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Abstract

Objectives This study aimed to discuss the essen-
tial amino acid residues and catalytic mechanism of
trans-epoxysuccinate hydrolase from Pseudomonas
koreensis for the production of meso-tartaric acid.
Results The optimum conditions of the enzyme
were 45 °C and pH 9.0, respectively. It was strongly
inhibited by Zn**, Mn>* and SDS. Michaelis-Menten
enzyme kinetics analysis gave a K, value of 3.50 mM
and a kg, of 99.75 s™', with an exceptional EE value
exceeding 99.9%. Multiple sequence alignment
and homology modeling revealed that the enzyme
belonged to MhpC superfamily and possessed a
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typical a/f hydrolase folding structure. Site-directed
mutagenesis indicated H34, D104, R105, R108,
D128, Y147, H149, W150, Y211, and H272 were
important catalytic residues. The '®0-labeling study
suggested the enzyme acted via two-step catalytic
mechanism.

Conclusions The structure and catalytic mechanism
of trans-epoxysuccinate hydrolase were first reported.
Ten residues were critical for its catalysis and a two-
step mechanism by an Asp-His-Asp catalytic triad
was proposed.
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Introduction

Epoxysuccinate hydrolases (ESHs) are members of
epoxide hydrolases (EHs, EC 3.3.2.3) that catalyze
the conversion of epoxysuccinate to tartaric acid
(TA). The enzymatic properties of ESHs determine
the chiral properties of TA. TA comprises three opti-
cally active isomers: L(+)-TA, D(—)-TA and meso-T.
The corresponding ESHs for these isomers are named
CESHIL], CESH[D], and TESH, respectively (Xuan
and Feng 2019).

Meso-TA is a rare enantiomer of TA, is highly
sought after as an anti-caking due to its desirable
properties such as environmentally safe, low toxicity,
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and effectiveness in small quantities. Meso-TA holds
substantial market potential in chloride production,
snow remova, pharmaceuticals, anti-malaria, and new
materials. The demand for meso-TA continues to rise
(Varga et al. 2013; Dutta and Gellman 2017; Bitew
et al. 2019).

Currently, the chemical synthesis method for TA
conversion suffers from low efficiency, primarily due
to the challenges in separating different TA configu-
rations. Bio-transformation offers several advantages,
including mild reaction conditions, excellent chemo-,
regio-, and enantio-selectivity, making it a simple and
cost-effective approach for TA production (Bao et al.
2020).

The protein structures and catalysis mechanisms
of CESH[L] and CESH[D] have been extensively
studied. Three genes encoding CESH[L]s from
Rhodococcus opacus (RRCESHI[L]), Nocardia tar-
taricans (NoCESH[L]), and Klebsiella sp. BK-58
(KICESH[L]) have been cloned and sequenced (Pan
et al. 2011; Vasu et al. 2012; Cheng et al. 2014).
These enzymes belong to the haloacid dehaloge-
nase (HAD)-like superfamily, characterized by the
typical Rossmann fold with a flexible cap domain
(Novak et al. 2013). Recently, the crystal structures
of RhCESH[L] and KICESHJ[L] were analyzed, pro-
posing the catalytic triad of RACESH[L] as DI18-
H190-E212 (Dong et al. 2024). R55 stabilizes the
oxygen of the epoxide and provides a proton to facili-
tate epoxy ring opening. The amino acids surround-
ing the carboxyl groups stabilize the substrate, which
is securely held within the binding pocket resembling
crab claws (Dong et al. 2024). CESH[D] from Bor-
detella sp. BK-52 belongs to beta-keto acid cleav-
age enzyme (BKACE) superfamily and possesses a
canonical (f/a)g TIM barrel fold. In this case, a zinc
cation interacts with H47-H49-E14, forming a chelate
with deep cavity of the barrel center. Combining the
study of 80 tracing experiments (Bao et al. 2013),
CESHI[D] adopts a one-step catalytic mechanism. The
crystal structure of CESH[D]-D115A/D-TA demon-
strates that catalytic water is activated by D115 and
E190, while residue R11 provides a proton to the
oxirane oxygen atom (Dong et al. 2018).

However, there have been limited reports on TESH
enzyme. In 1955, Martin and Foster initially identi-
fied a Flavobacterium sp. capable of converting trans-
epoxysuccinate to meso-TA and named this enzyme
trans-epoxysuccinate hydrolase (TESH, EC 3.3.2.4)
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(Martin and Foster 1955; Foster 1960). Subsequently,
in 1969, Allen and Jakoby purified TESH from Pseu-
domonas putida and studied its enzymatic properties
(Allen and Jakoby 1969). More recently, we isolated
Pseudomonas koreensis BK-9, which exhibited the
ability to produce meso-TA, and successfully cloned
its TESH gene in our lab (Zhang 2015; Zhang et al.
2016). However, there have been no further reports on
the structure and catalytic mechanism of the TESH.

In this study, we extensively characterized the
enzymatic properties of TESH from P. koreensis
BK-9. We investigated its structure, identified criti-
cal amino acid, and proposed its catalytic mechanism
using multiple sequence alignment, homologous
modeling, molecular docking, site-directed mutagen-
esis, and isotope labeling. Our finding revealed that
ten residues (H34, D104, R105, R108, D128, Y147,
H149, W150, Y211, and H272) play a vital role in
catalysis, and we proposed a two-step mechanism
involving an Asp-His-Asp catalytic triad.

Materials and methods
Strains, plasmids, primers, and culture conditions

P. koreensis BK-9 was isolated by our lab and depos-
ited at the China General Microbiological Culture
Collection Center with the identification number
CGMCC NO.8395 (Zhang et al. 2016). The BK-9
strain was cultivated following the method described
by Bao et al. (2013). The TESH gene of BK-9 (Gen-
Bank accession no. WP_151550555) was cloned
and expressed in Escherichia coli BL21 (DE3)-pET-
15b(+)-TESH by our laboratory (Zhang 2015).

Multiple sequence alignment and homology
modeling

The amino acid sequence of TESH from P. koreensis
BK-9 was aligned using Clustal Omega (https://www.
ebi.ac.uk/Tools/msa/clustalo/) to identify conserved
sites. The modeled of TESH was generated using
Swiss-Model (https://swissmodel.expasy.org/). The
docking of the trans-epoxysuccinate with the mod-
eled TESH structure was analyzed by the Discovery
Studio 2019 client, and the docking results were visu-
alized by PyMol (Version 2.5).


https://www.ebi.ac.uk/Tools/msa/clustalo/
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://swissmodel.expasy.org/

Biotechnol Lett (2024) 46:739-749

741

Construction of site-directed mutagenesis

Based on the reaction mechanism study of the CESH
and the alignment results, site-directed mutagenesis
was carried out using the PrimeSTAR® Max DNA
Polymerase (Takara) with two reverse complement
primers. The primers listed in Table S1 were synthe-
sized by Sangon Biotech (Shanghai, China).

Enzyme purification and characterization

Both wild-type and mutant TESHs were expressed
in E.coli BL21 (DE3) cells and purified using a
His-binding resin column (York Biotech, Shanghai,
China). The purification method used for CESH[D]
was adapted (Bao et al. 2013), and salt ions were
removed via ultrafiltration.

The effect of temperature, pH, metal ions, and
surfactants on the activity and stability of TESH
were investigated according to the methods used for
CESHJ[L] (Wang et al. 2012). The optimal tempera-
ture and pH were determined by varying the assay
temperatures (at pHS8.0) and pH buffers (at 37 °C) for
30 min. After incubating TESH at different tempera-
tures and pH levels (at room temperature) for 30 min,
the enzyme was then adjusted to a standardized con-
dition of 37 °C and pH 8.0 to determine its stability.
The relative activity that assayed under standard reac-
tion was taken as 100%. The K, V,.,, and k., val-
ues of the enzymes were determined using Michae-
lis-Menten plots at increasing trans-epoxysuccinate
concentrations ranging from 5 to 170 mM.

Isotope label

The synthesis of TA requires the participation of
water molecules, we use HZISO to label the reaction
system according to the methods used for CESH[D]
(Bao et al. 2013). For the single turnover reaction,
200 nmol of TESH and 40 nmol of disodium trans-
epoxysuccinate were dissolved in 500 pL of H,'®0,
then incubated the mixture at 30 °C for 12 h. In the
case of the multiple turnover experiment, 40 nmol of
TESH and 400 nmol disodium trans-epoxysuccinate
were mixed in 500 pL of H,'®0O and incubated at
30 °C for 12 h. The reaction was terminated by add-
ing an equal volume of methanol, then measured the
molecular mass of the produced tartrate by G6465B

Ultivo Triple Quadrupole LC/MS (Agilent, USA)
(Bao et al. 2013).

Enzyme assay

TESH activity was assayed at 37 °C for 30 min
in 1 mL of 0.2 M disodium trans-epoxysuccinate
(20 mM Tris—HCI, pH 8.0). The quantity of meso-TA
was determined by high performance liquid chroma-
tography on a chiral column (Chirex 3126 (D)-peni-
cillanmin, 50x4.6 mm) at 60 °C with a sample vol-
ume of 10 pL.. The mobile phase consisted of 88% of
1 mM copper acetate and 50 mM ammonium acetate
(pH 4.5) and 12% of isopropanol with a flow rate of
1 mL/min. The detection was done at 280 nm. (Cheng
et al. 2014). One unit of TESH activity was defined
as the amount of the enzyme that generates 1 pmol of
meso-TA per minute. Specific activity was defined as
the number of units per milligram of protein. Protein
concentration was determined by the Bradford protein
assay kit (Shanghai, China).

Results and discussion
Characterization of TESH

The optimum temperature and pH of TESH from P.
koreensis BK-9 were determined to be 45 °C and pH
9.0, respectively (Fig. 1A, B). However, when incu-
bated at 45 °C for 30 min, TESH activity significantly
decreased, with only 10% of the residual activity
remaining at pH levels below 5 or above 10 (Fig. 1A,
C), indicating poor temperature and pH stability.
Statistical analysis indicated that Mg**, Ca’*,
Ba®" acted as activators can enhance TESH activity
(P<0.01), Zn**and Mn?** can inhibited the activ-
ity of TESH (P<0.001). However, adding 10 mM
EDTA-Na, still retained 86.52% activity, varying
the concentration of EDTA-Na, did not cause a sig-
nificant change in enzyme activity, as indicated in
Table S2. These finding suggest that TESH does not
rely on metal ions for its function. However, SDS was
a strong inhibitor, disrupting the folded protein of the
protein and leading to a 95.85% decrease in enzyme
activity (Fig. 1D). The kinetic parameters were
determined by Michaelis—-Menten plotting method
(GraphPad Prism 9.5). The values of K, and k_,, were

cat
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Fig. 1 Characterization of TESH from P. koreensis BK-9. Val-
ues are mean=+SD calculated from triplicate determinations.
The values are shown as relative activities, with the activity
under standard condition indicated as 100%. A Effect of tem-

calculated to be 3.50 mM and 94.75 s™!, respectively
(Fig. S1).

Sequence comparison of TESH and reported EHs

The sequence comparison results indicated that
TESH showed no homology to other reported ESHs.
While CESH[L]s belong to the HAD like superfam-
ily, CESH[D]s belong to the BKACE superfamily,
TESH belongs to MhpC superfamily characterized by
the typical o/p hydrolase folding structure. We used
Clustal Omega to compare the TESH sequence with
12 structurally characterized proteins from MhpC
superfamily. It showed low but considerable sequence
identity ranging from 19 to 54%. Several residues
were highly conserved, including six nonpolar amino
acids (G33, G61, G63, L48, L.59, P235), two aspartic
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acids (D58 and D104), two histidine residues (H103
and H272) and one lysine residue (Y211). These resi-
dues includ two motifs and several highly conserved
catalytic residues (Fig. 2).

The residue X within the H-G-X-P motif plays a
role in stabilizing the negative charge that develops
on the carbonyl oxygen of the nucleophilic aspar-
tate. Typically, this residue is an aromatic residue or
a charged amino acid (Loo et al. 2006). However, the
function of the conserved D-L-R/P-G-X;-G-X,-S/T
motif following strand p4 has no been reported yet
(Mitusinska et al. 2022). In the case of o/p hydrolase
fold epoxide hydrolase, the nucleophile in the cata-
lytic triad is aspartate (Fig. 2, position 1), responsi-
ble for attacking the epoxy ring (Loo et al. 2006).
The histidine that preceded it is highly conserved
but previously neglected. It is electrostatically linked
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Fig. 2 Sequence alignments for TESH from P. koreensis BK-9
and twelve structurally characterized proteins from the MhpC
superfamily. The sequences were aligned with Clustal Omega
and were shown in order of decreasing sequence identity com-
pared to TESH. Identical amino acids are marked with an
asterisk, conserved substitution residues with a colon, semi-
conserved substitution residues with a period, and residues
mutagenized in this study with a pound sign. a-Helices are
underlined, and B-strands are shaded. The sequences are as fol-
lows: 3QYJ, putative a/p hydrolase from Nostoc sp. PCC 7120
(Q8Z0Q1); 4NVR, putative acyltransferase from S. enterica
(Q8ZRI7); 8SDC, fluroacetate dehalogenase (FAD) DAR3835
from D. aromatica (Q479B8); 1Y37, FAD FAl from Bur-

to the general base of potato epoxide hydrolase
(StEH1), providing charge balance in its protonated
form (Amrein et al. 2015). Y211, a conserved site in
EHs, mainly forms hydrogen bonds with oxygen on
the epoxide ring and provides a proton to assist ring
opening. It usually forms oxygen anion holes with a

#
#

kholderia sp.FA1 (Q1JU72); SSWN, FAD RPA1163 from
R. palustris CGAO009 (Q6NAMI1); 4B9A, putative epoxide
hydrolase from P. aeruginosa PAO1 (Q91229); 7ACO0, epoxide
hydrolase CorEH from Corynebacterium sp. C12 (052866);
3KD2, CFTR inhibitory factor Cif from P. aeruginosa
UCBPP-PA14 (AOAOH2ZD27); 6KXR, putative hydrolase
Alp 1U from S. ambofaciens ATCC 23877 (AOAOK2AJY3);
1EHY, Epoxide hydrolase ArEH from A. radiobacter ADI
(031243); 2CIP, epoxide hydrolase StEH1 from S. tubero-
sum (Q41415); 5XM6, hydrolase VrEH2 from V. radiata
(AOAOR5NGA4) and TESH, trans-epoxysuccinate hydrolase
from P. koreensis BK-9 (WP_151550555)

Tyr-Tyr pair (Yamada et al. 2000) and has also been
reported to interact with His and Trp (Bahl and Mad-
den 2012). P235 is located in the loop after strand 7,
and there are no reports on this amino acid. As a con-
served amino acid in the Asp-His-Asp/Glu catalytic
triplet of EHs, histidine (Fig. 2, position 2) is mainly

@ Springer
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responsible for activating water to form a hydroxyl
group, thus hydrolyzing the enzyme-substrate com-
plex. However, the acid in nucleophile-histidine-acid
catalytic triad is located either in front of the cap
domain (Fig. 2 position 3a) or after the cap domain
(Fig. 2 position 3b) (Loo et al. 2006). Based on the
results of sequence alignment, it is speculated that
TESH adopts the D104-H272-D128 catalytic triad,
which is important for the site selection of subsequent
molecular docking.

Homology modeling of TESH

We used Swiss-Model to generate the 3D structure of
TESH from P. koreensis BK-9, selecting four template
structures (AlphaFold, 3QYJ, 4NVR and 8SDC) with
the highest amino acid sequence identity to TESH
(ranging from 87.29 to 51.69%). The model quality
was evaluated by Errat, Verify 3D, Whatcheck, and
Procheck (not presented), all four models passed the
evaluation, with the model based on 4NVR template
had the highest score. The Ramachandran plot (Fig.
S2) showed that the percentages of residues falling
in disallowed regions, generously allowed regions,
favorable regions, and core regions were 0.4, 0.9, 7.5,
and 91.2%, respectively. The coverall plot showed

that more than 90% of the residues were within the
favorable region, indicating a good quality model.

The modeled 3D structure of TESH has the typical
eight parallel p-sheets (residues 6-10, 16-22, 27-31,
53-57, 98-103, 121-127, 236-241, and 263-268)
surrounded by a-helices and is covered by a cap-
domain (Fig. 3A). The structure is similar to that of
most a/f hydrolase fold enzyme (Heikinheimo et al.
1999).

The trans-epoxysuccinate substrate and the four
modeled TESH structures were prepared for molec-
ular docking by Discovery Studio. The docking site
was defined with D104-D128-H272, and the dock-
ing radius was adjusted to 0.5 A. Thirteen amino
acids (H34, D104, R105, R108, D128, 1129, Y147,
H149, W150, V175, R179, Y211, H272) were found
near the binding pocket in four docking results, as
labeled on the 4NVR modeled structure by PyMOL
(Fig. 3B).

Site-directed mutagenesis

Combing with the study of CESHs, we mutated thir-
teen amino acid sites to the following rules: H and D
were mutated to N; Q to E; R to K; I, V, and W to
A; Y to F. The purified protein were shown in Fig.
S3. The results of site-directed mutagenesis revealed

Fig. 3 Homology modeled structure of TESH based on
4NVR. A, single monomer of TESH highlighting the highly
conserved main domain consisting of p-Strands (magenta)
surrounded by a-Helices (cyan) and the variable cap domain
(orange) typical for members of the a/f} hydrolase fold super-
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family. The binding pocket is represented by gray. B, substrate
and thirteen amino acids that near the binding pocket are
shown in green and yellow respectively, hydrogen bonds are
dotted in green and salt bonds are dotted in orange
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that six mutants showed relative activities that were
only 2% or less of the wild-type enzyme’s activ-
ity: R108K, D128N, Y147F, H149N, W150A, and
Y211F. Four mutants showed a the lower k. /K
value than the wild-type: H34N, D104N, R105K,
Y211F (Table 1). Although the activity of the H272N
mutant did not change significantly, it is possible that
there is a backup base in the enzyme (Amrein et al.
2015). Moreover, H272 is highly conserved dur-
ing evolution. In conclusion, we speculate that the
ten residues (H34, D104, R105, R108, D128, Y147,
H149, W150, Y211, and H272) played important
roles in the catalysis.

Single and multiple turnover reaction of wild-type
TESH in H,'80

The single and multiple turnover reactions of TESH
from P. koreensis BK-9 in H,'%0 showed that most of
the tartrate molecules were '°O-labeled in the single
turnover reaction (Fig. 4A), while more than 90% tar-
trate molecules were '30-labeled in the multiple turn-
over reaction (Fig. 4B). These results suggested that
the catalytic mechanism of the TESH from P. kore-
ensis BK-9 is similar to that of most o/p hydrolases,
which involves a two-step catalytic reaction with the
forming of an enzyme—substrate ester intermediate.
We aligned the ten important catalytic residues
of the TESH with the corresponding residues in

Table 1 Characterization of wild-type and mutant TESH enzyme?

eight enzymes from MhpC superfamily, which have
reported catalytic mechanisms. They respectively
are fluoroacetate dehalogenase (FAD) DAR3835
from D. aromatic (Khusnutdinova et al. 2023), FAD
RPA1163 from R. palustris (Chan et al. 2011), epox-
ide hydrolase CorEH from Corynebacterium sp. C12
(Schuiten et al. 2021), bacterial virulence factor EH
(Cif) from P. aeruginosa (Bahl et al. 2010), epoxide
hydrolase AlplU from S. ambofaciens (Zhang et al.
2020a), epoxide hydrolase ArEH from A. radiobacter
AD1 (Nardini et al. 1999), epoxide hydrolase StEH1
from S. tuberosum (Mowbray et al. 2006), and epox-
ide hydrolase VIEH2 from V. radiata (Li et al. 2018).
We found expect Cif adopted Asp-His-Glu catalytic
triad, the MhpC family members shown in the figure
all take Asp-His-Asp catalytic triad (Fig. 5A). The
docking results revealed that Aspl04, Aspl28, and
His272 were in close proximity, suggesting a poten-
tial interaction among them. Additionally, Aspl104
was measured to be 2.9 A away from the carbon atom
on the substrate, indicating a favorable position for
nucleophilic attack (Fig. 5B). Therefore, we proposed
that TESH might adopt an Asp104-His272-Asp128 as
catalytic triad.

Like most o/p hydrolase fold enzyme, Tyr resi-
due that near the substrate plays an important role
in assisting ring opening. Firstly, they have a hydro-
gen bond with the epoxide oxygen, which can posi-
tion the substrate in the active site for nucleophilic

Enzyme Relative activity(%) K, (mM) key(s™h koK (mM~! 571
Wile-type 100.00+2.34 3.50 94.75 27.08
H34N 5.75+0.39 7.88 4.73 0.60
D104N 54.53+0.96 83.75 11.41 0.14
R105K 7.94+0.26 17.53 9.06 0.52
R108K 0.20+0.06 - - -
D128N 0.53+0.04 - -

1129A 8.64+0.83 10.48 21.25 2.03
Y147F 1.81+0.09 - - -
H149N 0.34+0.00 - - -
W150A 0.55+0.12 - - -
VI75A 20.79+0.40 6.93 16.88 2.44
R179K 19.04 +0.60 13.20 22.09 1.67
Y211F 0.15+0.03 2.82 0.42 0.15
H272N 11.21+0.20 3.78 15.39 4.07

“The specific activity of the wild-type was 124.38 +2.34 pmol min~! mg™!
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Fig. 4 Ion spray mass spectra of tartrate produced by the
TESH from P. koreensis BK-9 in HZISO. A, single turnover
reaction. B, multiple turnover reaction. The reaction mixtures
were analyzed by the system. The step size was 0.1 atomic

mass units, and the dwell time was 10 ms per step. The ion
spray voltage was set at 4 kV, and the orifice voltage was opti-
mized at 50 V (Bao et al. 2013)
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CorEH —WPQ-——-- HDWGGS——DMIP——INHIF——---Y--H-—H-- Substrate
Cif —FGQ———- HDIGIW-—EAPI——VWHFS———Y—G——H—
AlplU ~—WPQ——— HDIGSM-—DTPH-—LWWWA—-—Y-—F—H--
ArEH —WPG————- HDFAAT-—DPIQ-—SWYSQ————-Y—-D——H--
StEH1 —FPE-———- HDLGAY—SVHF—YVSRF————Y--D——H--
VrEH2 —FPE-——— HDVGAT--SVPL-—YYICR—-—Y--D-—H--
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E Ty47 ‘\\}p éz
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Trpl50 _~g Substrate - sl

Fig. 5 Structure of TESH and comparison of the active site to
other numbers of the MhpC superfamily. A, alignment of the
active site of TESH with FAD D3835, FAD RPA1163, CorEH,
Cif, Alp1U, ArEH, StEH1, VrEH2 and catalytic residues are
highlighted. The catalytic triad Asp-His-Asp/Glu (yellow),
epoxide ring-open amino acids (cyan), and substrate/interme-
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diate-stabilizing residues (magenta and orange) are visualized.
B, Asp104-His272-Asp128 catalytic triad of TESH. C, the res-
idues help epoxide positioning and ring opening. D, arginine
interacting with the carboxyl group in the substrate, orange
lines presenting salt bonds. E, the residues that form hydrogen
bonds with Asp104
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Fig. 6 Proposed catalytic mechanism for the TESH from P.
koreensis BK-9. First, a nucleophilic attack (Sy2) occurs on
the carbon atom in the oxirane ring of the substrate by Asp104,
resulting in the inversion of configuration at C (S) and the for-
mation of an enzyme—substrate intermediate jointed by an ester

attack. Then, tyrosine provides a proton to the epox-
ide oxygen during the ring-opening step (Yamada
et al. 2000). While epoxide hydrolases typically
employ a Tyr-Tyr or His-Tyr pair to assist in ring-
opening (Bahl, Madden 2012), fluoroacetate dehalo-
genase DAR3835 adopts His152-Trp153-Tyr215
(His155-Trp156-Tyr219 in FAD RPA1163) to sta-
bilize the halogen atom and suggests that the side
chain of Tyr150 might also facilitate substrate bind-
ing (Khusnutdinova et al. 2023). The docking results
(Fig. 5C) showed that Tyr147 and Tyr211 located on
different sides of the epoxy ring, with their hydroxyl
groups pointed to the oxygen in the ring, which was
conducive to providing protons for ring opening. The
adjacent chains Tyr147 and His149 interact with two
tyrosine residues, forming an oxyanion hole that sta-
bilizes the oxyanion of the alkyl-enzyme intermediate
formed by ring opening.

In FADs an Arg-Arg pair serves as the binding site
for carboxylic acids on the substrate (Chan et al. 2011;
Khusnutdinova et al. 2023). Docking the substrate
with the protein revealed that the carboxyl group
on the free trans-epoxysuccinic acid had salt bonds
with Argl05, Argl08, and Argl79 (Fig. 5D). The
results were similar to the research on FAD RPA1163
(Wang et al. 2017; Zhang et al. 2020b), wherein one
side of the substrate was secured by Arglll and
Argl14 (corresponding to Argl05 and ArglO8 in
TESH), while the other side interacted with Trp185
(corresponding to Argl79 in TESH). Mutating
Trp185 could obtain a larger binding pocket, thereby
improving the conversion ability for bulky substrate.
According to the mutation experiment, R179K still

bond. Then, the ester bond is hydrolyzed by an active water
molecule active by His272-Asp128 ion pair, leading to the
release of meso-tartaric acid. During the reaction, Tyr147 and
Tyr211 provide a proton to stabilize the oxygen anion

maintained 19% enzyme activity relative to wild bac-
teria (Table 1), so we speculate that Argl79 is not an
essential amino acid of TESH. In addition, we found
Argl05, Argl08 and His34 formed hydrogen bonds
with Aspl04 (Fig. SE). When Aspl04 S\2 attack
C(S) of the substrate, resulting in a configuration
reversal, Argl105, Arg108 and His34 stabilize the neg-
ative charge developed on the carbonyl oxygen of the
nucleophilic Asp104 (Nardini et al. 1999; Loo et al.
2006; Bahl et al. 2016). On the other side of substrate,
Tyr147, His149, Trp150, and Tyr211 stabilize oxygen
anion produced by epoxy ring opening, thus facilitat-
ing the hydrolysis of the alkyl enzyme intermediate
(Fig. 5) (Amrein et al. 2015).

Based on the results and analysis presented, we
propose that the TESH adopted a two-step catalytic
mechanism involving an Aspl04-His272-Asp128
catalytic triad (Fig. 6). The catalytic mechanism
of TESH is differs from the reported CESH[L]
and CESH[D], as CESHI[L] adopts an Asp-His-
Glu catalytic triad and its enzyme activity relay
on SO42_ (Dong et al. 2024). CESH[D] catalyzes
through a Zn**-dependent, one-step mechanism
(Dong et al. 2018). Our research on TESH contrib-
utes to the understanding of ESHs lineage and pro-
vides a theoretical basis for subsequent researches.

Conclusions
The TESH enzyme derived from P. koreensis BK-9

belongs to the MhpC superfamily and possesses
a characteristic ao/f hydrolase folding structure.
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Enzymatic experiments revealed that the optimum
conditions of the enzyme were at the temperature of
45 °C and a pH of 9.0. Like most EHs, TESH cataly-
sis does not rely on the participation of metal ions.
The Michaelis—Menten constant K, was determined
to be 3.50 mmol L™, the constant of catalytic activi-
ties was 99.75 s~!, and the enantiomeric purity was
higher than 99.9%. Combining site-directed mutagen-
esis, multiple sequence alignment, and molecular
docking results, we propose that the residues H34,
D104, R105, R108, D128, Y147, H149, W150, Y211,
and H272 are crucial for the catalytic process. Addi-
tionally, Isotope labeling study suggested the enzyme
acts via an Asp104-His272-Asp128 two-step catalytic
mechanism.
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