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Abstract

In the cysteine and mimosine biosynthesis process, O-acetyl-L-serine (OAS) is the common substrate. In the presence of
O-acetylserine (thiol) lyase (OASTL, cysteine synthase) the reaction of OAS with sulfide produces cysteine, while with
3-hydroxy-4-pyridone (3H4P) produces mimosine. The enzyme OASTL can either catalyze Cys synthesis or both Cys and
mimosine. A cDNA for cytosolic OASTL was cloned from M. pudica for the first time containing 1,410 bp nucleotides.
The purified protein product from overexpressed bacterial cells produced Cys only, but not mimosine, indicating it is Cys
specific. Kinetic studies revealed that pH and temperature optima for Cys production were 6.5 and 50 °C, respectively. The
measured Km, Kcat, and Kcat Km™' values were 159 +21 UM, 33.56 s~! and 211.07 mM~!s™! for OAS and 252 +25 uM,
32.99 57!, and 130.91 mM~!s~! for Na,S according to the in vitro Cys assay. The Cy-OASTL of Mimosa pudica is specific
to Cys production, although it contains sensory roles in sulfur assimilation and the reduction network in the intracellular
environment of M. pudica.

Keywords a-Aminoacrylate - Cysteine - 2,5-Dimethyl-3-pyridinol - O-acetylserine (thiol) lyase - Mimosine

Introduction

Cysteine (Cys) is one of the reduced sulfur sources (Birke
et al. 2015) and the unique access pathway for reduced sulfur
(Wirtz et al. 2012) in plants. It has a cross link with trace ele-
ment exposure and maintains the sulfur homeostasis (Na and
Salt 2011) by upregulating the activities of S-assimilating
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enzymes (Lafaye et al. 2005). In plants, an unusual amount
of sulfide is produced, in contrast with that of animals, in the
S-assimilation pathway (Takahashi et al. 2011). Sulfide is
suspected to be a substrate, toxin, and signal molecule con-
sidering its roles in the plant life cycle (Birke et al. 2015).

Plants uptake sulfate from the soil through their root
channels by specific sulfate transporters (SULTRs) (Buchner
et al. 2004). The formation of adenosine 5'-phosphosulfate
(APS) by ATP sulfurylase (ATPS) is an important branching
point of this pathway. APS is then turned into sulfite, subse-
quently to be reduced to sulfide by the following two enzy-
matic reactions using APS reductase (APR) and ferredoxin
dependent sulfite reductase (SiR). Sulfate reduction usually
occurs in the chloroplasts in green plants, except Euglena
gracilis (Heeg et al. 2008), and only ATPS is localized in
the cytosol (Renosto et al. 1993).

Cys biosynthesis is solely dependent on the rate of OAS
supply (Haas et al. 2008; Wirtz et al. 2004), and Cys gen-
eration becomes inadequate because of the lack of available
sulfide under sulfur limiting conditions, resulting in excess
OAS accumulation (Krueger et al. 2009; Wirtz et al. 2012).
An acetyl moiety from acetyl-CoA is transferred to serine by
serine acetyltransferase (SAT, EC 2.3.1.30), and thus formed
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to OAS. The acetyl group of OAS is transposed via a free
reduced sulfide molecule in a f-replacement reaction by the
O-acetylserine (thiol) lyase (OASTL, EC 4.2.99.8) to invoke
Cys production.

Some isozymes of OASTLs (Cys synthases) are capa-
ble of producing heterocyclic-f-substitute alanine synthase
(mimosine and so on), and in these cases, OAS (donor of
alanyl moiety) is considered to be a suitable intermediate
(Murakoshi et al. 1972). Thus, mimosine production is acti-
vated by OASTL by the intermediate OAS and 3-hydroxy-
4-pyridone (3H4P) (Fig. 1) (Ikegami et al. 1990).

SAT and OASTL are members of multigene families
(Inoue et al. 1999; Saito et al. 1994) that are abundantly
expressed in the plant cell (Hell and Wirtz 2008). They are
connected in the demand-driven Cys biosynthesis regula-
tory process (Feldman-Salit et al. 2009; Wirtz et al. 2010a)
by forming hetero-oligomeric Cys synthase complex (CSC)
(Campanini et al. 2005; Hell and Wirtz 2008; Kumaran and
Jez 2007; Saito 2004; Wirtz and Hell 2006). CSC acts as a
sensor for sulfur availability in the cell (Wirtz et al. 2012).
The intracellular level of sulfide and OAS connect and dis-
rupt the CSC proportionately (Droux et al. 1998; Wirtz et al.
2004). SAT activity is elevated, whereas OASTL activity
is decreased after forming the CSC, and thus impede the
subsequent Cys conversion via OAS (Takahashi et al. 2011).

L - serine + Acetyl CoA
Serine acetyltransferase (SAT)

O-acetyl- L -serine (OAS)

O —acetylserine (thiol) lyase
(OASTL), cysteine synthase

3-hydroxy -4 — pyridone (3H4P)

l

Mimosine

OASTL is bolstered by the action of free and surplus mobile
homodimers of OASTL present in the cell (Takahashi et al.
2011). Typically, OAS dominating CSC disorganization
occurs because of sulfur starvation, as well as the manage-
ment of high dictation pressure of Cys biosynthesis (Wirtz
et al. 2012).

Cys formation in plants is sub-cellular compartment
specific and takes place in the cytosol, plastid, and mito-
chondria (Heeg et al. 2008; Na and Salt 2011; Noji et al.
1998; Pilon-Smits and Pilon 2006; Saito 2000; Wirtz et al.
2010b; Watanabe et al. 2008). Amount and activity of SAT
and OASTL differ significantly according to the compart-
ment of the cell where the CSC is situated, and also the
inequitable distribution of OASTL activity varies accord-
ing to the amount of OASTL protein (Wirtz et al. 2010a).
Approximately 90% OASTL actively occurs in the cytosol
and chloroplasts, with the remainder in the mitochondria in
Arabidopsis thaliana leaves, whereas approximately 80% of
SAT activity occurred in the mitochondria (Heeg et al. 2008;
Watanabe et al. 2008; Wirtz et al. 2010a). It is evident that
functional diversity of OASTL is a common phenomenon
in higher plants, and the highest Cys biosynthesis occurs in
the cytosol and the lowest in mitochondria (Krueger et al.
2009). The precise compartment localization of SAT and
OASTL occurs because of the putative nature of Cys and
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Fig. 1 Sulfate assimilation triggers S-containing standard and non-standard amino acid biosynthesis pathway in M. pudica
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its derivatives within the compartments (Heeg et al. 2008;
Watanabe et al. 2008). Conversely, the compartment specific
nature of OAS and OASTL is not inherent and occurred
during evolution as a result of gene duplication (Heeg et al.
2008; Watanabe et al. 2008). Thus, all OASTLs in plant
cells contain unique roles for protein production, and their
activities are solely dependent on their location, and the sub-
sequent nature of protein folding and substrate affinity are
related to its evolutionary aspects.

Herein, we present the first description of cloning, puri-
fication, and characterization of cytosolic OASTL from
Mimosa pudica Mill. and its expression in Escherichia coli
to determine the cross link between this OASTL and mimo-
sine formation and elucidate the metabolic roles of cytosolic
OASTL in M. pudica.

Materials and methods
Chemicals

Standard mimosine was obtained from Sigma-Aldrich, Co.,
USA. For the norm 3H4P preparation, standard mimosine
powder (10 mg, expected final concentration 5 mM) was
appended into 5 mL of 50 mM sodium phosphate buffer (pH
8.0) followed by incubation at 50 °C with periodic shak-
ing until the mimosine completely dissolved. One-hundred
microliters of 1 mM PLP was added to the solution and dis-
tilled water was added to make the final volume 9.5 mL.
Then, 0.4 mg mL~! recombinant M. pudica mimosinase
(0.5 mL) was added, followed by incubation at 50 °C for
3 h with shaking. The final concentration of 3H4P in the
solution was 5 mM. The proteins were removed using Ami-
con Ultra-4 filters Ultracel-10K. HPLC analysis confirmed
complete degradation of mimosine and production of equi-
molar 3H4P.

RNA isolation and cDNA synthesis

A total of 100 mg of M. pudica leaves were frozen in liquid
nitrogen and ground into powder using a sterilized mortar
and pestle. As stated by the manufacturer, total RNA was
extracted from the powder using the RNeasy Plant Mini Kit
(QIAGEN). Poly (A+) RNAs were purified and isolated
using the poly (A+) RNA Kit (Nippon Gene) following the
manufacturer’s direction.

RT-PCR experiments were performed using both direc-
tional degenerated primers (5'-GGNCCNGARATHTGG-
GARGAYAC-3' and 3'-GNCTYTTRCGNCCNTTYRAN-
TAD-5') corresponding to conserved amino acid regions
within the Cys synthase family available in the database
to obtain candidate cDNAs, and an oligo dT primer for M.
pudica mRNA was used as a template with the One Step

RT-PCR Kit (QIAGEN). A 406-nucleotide cDNA product
consisting of a deduced C-terminal 36 amino acid coding
region, which appeared similar to corresponding parts of
the Cys synthase family, and a putative 298 nucleotide 3’
untranslated region was obtained. The full-length cDNA
sequence of the putative M. pudica Cys synthase was deter-
mined from the product of a 5' RACE experiment. RACE
analysis was performed with an outer (5'-CTTTCAATG
CAAGATTTAGCAG-3’) and inner reverse primer (5'-TAG
CTTCTTCACTGGATATCTGG-3") with First Choice®
RLM-RACE Kit (ThermoFisher Scientific).

Expression of Cy-OASTL

The PCR amplified OASTL gene was digested with EcoRI
and Xhol. Furthermore, it was inserted into the expression
vector pGEX6p-3 that contains a GST tag at the 5’ end using
the DNA ligation kit (TAKARA BIO INC.). The expres-
sion constructs were introduced into the host bacteria E.
coli BL 21 (DE3) pLysS containing T7 RNA polymerase for
the induction of the lacUVS5 promoter via isopropyl p-b-1-
thiogalactopyranoside (IPTG). The transformed clone selec-
tion was made by the selection pressure carbenicillin (Cb,
50 mg mL™") on LB agar medium.

A single colony of insert DNA was pre-cultured over-
night with vigorous shaking at 37 °C in LB medium with Cb
(50 mg mL~"). An aliquot of the preculture cells was inocu-
lated into LB broth medium at 37 °C. IPTG was added at
various concentrations (0.1 to 1 mM) at the mid-log growth
phase (ODg,,=0.4-0.8) of the bacteria, as well as different
temperatures (20-30 °C) and times (2—4 h) for the optimiza-
tion of the recombinant protein expression. The harvested
cells were suspended in 20 mL PBS (—) and sonicated 20
times (30 s each) in ice using a homogenizer for disrupting
cell suspensions. The lysate was centrifuged at 13,200 rpm
for 10 min at 4 °C to remove cell debris, and the supernatant
was used as the crude recombinant protein.

The filtered crude protein was placed in the GST fusion
protein purification column (GSTrap FF, GE Healthcare,
Japan) for affinity purification. The GST part was separated
by digestion with PreScission protease (Amersham), and
the flow through fraction was used as purified recombinant
protein. SDS-PAGE confirmed the purity of the recombinant
protein after 3 min heating at 95 °C, which was visualized
by CBB (Coomassie Brilliant Blue) staining.

Genetic complementation of cytosolic OASTL

Genetic complementation of OASTL was conducted to
determine whether the gene of interest could produce Cys
in the E. coli NK3 strain (Cys auxotroph mutant) on an
M9 (minimal nutrient agar) plate without adding Cys. The
recombinant plasmid (pGEX6p-3) harboring the OASTL
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fused with glutathione S-transferase under the control of
the tac promoter, and was isolated from the host IM109
and transformed into NK3. E. coli NK3 with the expression
vector devoid of the gene of interest served as a negative
control. NK3 with or without OASTL (empty vector) were
streaked onto M9 plates supplemented with (0.5 mM Cys)
and without Cys, and incubated at 37 °C overnight.

Cysteine synthesis activity measurement

Cys production activity was validated in 50 mM Tris—HCI
or phosphate buffer (final pH 7.5), purified enzyme solution
(equivalent 1-2 pg of protein), 2.5 mM Na,S, 10 mM OAS,
1 mM DTT, and 0.5 mM PLP in a final volume 100 pL. Pre-
incubation was performed at 30 °C for 5 min. The reaction
was advanced after placing Na,S in the reaction mixture
followed by termination with the addition of 0.05 ml 20%
(w/v) trichloroacetic acid (TCA). Cys absorption was meas-
ured according to Gaitonde (1967) at A560 with the reaction
output showing pink color as a Cys-ninhydrin adduct.

The Cys synthesis assay was optimized with different
buffer (citric acid buffer, boric acid buffer, and NaHCO,
buffer) pH (3.0-12.0), different temperatures (20-60 °C),
and different concentrations of Na,S and OAS substrates. All
the assays were repeated three times at each point. A stand-
ard curve corresponding to altered levels of standard Cys
(Wako Pure Chemical Industries, Ltd., Japan, 0.1-0.12 mM)
determined the actual concentration of Cys by spectropho-
tometer. An Excel program was used to analyze the data, and
non-linear regression analyses determined the Km, Kcat,
and other values.

High-performance liquid chromatography (HPLC)
condition for mimosine detection

A Shimadzu UFLC XR HPLC system (equipped with a
quaternary pump, a vacuum degasser, a thermostatted
column compartment, and an autosampler) performed
the chromatographic analysis. An Inertsil ODS-3 column
(4.6 mm X 150 mm) separated the sample. The mobile phase
consisted of MilliQ water containing 0.1% formic acid (A)
and acetonitrile (B), and a flow rate of 1 mL min~! was
used followed by an isocratic mode (0.0-3.0 min, 100% A;
3.0-7.0 min, 0% A). The injection volume was 1 pL for
substrate 3H4P and the mimosine standard, and 5 pL for
the incubated sample. Mimosine and 3H4P were detected
at A280.

Phylogenetic tree making
MEGA version 7.0 (Kumar et al. 2016) was used to build

a molecular phylogenetic tree for OASTL of M. pudica.
The neighbor joining method (Saitou and Nei 1987) was
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used accompanying the bootstrap value of 1000 replicates
(Felsenstein 1985). Plant Cys synthase protein sequences
from the database demonstrated more than 80% similar-
ity, excluding the predicted and hypothesized sequences
obtained in phylogeny computation. The total 18 amino acid
sequence evolutionary distances were enumerated consider-
ing the Poisson correction method (Zuckerkandl and Pauling
1965). After removing gaps and missing data, a total of 301
positions were in the final dataset.

Bioinformatics analysis of OASTL in M. pudica

Measurements such as putative molecular mass, formula,
and weight, and isoelectric point of the protein were deter-
mined using Protparam software (http://web.expasy.org/
Portparam). ProtScale (http://web.expasy.org) was used
to predict the hydrophobic and hydrophilic nature of the
OASTL protein, and TMHMM server v.2.0 (http://www.
cbs.dtu.dk/servicessTMHMMY/) was used for the prediction
of transmembrane helices in the protein. SignalP4.1 server
(http://www.cbs.dtu.dk/services/signal) was used to analyze
the signal amino acid sequences, and ProtFun (http://www.
cbs.dtu.dk/services/ProtFun) was used for the prediction of
the function of OASTL protein in M. pudica.

Homology modelling

Cys synthase three-dimensional structure (3D) was not
available in the Protein Data Bank (PDB). The T-COFFEE
server was used for Cys synthase multiple sequence align-
ment. Based on the multiple sequence alignment data, the
putative model of Cys synthase was generated using the
MODELLER ver.9.16 software from the crystal structure
of A. thaliana O-acetylserine sulfhydrylases (PDB ID 1z7w)
as a template.

MODELLER was run with the following parameters:
library_schedule, max_var_iterations, 300; autosched.slow;
md_level, refine; very slow; and repeat_optimization, 10
(Scharer et al. 2011). Out of the models, the 10 best gener-
ated OASTL models were used for docking simulations with
OAS followed by the best OASTL-OAS complex selection
considering the highest binding energy plus the maximum
population in one cluster.

Docking simulation

Parameter files were generated by the AutoDockTools 1.5.6
for docking simulation. Before docking simulation, OASTL
protein and substrate OAS, PDB files converted to the Auto-
Dock type format (PDBQT) along with the addition of a
Gasteiger charge to each atom.

AutoDock 4.2 was deployed for docking simulation
(100 GA runs) using the Lamarckian genetic algorithm and
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a confined grid size (50x 50X 50) using Autogrid (spacing
of 0.375 10\). The docking parameters are as follows: trans-
lation step size, 2 /OX; torsion step size, 50 °C; number of
individuals in population, 150; maximum number of energy
evaluation, 25,000,000; rate of gene mutation, 0.02; rate of
crossover, 0.8; GA crossover mode, twopt; and elitism, 1.

Inter-fragment interaction energy (IFIE) calculation

Ligand and receptor protein inter-fragment interaction
energy was calculated with the PAICS program (Ishikawa
et al. 2009) using the fragment molecular orbital (FMO)
method (Kitaura et al. 1999a, b). The large protein molecule
was divided into small pieces to calculate the interaction
between substrate and enzyme by the FMO method. The
AMBER program energy minimized the ligand-receptor
complex (Ponder and Case 2003) that was used in the PAICS
program input file generation.

Results
Cysteine synthase cloning and expression

The isolated OASTL full-length cDNA sequence (acces-
sion number BAK 38374) was 1,410 bp in length reveal-
ing an open reading frame of 987 bp encoding 329 amino
acids. The predicted molecular weight of the protein was
34.72 kDa, which agreed well with the SDS-PAGE (Fig.
S1). The expressed protein molecular weight was 60.72 kDa
(with GST-tag), whereas the purified protein was 34.72 kDa
(Fig. S1). Protein subcellular localization prediction soft-
ware (http://wolfpsort.hgc.jp) suggested that the cloned
OASTL of M. pudica is localized in the cytoplasm, so we
referred to it as “Cy-OASTL.”

Fig.2 Functional genetic
complementation of the
cysteine auxotroph E. coli
NK3. The bacteria were spread
on the M9 minimal plate with
0.5 mM cysteine (left) and
without cysteine (right). (1)
JM109 (positive control); (2)
pGEX6p-3+ NK3 (empty
vector, negative control); (3)
pGEX6p-3+ cytosolic OASTL
+ NK3

HHpred detection software (http://toolkit.tuebingen.mpg.
de/hhpred) denoted that Cy-OASTL is PLP dependent and
classified under transferase category. A phylogenetic tree
of M. pudica Cy-OASTL demonstrated the highest identity
(89%) with the Cys synthase sequence of Phaseolus vulgaris
(AGV54667, Fig. S3 and Table S1). The phylogenetic data
also asserted that Cy-OASTL of M. pudica was unique.

Genetic complementation test

To confirm the ability of Cys production by Cy-OASTL,
a genetic complementation test was conducted using E.
coli NK3. NK3 with recombinant plasmid grew on the Cys
lacking M9 plate, whereas the E.coli NK3 (empty vector)
was unable to develop (Fig. 2). These difference in growth
indicated that Cy-OASTL indeed a functionally active Cys
synthase.

Cysteine synthase assay

The effects of pH, reaction temperature, and substrates (OAS
and Na,S) on Cys synthase kinetic properties were studied
by varying the parameters. The pH range 5.0-6.5 consist-
ently increase Cys synthase activity, which abruptly declined
at pH>7.0 (Fig. 3a). Cys synthase activity was nearly deac-
tivated at pH > 10.0. Cy-OASTL of M. pudica revealed its
preference for pH 6.5 by demonstrating that a nearly neutral
pH environment created a positive atmosphere for the activ-
ity of this enzyme (Fig. 3a).

The highest catalytic activity of Cys synthase was at
50 °C (Fig. 3b) and was considered the ideal temperature
for Cy-OASTL. Activity was gradually increased between
20 and 50 °C and sharply declined at 55 °C (Fig. 3b).

The Km value of Na,S was higher than the OAS. The
Km value of Na,S and OAS was 252 +25 pM sulfide and
159 +21 pM OAS (Table 1), whereas the Kcat value of OAS
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Table 1 Enzyme Kkinetics of cysteine synthase obtained from the
cytosol of M. pudica

Substrate Name Km (pM) Kcat (s71) Kcat Km™!
(mM~'s7h

OAS 159+21 33.56 211.07

Na,S 252425 32.99 130.91

*All values are expressed as a mean +SE (n=3)

and Na,S was nearly the same being 33.56 and 32.99 s~!,
respectively (Table 1).

Mimosine synthesis assay

To ascertain whether M. pudica Cy-OASTL could pro-
duce mimosine, we performed experiment with OAS and
3H4P. Mimosine production was monitored using LC/MS.
The retention time of synthetic mimosine and the substrate
3H4P standard was 1.68 min (Fig. S2-a) and 2.03 min (Fig.
S2-b), respectively. OASTL, which synthesized mimosine,
was considered the positive control (Fig. S2-c). The reaction
mixture of the Cy-OASTL under the similar assay condi-
tions failed to produce mimosine (Fig. S2-d). The protein
with GST and without GST showed no differences in the
reaction product. Thus, this result suggests that the cloned
Cy-OASTL from M. pudica was exclusively capable of Cys
production, not mimosine.

In silico characterization of OASTL in M. pudica

The predicted molecular formula of Cy-OASTL is C, s,
H,530N412046,S 5 (total number of atoms 4,965) with an iso-
electric point of 6.48. Theoretically, the estimated half-life
of the protein was 30 h (mammalian reticulocytes, in vitro)
whereas; > 20 h (yeast, in vivo) and > 10 h (E. coli, in vivo)
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Temperature (°C)

and the instability index 32.91 considering that it is a stable
protein (> 40 denotes a potentially unstable protein).

Regarding the relative content of the amino acids, alanine
was highest (37, 11.2%), followed by glycine (36, 10.9%)
and leucine (31, 9.4%). Tryptophan (2, 0.6%) was the low-
est preceded by cysteine (3, 0.9%) and histidine (4, 1.2%).
The total number of negatively charged residues was 37
(Asp + Glu) compared to the 36 positives (Arg+Lys) in
the Cy-OASTL protein. The aliphatic index of the protein
was 101.16 based on the relative volume occupied by the
aliphatic side chains, alanine, valine, isoleucine, and leu-
cine indicating thermostability of the globular protein. The
grand average of hydropathicity was 0.08. The Cy-OASTL
extinction coefficient was observed at 23,045 M~'em™! and
22,920 M~'em™! (2280 and water, respectively) correspond-
ing to the absorbance 0.664 (all pairs of Cys residues from
cystines) and 0.660 (all Cys residues in reduced form).

Predicted hydrophilic and hydrophobic nature of the
OASTL protein using ProtScale, the maximum (3.011) and
the minimum (— 2.389) scores were observed in valine (301
sites) and glutamic acid (198 sites) of the polypeptide chain,
indicating these sites had the weakest and strongest tendency
for hydrophilicity, respectively (Fig. S4). The hydrophobic
region was comparatively larger than the corresponding
hydrophilic region, indicating the predominant hydrophobic
nature of the polypeptide chain.

According to the TMHMM server data, it was demon-
strated that the OASTL protein was located outside the
cell membrane. Thus, no membrane domain was present
(Fig. S5). The results of DNASTAR showed that a-helices
were one of the predominant secondary structures of the
Cy-OASTL.

Signal P-4.1 server showed that the OASTL protein might
be free from any signal peptide (Fig. S6). All the scores
were near the negative target value of 0.1 indicating that
the OASTL was a non-secretary protein in nature. Thus,
combining with the findings of transmembrane segment



Journal of Plant Research (2018) 131:319-329

325

analysis, it could be concluded that the OASTL protein was
directly evolved in the cytoplasm. Gene ontology category
confined it as a structural protein. Also, it was devoid of
the signal peptide cleavage site, propeptide cleavage site,
N-glycosylated site, and transmembrane helices, but it con-
tained 38 putative phosphorylation sites and 52 putative
O-glycosylated sites.

Docking simulation of Cy-OASTL

Ten Cys synthase putative homology models were generated
by MODELLER (var.9.16). We docked the M. pudica Cy-
OASTL receptor with the ligand OAS (Fig. 4a). From the
M. pudica Cy-OASTL-OAS complex, the model contain-
ing the highest population and highest binding energy was
procured and considered for the calculation of interaction
pattern between the substrate and ligand.

The receptor (Cys synthase) and ligand (OAS) molecu-
lar interaction pattern was analyzed using the FMO method
(Kitaura et al. 1999a, b), and IFIE was calculated. The
internal Schiff base was divided into three parts, Lys 49,
2,5-dimethyl-3-pyridinol (DMP) and phosphate (Fig. 4b),
for obtaining the unambiguous result of PAICS calculation.
The binding energy between the receptor and ligand was
—57.585 kcal mol ™" and the distance was 1.83 A.

Four amino acids, Gly 79, Gln 150, Ser 78, and Met 128,
were less than 3A away from the active site and displayed
a higher attraction force. Within a 3A distance amino acid
Ile 229 provided by the highest repulsion force (Table 2;
Fig. 4a).

Mi12:

’IIZ\) :

Fig.4 Three-dimensional structure of the active site of cysteine syn-
thase (OASTL) from M. pudica with ligand OAS. a Coordination
geometry of amino acids at the active site of OASTL is shown in
stick form. The carbon skeleton along with the attraction and repul-
sion force amino acids listed in Table 2 shown in magenta and blue,
respectively. Carbon frame of Lys 49-PLP (internal Schift base) in

Table 2 Inter-fragment interaction energy of attraction and repulsion
force between substrate (OAS) and enzyme (cytosolic cysteine syn-
thase) obtained by FMO methods (PAICS)

Fragment Energy (kcal mol™") Distance (A)
Attraction force
Gly 79 —15.787 2.37
Gln 150 —11.925 225
Ser 78 -10.377 1.83
Met 128 -7.971 2.74
Phosphate —7.866 4.68
Repulsion force
DMP 6.728 2.70
Ile 229 2.839 2.96
Discussion

Isolated and purified bacterially expressed Cy-OASTL
of M. pudica can produce Cys only. It could not produce
mimosine under the test conditions (Fig. S2), and thus we
considered it Cys specific.

The Cy-OASTL of M. pudica with the GST tag showed
poor Cys synthase activity compared to the tag removed
purified enzyme. The SDS-PAGE results revealed that the
purified protein contained a single band with the suitable
size (34.72 kDa) (Fig. S1). For the Cys and mimosine
biosynthesis process, the first substrate, OAS, is stand-
ard but the second substrate is different (Na,S for Cys

green and the substrate OAS shown as yellow sticks. b The active
site of Cy-OASTL (internal Schiff base) divided into three parts for
PAICS calculation, including Lys 49, DMP ring, and phosphate. ¢
a-helix surrounded by the active site of Cy-OASTL. All figures were
generated by PyMol
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and 3H4P for mimosine) (Fig. 1). We predicted that our
OASTL possessed dual functions to produce both Cys and
mimosine. In vitro results suggest that the Cy-OASTL of
M. pudica has only Cys synthase ability. We repeated the
mimosine synthase assay several times while changing the
test conditions, and also the concentration of enzymes and
substrates, but no change was noticed in the HPLC results
(Fig. S2). This result demonstrated that the Cy-OASTL of
M. pudica is exclusively capable of Cys production, not
mimosine. Our finding is in agreement with the results
of Yafuso et al. (2014). Their cytosolic OAS-TL of Leu-
caena leucocephala also demonstrated only Cys synthase
activity.

The pH and temperature optima for Cys production were
6.5 and 50 °C, respectively (Fig. 3). It may be considered
that M. pudica Cy-OASTL is adapted to against robust day-
time high temperature of tropical and subtropical climatic
condition and as a result, the Cys production is favored by
the temperature 50 °C. The Cy-OASTL of L. leucocephala
(Rashid et al. under review) demonstrated ideal pH and tem-
perature for Cys was 7.5 and 40 °C, respectively. The Km
value of the Cy-OASTL of M. pudica was 159 +21 uM for

OAS and 252 +21 uM for sulfide (Table 1). The Cy-OASTL
of L. leucocephala (Cys specific, Yafuso et al. 2014) was
Km 1,850+414 uM sulfide, which is seven times greater
than that of the M. pudica Cy-OASTL. Variations in the
Km value of each enzyme demonstrates its efficiency to
meet the substrates in the active site location of the pro-
tein. We observed that the elevated level of OAS suppressed
Cys activity as a consequence of the lower pH in the reac-
tion mixture (Kuske et al. 1994). These findings are in full
agreement with a previous study (Warrilow and Hawkesford
2000).

All PLP-dependent enzymes retained ubiquitous three-
dimensional folds in the structure (Burkhard et al. 2000;
Claus et al. 2005; Ngo et al. 2007; Simanshu et al. 2006).
The active site structure of the enzymatic reaction was asso-
ciated with the PLP position. The PLP forms internal Schiff
base with Lys (Fig. S7) in a comprehensive manner that
harbors multiple interactions in the active site (Bonner et al.
2005; Yi et al. 2012). Thus, PLP position is conserved across
the BSAS (B-substituted alanine synthase) family members
that provide the unique gateway for reaction chemistry, albeit
each enzyme favors its representative substrate (Fig. 5).

Fig.5 Comparison of amino 1 * * * * * 50
acid sequences among 3VBE_D IBMGS SHHHHHHS SGNLYFQGHA S TNk k Hv s ol KVTE GA 50
ﬁ_cyanoa]anine Synthase in AAL66291 IMAV-- - - - - - - --------ERSGEAKDVTERI KLAD VA 33
Glycine max (3VBE_D), BAK38374 IjAL--- - - - - - -+ ----EKDCRAKDVSERV HI VDRRVA 33
. . LC306827 IWAV- -« = =m -------ERTGEANDI TERNVHEK KVVDEVG 33
cysteine synthase in G. max AHG97874 1fAv--- - - ... .. ...EwTGlanDVTERM KVVDIVG 33
(AAL66291), Cy-OASTL 51 s B * * * 100
in M. pudica (BAK38374), 3vBe. D  styvavilloBvBo A KTT PTS G 100
Cy-OASTL in L. leucocephala AALG66291 34RVAANLELME 5 G KSV PTS G 83
(LC306827), and Cy-O- BA.K38374 J4RVAANRL BMEE S G ESV P (ISIG 83
acetylserine thiol lyase in L. LC306827 34RVAANLEFBMOBY A KSV STS G 83
AHG97874 34RrR1 VANLBF ME G KSV PTSG 83
leucocephala (AHG97874). The 101 * * . > * 150
amino acid residues highlighted 3VBE D 1018\ [ ABcoMGBT VK 150
in red show the conserved AALG66291 84GL \' GMKEA VQ 133
region, residues interacting BAK38374 84GL \% ABGMKEAVQ 133
with the PLP or substrate in the LC 3?6827 SAGL ! AT RIS FE 133
L o . AHGY97874 84GL v -BG1 REAF Q133
active site are highlighted in 181 , * 200
yellow and blue, respectively. svBe p  1sifay £pr NEo Vvl F 1 200
The Lys 49 (BAK38374) that AAL66291 1348A E KGS D 1183
forms the internal Schiff base BAK38374 134AE KGS G WA F 1 183
with the cofactor PLP is indi- LC306827 134V E EATE L 183
cated in the violet AHG97874 1348V E KATG 1 183
201 % * . * 250
3VBE_D 201 NV vl 250
AAL66291 184 NI AN 233
BAK38374 184 DI A 233
LC306827 184 NV AN 233
AHGY97874 184 NI / / : A 233
251 * * * 300
3vBED 251KMD1LDLDVMEKML EVSSED - - VNMW LWV NT VIl 296
AALG66291 2341 @IGVLEVNLL DEMI QI SSDE O LF AAAM279
BAK38374 2341 lIGVLDVGLLDEMI QI SSEEKSRIIT ET LiL AAAM283
LC306827 2341 @KV-DVSLLDDMVHVSTSE -=TEA 1L AAAM278
AHGY97874 2341 @IKVVDVS LLDEIVHVTTSE -~ BX LF AAAR279

301 * * * 350

3vBE D 297ALRLOL NK TVvHBS F GE QELR QEABINMQP VA VD344

AALG66291 280 AF QI KR NA AVFS F GE ESVR RBABIS MT- - F E P 325

BAK38374 284 AL QI K R BEEIN A AVLEMI WR ESVKREABINL A- - VE H329

LC306827 279T1 K VKR MA TIF@S CGE ESI R QEABSMT- - F EP 324

AHG97874 280 A1 K VKR MA TIFS CGE ESIRESEINMT- - F EP 325
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The BSAS family members, such as CAS (B-cyanoalanine
synthase) and OASTL, demonstrate a common phenome-
non in their respective reaction mechanisms. This response
mechanism firstly involves active a-aminoacrylate inter-
mediate generation followed by the corresponding product
development with the appropriate substrate molecule, with-
out hampering notable deviation of the non-reactive PLP-
Lys external aldimine compound (Yi et al. 2012). Thus, it
is an accepted view that the reaction will proceed after gen-
eration of the a-aminoacrylate intermediate with Lys from
different substrate moieties.

The PLP-dependent enzyme reaction is guided by the
altering open and closed conformational changes occur-
ring in the protein structure. In the case of the Cy-OASTL
in M. pudica, OAS would react with the C4' of the PLP-
Lys 49 (Fig. 4, Fig. S7) and release the Lys 49 residue.
The a-aminoacrylate intermediate generation allows «,
B-elimination of acetate from OAS by Lys 49 (Bonner et al.
2005; Burkhard et al. 2000; Tai and Cook 2006). Binding of
OAS to the PLP-Lys 49 operates the position change (N-ter-
minal domain shifting) in the substrate binding loop (TSGN)
(Fig. S8). This domain regulates conformational shifts in
the active site structure (open to closed conformation) of
the enzyme and constrains the second substrate entrance.
This conformational change in the active site allocates
steric gate to restraint nucleophile entrance to the active
a-aminoacrylate intermediate (Yi et al. 2012).

Lys 49 and the amino acids held by the PLP binding site
are highly conserved in BSAS family members (Fig. 5). In
PLP-Lys 49, Asn 80, and Ser 276 would form a hydrogen
bond with the oxygen and nitrogen in the pyridine ring,
respectively, and the phosphate moiety would construct
hydrogen bonds among Gly 184, Thr 185, Gly 186, and the
side chain hydroxyl group of Thr 185 and Thr 188 (Fig. S9).
The side and main chain atoms of Thr 77, Ser 78, Gly 79,
and Asn 80 (TSGN loop) construct hydrogen bonds with
the carboxylate group of OAS (Fig. S8), and thus the Cys
reaction scheme would proceed. Docking simulation results
suggested that Gln 150 and DMP (Table 2) had a significant
role in the Cys biosynthesis process.

Across the CAS and OASTL proteins, three amino acids
showed variations (Fig. 5; Met 98 to Thr 81; Met 198 to
Ser 181; Ser 202 to Thr 185) close to PLP-ligand (Yi et al.
2012). Their point mutation results demonstrated that addi-
tional changes are required in the active site structure around
the PLP molecule for the better catalytic efficiency CAS
and OASTL albeit they formed active a-aminoacrylate inter-
mediate instead of nonreactive external aldimine (Eliot and
Kirsch 2004).

BSAS enzyme requires three sequences to perform its
functions, such as binding of the first ligand to the recep-
tor, generation of active intermediate (ax-aminoacrylate)
with the interaction of substrate, and lastly nucleophilic

attack of this active intermediate to the second ligand.
Thus, in the mimosine biosynthesis reaction scheme of the
Cy-OASTL, the last sequence of the enzyme might not be
fulfilled. Thus, the Cy-OASTL of M. pudica (BAK38374)
is only Cys specific. On the other hand, one of our Cy-
OASTL of L. leucocephala (.LC306827), which have dual
functions for Cys and mimosine production, unlike another
Cy-OASTL of L. leucocephala (AHG97874, Yafuso et al.
2014) that is only Cys specific. Comparing with these three
sequences (Fig. 5), we found that Val 181 (LC306827) cor-
responded to position Ser 181 (BAK38374) and Ala 181
(AHG 97874) and Thr 271 (LC306827) to the Ser 276
(BAK38374) and Ser 272 (AHG97874). Yi et al. (2012)
suggested that Thr 81, Ser 181, and Thr 185 have a pre-
dominant role in the reaction mechanism of OASTL.
Divergent amino acids in the corresponding positions
might be one reason for its inability to produce mimosine.
In Cy-OASTL of M. pudica, PLP-Lys 49 complex could
produce the active a-aminoacrylate intermediate with the
first substrate OAS, but when the second substrate 3H4P
is bound to it, it might be unable to stabilize the active
structure of the a-aminoacrylate intermediate, and thus the
reaction mechanism is inactive at this point and it cannot
synthesize mimosine.

In the case of Cy-OASTL M. pudica, we used Na,S as the
second substrate for Cys and 3H4P for mimosine produc-
tion. The Na,S molecular weight is 78.04, whereas 3H4P
is 112.01. The 3H4P is approximately two times larger than
Na,S. The conformational change (open to closed) occurs
in the active site structure of the enzyme after reacting with
OAS. This closed conformation structure of protein per-
mits limited access of the second substrate compared to the
open. As such, in the closed conformation, enzyme structure
could readily allow the small molecule Na,S, rather it hin-
ders the entrance path for the large molecule 3H4P, or it will
change the PLP anchoring amino acid environment near the
active site structure, and thus the Cy-OASTL of M. pudica
is inadequate to satisfy the BSAS family members demand
for product generation, and as a result unable to synthesize
mimosine.

For Cys synthesis, it is necessary to form a multi-enzyme
complex (Cys synthase complex, CSC) with the association
of SAT and OASTL (Fig. 1). This complex plays a vital role
in controlling the Cys metabolic process. CSC could be used
as a molecular sensor for the sulfate assimilation pathway
and to adjust intracellular Cys magnitude (Fig. 1). SAT and
OASTL play proportionate roles in the CSC, such that an
increasing trend in SAT will impose a decreasing trend on
OASTL, and thus it generates the OAS. Intracellular sul-
fur scarcity promotes excess OAS accumulation in the cell
because of the sulfide paucity to form Cys with OAS and
sulfide. Extra OAS detach from the enzymatic complex, and
consequently the elevated concentration of OAS switch on
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sulfate transporter genes. This phenomenon has a great effect
as a sulfate uptake and reduction mechanism for plants.

It is evident that there are multiple copies of OASTLs in
plants. All the plant OASTLs demonstrate distinct features.
Cy-OASTL of M. pudica is only Cys specific, but it contains
some unique features for the sulfate assimilation regulatory
network and plays a sensory role in the cell. Furthermore,
site directed mutagenesis considering the structural and
molecular point will provide us with new insights regard-
ing Cy-OASTL in the Cys biosynthesis process and sulfate
assimilation network in plants.

Accession numbers

The data of protein sequences can be found in Gene bank
under the following accessions: CAA58893 (Cysteine syn-
thase, Arabidopsis thaliana), 3VBE_D (p-cyanoalanine
synthase, Glycine max), AAL66291 (Cysteine synthase,
Glycine max), BAK38374 (Cysteine synthase, Mimosa
pudica), LC306827 (Cy-OASTL, Leucaena leucocephala),
and AHG97874 (Cy-O-acetylserine thiol lyase, Leucaena
leucocephala).
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