli BL21
(DE3) were purchased from Novagen (Madison, WI, USA). The
construct containing the MBP tag strain, pET-28a-SrMBPPLD/
BL21(DE3),44 was obtained from the FMME laboratory (Jiangnan
University, China). The restriction enzymes (BamH I, Hind III, and
Dpn I), Prime STAR Max DNA polymerase, and KOD polymerase,
were purchased from TaKaRa Biomedical Technology (Dalian,
China), and a one-step cloning kit was supplied by Vazyme (Nanjing,
China). The cloning inserts were generated via the polymerase chain
reaction (PCR) of the open reading frames (ORFs) of interest from
the respective genomes or synthesized by GENEWIZ (Suzhou,
China). Except for the wild type of RoLAAO synthesized by
GENEWIZ, MBP-RoLAAO and variants were obtained from plasmids
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of existing strains in the laboratory; the DNA and protein sequences
can be seen in the Supporting Information. Catalase, isopropyl β-D-1-
thiogalactopyranoside (IPTG), and the required antibiotics were
purchased from BBI Life Sciences (Shanghai, China). L-Amino acids
were purchased from Aladdin Reagents (Shanghai, China). Product α-
keto acid standards were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Other commercial reagents were purchased from
Sinopharm Chemical Reagent (Shanghai, China) and used without
further purification. All other chemicals and solvents were purchased
commercially.

Enzyme Selection, Screening, Expression, and Purification
To identify an efficient enzyme for the synthesis of α-keto acids from
L-amino acids, we screened and selected enzymes that catalyze the
cleavage of C−N bonds of L-amino acids from the BRENDA Enzyme
Database (https://www.brenda-enzymes.org/). Among them, trans-
aminases (enzymes 1−2) catalyzing transamination require additional
amino acceptors (e.g., α-ketoglutaric acid); the dehydrogenase
(enzymes 3−4)-catalyzed reaction is reversible and requires the
addition of the cofactor NAD. Oxidases could be divided into broad-
scope oxidases (enzyme 5) and specialized oxidases (enzymes 6−16)
(Table S1a). Generally, broad-spectrum amino acid oxidases (EC
1.4.3.2) can act on a variety of substrates, whereas specialized oxidases
act only on their corresponding substrate amino acids and their
derivatives. Using EC 1.4.3.2 as the keyword, a total of 228 LAAOs
from different organisms were found, of which most were of
eukaryotic origin (62.99%), with the viperus source as the widest
specificity of substrates; it acted on a variety of amino acid substrates
(Table S1b). Among them, LAAOs from fungi and cyanobacteria
have a narrower substrate spectrum, catalyzing reactions involving up
to 4−5 substrates, and these LAAOs are not easily expressed in
soluble form in E. coli. Hence, LAAO derived from bacteria were
screened in detail according to the catalytic substrates of LAAO, and
the results are shown in Table S1c. Among them, an LAAO from
Rhodococcus opacus (RoLAAO) with a broad substrate scope was
screened as the research target.

All the desired purified proteins and variants were subjected to the
following operating conditions: strains were cultivated in LB medium
containing 0.05 mg/mL kanamycin at 220 rpm and 37 °C for 8−12 h
and used as the inoculum (2%). The culture was then transferred to
Terrific Broth medium with appropriate kanamycin and cultured at 37
°C and 220 rpm. When the OD600 of the culture broth reached 0.6−
0.8, IPTG at a final concentration of 0.2 nM was added to the
medium. The cells were induced at 16 °C for 18 h. After induction
with IPTG, the medium was centrifuged at 6000 × g, 4 °C for 10 min;
the cells were collected and then resuspended in a lysis buffer (20 mM
Tris-HCl at pH 8.0, 20 mM imidazole, and 500 mM NaCl); and the
cells were lysed using a high-pressure homogenizer. The resulting
crude lysate was centrifuged at 40,000 × g at 4 °C for 30 min. The
supernatant was collected, and the protein containing the His-tag was
captured using a Ni-NTA Superflow resin for 30 min and then
released using an elution buffer (20 mM Tris-HCl at pH 8.0, 0.3 M
NaCl, and 0.5 M imidazole). Protein concentration was determined
using a bicinchoninic acid protein assay kit (Solarbio, China), and
purity was determined using sodium dodecyl-sulfate polyacrylamide
gel electrophoresis.

Mutagenesis Experiments
The experiments about protein engineering of RoLAAO were
performed using whole-plasmid PCR with KOD-Plus-Neo. The
whole plasmid PCR system (50 μL) was composed of KOD DNA
polymerase (1 μL), 10 × KOD PCR Buffer (5 μL), 2 mM dNTP mix
(5 μL), 25 mM MgSO4 (3 μL), template (50−200 ng), corresponding
primers (10 μM with 1 μL), and sterilized water. The PCR product
was digested with the DpnI quick‑cutting enzyme at 37 °C for 30−45 min.
The PCR products were transformed into E. coli BL21 (DE3) cells for
the following screening or DNA sequencing (GENEWIZ, China).
Details of the mutagenesis experiments can be found in the
Supporting Information, the primers used are listed in Table S3.

Performance Parameter Assay
The performance parameters of RoLAAO was monitored using the
2,4-dinitrophenylhydrazine chromogenic method. The principle is
that the products α-keto acids and 2,4-dinitrophenylhydrazine will
undergo a color development reaction to produce brownish-red 2,4-
dinitrophenylhydrazone.

Analytical Methods of Substrate L-Amino Acids and
Product α-Keto Acids
The samples were filtered through a 0.22 μm organic membrane, and
then the titer of substrate L-amino acids was determined via HPLC
using a Dionex UltiMate 3000 VWD detector (Thermo Fischer
Scientific, Germany), an Agilent Zorbax SB-Aq column (4.6 × 150
mm; Agilent Technologies, USA), and an FLD detector (Thermo
Fischer Scientific, Germany) under the following conditions:
excitation at 330 nm and emission at 465 nm, automatic precolumn
derivatization with o-phthalaldehyde (OPA), sample injection volume
of 8 μL, sample mixed with 4 μL of OPA, a flow rate of 1 mL/min,
and mobile phase A consisting of a buffer (10 mM KH2PO4 at pH
5.3), methanol, and acetonitrile at 1:3:5 (v/v/v). The gradient was
applied as follows: 80% A at 0 min, 65% A at 5 min, 35% A at 10 min,
30% A at 15 min, 50% A at 20 min, and 80% A at 23 min.

The titer of α-keto acids was determined via HPLC using a Dionex
UltiMate 3000 VWD detector and an Aminex HPX-87H Ion
Exclusion column (300 × 7.8 mm) under the following conditions:
column temperature of 35 °C, detection wavelength of 210 nm,
injection volume of 10 μL, and flow rate of 0.6 mL/min. The mobile
phase consisted of 5 mM H2SO4. The HPLC chromatogram of the
substrate/product standard sample and the corresponding conversion
of the sample solution are shown in Figures S10−S25. The conversion
of α-keto acids from L-amino acids was calculated as follows:
conversion = [(m1/M1) ÷ (m2/M2)] × 100%. In the formula, the
molecule m1 is the mass of the product α-keto acids, the denominator
m2 is the mass of the substrate L-amino acids, M1 represents the
relative molecular mass of the substrate, and M2 represents the
relative molecular mass of the product.

Initial Structural Preparation for Computational Studies
The initial structure of RoLAAO with bound cofactor FAD and L-Phe
was based on the structure of RoLAAO (PDB ID: 2JB2).42 The
missing residues (432−439) in the crystal structure of 2JB2 were
completed using AlphaFold2, and then the entire RoLAAO structure
was created by structural alignment with 2JB2. The initial coordinates
of the RoLAAO variants were constructed using AlphaFold2 (See ″ab
initio modeling of RoLAAO with AlphaFold2″ for details in Supporting
Information). The protonation states of the charged residues were
determined at a constant pH of 8.0, based on pKa calculations using
the PROPKA program56 and considering the local hydrogen bonding
network. In the RoLAAO wild-type/variant M3 models, residues
His13, 296, 400, and 436 were set as HIE, and residues His76, 89,
385, 460, 469, 481, and 483 were set as HID. In the models of the
histidine-containing RoLAAO variant, residues His13, 296, 400, and
436 were assigned as HIE, residues His76, 89, 385, 460, 469, 481, and
483 were set as HID, and the histidine mutation site was set as either
HID or HIE. In the models of 2IID, residues His35, 57, 223, and 440
were set as HIE, and residues His256, 314, 321, 342, 360, 401, and
463 were set as HID. In these models, all Asp and Glu residues were
deprotonated, while the Lys and Arg residues were protonated. The
bond and angle force constants were determined using the Seminario
method,57 and point charge parameters for electrostatic potentials
were determined using the ChgModB method. Each model was
neutralized by the addition of Na+ ions and solvation in a truncated
octahedral TIP3P water box with a buffer distance of 10 Å on each
side.

Molecular Docking
To dock the FAD cofactor and L-Phe to the active sites of the
RoLAAO variants, 50000 uniformly distributed snapshots from the
100 ns MD simulation (with time intervals of 2 ps) were selected and
divided into 10 groups using a hierarchical agglomerative (bottom-
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up) approach. The cofactor FAD and substrate L-Phe of RoLAAO
were fully optimized at the b3lyp/6-311++g(2d,p) level of Gaussian
16 using the CPCM modelin water.58 FAD positions were determined
by alignment with the 2JB2 structure, and then the substrate L-Phe
was docked to the active site of one representative group snapshot to
mimic the FAD-L-Phe-RoLAAO complex. Molecular docking was
performed with the Lamarckian genetic algorithm local search method
using AutoDock Vina.59 The docking approach was used for a rigid
receptor conformation, while all rotatable torsion bonds of L-Phe were
left free. A grid box was centered near the residues 84, 371, 426, 466,
and 467 and FAD isoalloxazine ring, and its size was set at 20 × 20 ×
20 Å with a spacing of 0.375 Å. A total of 500 independent docking
runs were performed with a maximum energy evaluation of 2.5 × 107.
The 500 docked conformations obtained were clustered with an
RMSD of 2.0 Å and ranked using an energy-based scoring function.
The possible catalytically active binding modes were selected as initial
configurations to perform MD simulations of RoLAAO variants in
complex with FAD-L-Phe, according to the scoring function and
reasonable conformation.
MD Simulations
All MD simulations were performed using the Amber 18 package
software.60 The MD pre-equilibrated RoLAAO wild-type, its variants,
2IID structures, and possible catalytically active binding modes of
FAD and L-Phe were used as initial conformations for MD simulations
of the protein−ligand complexes. The partial charges of FAD and L-
Phe were fitted using HF/6-31G(d) calculations and the restrained
electrostatic potential protocol61 implemented by the Antechamber
module in the Amber 18 package.60 The force field parameters for
FAD and L-Phe were adapted from the standard general amber force
field 2.0 (gaff2) parameters,62 whereas the standard Amber14SB force
field was used to describe the protein. Each system was first
neutralized with Na+ counterions and solvated with explicit TIP3P
water in a truncated octahedral box with a 10 Å buffer distance. The
resulting system contained 492 (RoLAAO wild-type [or its variants]
bound with FAD and L-Phe) and 485 (2IID bound with FAD and L-
Phe) residues/molecules.

Each system was brought to equilibrium with a series of
minimizations interspersed by short MD simulations, during which
restraints on the heavy atoms of the protein backbone were gradually
released (with force constants of 10, 2, 0.1, and 0 kcal [mol Å−2]) and
then slowly heated from 0 to 300 K for 50 ps. Finally, a standard
unrestrained 100 ns MD simulation with periodic boundary
conditions at 300 K and 1 atm was performed. The pressure was
maintained at 1 atm and coupled with isotropic position scaling. The
temperature was maintained at 300 K using the Berendsen
thermostat. Long-range electrostatic interactions were treated using
the particle mesh Ewald method, and a cutoff of 12 Å was applied to
both particle mesh Ewald and van der Waals interactions.63 A time
step of 2 fs was used along with the SHAKE algorithm for hydrogen
atoms, and a periodic boundary condition was used. For each system,
total of three replicas of 100 ns each were carried out, accumulating a
total of 300 ns of simulation time. The conformations visited by the
enzyme along all this simulation time were clustered based on protein
backbone RMSD, and the most populated cluster was selected as a
representative structure of these enzymes. The CPPTRAJ module was
used to calculate the stability (structure, energy, and temperature
variations), convergence (RMSD of the structures), distance, and
angle of each system in the AmberTools18 software.60

DFT Calculations
DFT calculations were performed using the Gaussian 16 package.64

All DFT structures were constructed based on the crystal structure of
RoLAAO (PDB ID: 2JB2), the results of MD simulations, and the
catalytic mechanism (see section “Additional Notes on Computa-
tional Modeling” of the Supporting Information for details).
Considering the characteristics of the results of RoLAAO in our
study, the catalytic site is located in the open active pocket, and its
dielectric constant is consistent with the CPCM model. In addition,
this model is also used in many calculation models of direct contact
between active sites and aqueous solution. Therefore, we used a

continuum model (CPCM)65−68 that simulates the system being
completely surrounded by liquid water and is suitable for a reaction
taking place inside the pocket of an enzyme. Geometry optimizations
of the minima and transition states involved were performed at the
B3LYP-D3 level of theory with the 6-31+G (d) basis set. Vibrational
frequency calculations were performed at the same level to ensure that
all stationary points were transition states (one imaginary frequency)
or minima (no imaginary frequency) and to evaluate zero-point
vibrational energies and thermal corrections at 298 K. Single-point
energy calculations were performed at the B3LYP-D3 level using the
6-311+G(2d,p) basis set. Solvation by water was considered using the
CPCM model58 for all of the above calculations. Additional notes on
computational modeling and all supporting computational data can be
found in the Supporting Information. Optimized DFT structures are
illustrated with CYLView (https://www.cylview.org/).
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