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Abstract

L-Threonine transaldolase could catalyze the transaldolation of L-threonine and aldehyde to generate -hydroxy-a-amino acids
with high diastereoselectivity. A novel L-threonine transaldolase (PmLTTA) was identified from Pseudomonas sp. through
genome mining. PmLTTA exhibited high activity in the synthesis of L-threo-phenylserine from L-threonine and benzalde-
hyde, with specific activity of 5.48 U mg~'. However, the application of PmLTTA was impeded by the low conversion ratio
and variable diastereoselectivity, which were caused by the toxicity of aldehydes and kinetic/thermodynamic controls in the
transaldolation reaction. To solve these issues, alcohol dehydrogenase was used to remove the by-product acetaldehyde, and
then carboxylic acid reductase was introduced to alleviate the inhibition of benzaldehyde and toxicity of DMSO. Finally,
a multi-enzyme cascade reaction, comprising of PmLTTA, carboxylic acid reductase, alcohol dehydrogenase and glucose
dehydrogenase, was constructed to prepare L-threo-phenylserine from cheap benzoic acid, in which alleviated inhibition of
aldehydes and desirable diastereoselectivity were achieved. Under the optimized conditions, the conversion ratio of 57.1%
and de value of 95.3% were reached. This study provides an efficient and green approach for the synthesis of chiral L-threo-
phenylserine from industrial byproduct, and provides guidance for the development of cascade reactions influenced by the
toxic intermediates and complicated kinetic/thermodynamic controls.
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Introduction

Chiral p-hydroxy-a-amino acids are valuable chiral interme-
diates in the preparation of pharmaceuticals, agrochemicals,
and bioactive products. For instance, L-threo-phenylserine
(L-2-PS) can be used for the synthesis of cyclomarin A, an
antiviral, antibiotic and antimalaria bioactive cyclic pep-
tides especially against Mycobacterium tuberculosis [1].
L-Threo-3,4-dihydroxyphenylserine (Droxidopa) has been
used for the treatment of Parkinson’s disease [2—4]. L-Threo-
p-nitrophenylserine is the essential for the synthesis of
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chloramphenicol [5]. L-Threo-p-methylsulfonylphenylserine
is a key intermediate of thiamphenicol [6]. Therefore, effi-
cient and stereoselective synthesis of f-hydroxy-a-amino
acids is of great interests.

p-Hydroxy-a-amino acids have four diastereoisomers,
due to two chiral centers at C, and C V) positions [7]. It is usu-
ally difficult to synthesize enantiomeric pure f-hydroxy-a-
amino acids. Extensive efforts have been devoted to develop
asymmetric synthesis approaches, including sharpless asym-
metric dihydroxylation, epoxidation, enzymatic aldol addi-
tion, electrochemical methods etc. [§—10]. Among them,
enzymatic synthesis of f-hydroxy-a-amino acids catalyzed
by aldolases or transaldolases is regarded as a promising
approach, since two chiral centers could be constructed in a
single step. In addition, biocatalytic approach has attracted
increasing attentions due to its high atomic economy, easy
operation and mild reaction conditions.

Several enzymes have been reported with efficacy in the
synthesis of f-hydroxy-a-amino acids, including L-threonine
aldolase (LTA), serine hydroxy methyltransferase (SHMT),

@ Springer


http://orcid.org/0000-0003-4887-7517
http://crossmark.crossref.org/dialog/?doi=10.1007/s43393-022-00102-x&domain=pdf

706

Systems Microbiology and Biomanufacturing (2022) 2:705-715

and L-threonine transaldolase (LTTA). LTA could catalyze
the aldol reaction between aldehyde and glycine to produce
p-hydroxy-a-amino acids. However, the stereoselectivity at
Cﬁ is usually poor, which hinders the application of LTA [6].
Recently, LTTA of aspartate aminotransferase (AAT) super-
family has been reported with relatively high stereoselectiv-
ity in transaldolation of L-threonine and aldehydes to pro-
duce p-hydroxy-a-amino acids [11]. However, equal amount
of acetaldehyde was produced as a byproduct [12], together
with substrate aldehydes, which could strongly inhibit the
activity of LTTA due to their strong reactivity [13]. Moreo-
ver, Dimethyl sulfoxide (DMSO) should be added as co-
solvent to elevate the solubility of substrate aldehyde, which
is toxic to enzymes.

In this study, a novel L-threonine transaldolase PmLTTA
was identified from Pseudomonas sp. by genome mining.
PmLTTA exhibited desirable activity in the transaldola-
tion of benzaldehyde and L-threonine to produce L-7-PS.
However, there are two major issues to be addressed in the
PmLTTA catalyzed transaldolation reaction, moderate con-
version ratio and variable diastereoselectivity. To eliminate
the inhibitory effect of aldehydes, an alcohol dehydrogenase
(ADH) was employed to convert the byproduct acetaldehyde
into ethanol. In addition, a carboxylic acid reductase (CAR)
was introduced to catalyzed the reduction of cheaper ben-
zoic acid into benzaldehyde, which could be further utilized
as substrate in LTTA-catalyzed reaction. Consequently, a
multi-enzyme cascade reaction consisted of CAR, LTTA,
ADH and glucose dehydrogenase (GDH, cofactor regen-
eration enzyme) was constructed for the synthesis of L-#-PS
from benzoic acid. Influencing factors in the cascade reac-
tion, such as pH, temperature, enzyme loading ratio of CAR
and LTTA, amount of L-threonine etc., were systematically
explored. Under the optimized conditions, the final conver-
sion and de values reached 57.1% and 95.3%, respectively.

Materials and methods
Materials

Escherichia coli BL21(DE3) and pET28a were preserved
in our laboratory and served as host strain and expression
vector, respectively. Benzaldehyde, acetaldehyde, benzoic
acid, sodium benzoate and p/L-threo-phenylserine (D/L-t-PS)
were purchased from Sinopharm Chemical Reagent Co.
Ltd. (China). Pyridoxal 5'-phosphate (PLP), o-phthaldial-
dehyde (OPA) and N-acetyl-cysteine (NAC) were obtained
from Sigma-Aldrich (USA). L-Threonine was purchased
from Macklin (China), b/L-erythro-phenylserine (p/L-e-PS)
was purchased from Wako Pure Chemical Industries, Ltd.
(Japan).
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Bacterial genomic DNA extraction kits and coenzymes
such as NADH were obtained from Shanghai Sangon Bio-
tech Co., (China). All other chemicals and reagents of ana-
lytical grade were obtained from commercial source unless
otherwise stated.

Construction of recombinant plasmids

The amino acid sequence of PsLTTA from Pseudomonas sp.
was used as a probe sequence (GenBank accession number:
WP_065936857) [11] for BLASTp search in NCBI. Sev-
eral genes coding for putative L-threonine transaldolase
were selected for heterogeneous expression and functional
analysis. These genes were synthesized by Talen-bio Sci-
entific (Shanghai) Co., Ltd. and ligated into pET28a plas-
mid between the restriction sites of Ndel and Xhol. The
obtained recombinant plasmid was transformed into E. coli
BL21(DE3) and confirmed by DNA sequencing.

Protein expression and purification

The recombinant E. coli BL21(DE3) strains harboring tar-
get genes were inoculated in LB medium containing 50 pg
mL~! kanamycin, and cultivated at 37 °C and 180 rpm.
When ODy, reached 0.6-0.8, 0.2 mM IPTG was added into
the culture for expression of protein at 16 °C and 180 rpm
for 16 h. Then the cells were harvested by centrifugation
(8000 rpm, 5 min) at 4 °C. Cells were suspended in the
binding buffer (0.5 M NaCl, 20 mM imidazole, 20 mM
NaH,PO,—Na,HPO,, 5% glycerol, pH 7.4) and disrupted by
ultrasonication in ice-water bath, then centrifuged at 4 °C
and 8000 rpm to obtain the supernatant as crude enzyme
extract. The recombinant enzyme with His-Tag was purified
by Ni—-NTA affinity chromatography. The samples were fur-
ther concentrated, desalted, and then quickly frozen in liquid
nitrogen and stored at —80 °C for further use. The protein
concentration was determined by the Coomassie brilliant
blue method.

Activity assay

The activity of LTTA was determined by ADH coupled
method based on the changes of NADH [14]. The changes of
NADH was determined using a PowerWave XS2 microplate
reader (BioTek, USA) to monitor the decrease in absorbance
at 340 nm (¢=6220 M~' cm™) and 25 °C. The reaction Sys-
tem (180 pL) consisted of 100 mM HEPES-NaOH buffer
(pH 8.0), 10 mM benzaldehyde, 50 mM L-threonine, 0.2 mM
PLP, 1 mM NADH and 30 U ADH. After addition of 20 uL
enzyme solution, the absorbance at 340 nm was monitored
for 3 min. Negative control was performed with enzymes
boiled at 100 °C for 10 min. One unit (U) of LTTA activ-
ity is defined as the amount of enzyme that catalyzes the
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conversion of 1 pmol of phenylserine per min under above
mentioned conditions.

The activity of ADH in the reduction of acetaldehyde
into ethanol was determined according to the decrease of
NADH at 340 nm. The reaction system (180 pL) consisted
of 100 mM HEPES-NaOH buffer (pHS8.0), 5 mM acetal-
dehyde and 1 mM NADH. After addition of 20 uL enzyme
solution, the absorbance of each well was monitored at
340 nm for 3 min. Negative control was performed with
enzyme boiled at 100 °C for 10 min. One unit (U) of ADH
activity is defined as the amount of enzyme that catalyzes
the conversion of 1 pmol acetaldehyde per min under above
mentioned conditions.

The activity of CAR in reduction of benzoic acid into
benzaldehyde was measured by the decrease of NAPDH at
340 nm. The reaction system (180 pL) consisted of 100 mM
HEPES-NaOH buffer (pH 8.0), 5 mM benzoic acid, ] mM
NADPH, 4 mM ATP and 10 mM Mg2+. After addition of
20 puL enzyme solution, the absorbance of each well was
monitored at 340 nm for 3 min. The boiled enzyme was
used as a negative control. One unit (U) of CAR activity is
defined as the amount of enzyme that catalyzes the conver-
sion of 1 pmol of benzoic acid per min under above men-
tioned conditions.

The activity of GDH in oxidation of glucose into glu-
conic acid was determined by the increase of NADH at
340 nm. The reaction system (180 pL) consisted of 100 mM
HEPES-NaOH buffer (pH 8.0), 5 mM glucose and 1 mM
NAD™. After addition of 20 uL enzyme solution, the absorb-
ance of each well was monitored at 340 nm for 3 min. Boiled
enzyme was used as the negative control. One unit (U) of
GDH activity is defined as the amount of enzyme that cata-
lyzes the conversion of 1 pmol of glucose per min.

All experiments were performed in triplicate.

Determination of kinetic parameters

General protocol for the determination of the activity
of PmLTTA using microplate reader was as described
in “Activity assay”. Kinetic parameters of the purified
PmLTTA were determined using the general protocol except
for different L-threonine concentration ranging from 0.1 mM
to 200 mM was used [11]. All assay was conducted in trip-
licate. The values of kinetic parameters were calculated by
fitting to Michaelis—Menten equation using GraphPad.

Effect of temperature, pH and metal ions
on enzymatic activity

Effect of pH on the activity of PmLTTA was investigated in
different buffers, including MES—NaOH buffer (pH 5.5-6.5),
HEPES—NaOH buffer (pH 7.0-8.0), PBS buffer (pH 6.0-8.0)
and Tris—HCI buffer (pH 8.0-10.0). The initial conversion

ratio and diastereoselectivity were analyzed to calculate the
activity of PmLTTA at different conditions.

Influence of temperature was also explored at different
temperature ranging from 25 to 100 °C. Thermostability of
PmLTTA was investigated by incubation of purified enzyme
(1 mg mL’l) at 30, 40 and 50 °C, and at different time inter-
val, samples were withdrawn to determine the residual activ-
ity. The changes of activity at different temperature were
monitored until residual activities were lower than 50%.

Dependence of metal ions on the activity of PmLTTA was
examined by incubation of enzyme with different metal ions
of a final concentration of 1 mM at 30 °C for 2 h. The activ-
ity of PmLTTA without metal ion was regarded as 100%.

The relative activities of PmLTTA were determined using
the method as descripted in “Activity assay”. All experi-
ments were performed in triplicate.

HPLC analysis after OPA/NAC derivatization

The phenylserine products were derivatized using
o-phthaldialdehyde/N-acetyl-cysteine (OPA/NAC) and sub-
jected to HPLC analysis to calculate conversion ratio and
diastereoselectivity [15]. The ratio of OPA/NAC reagent
and reaction solution was 4:1 [11]. The derivatized reac-
tion mixture was analyzed by Agilent 1260 Infinity HPLC
system equipped with a Diamonsil C18 column (Dikma,
250 x 4.6 mm), using mobile phase of 50 mM KH,PO, (pH
8.0)/acetonitrile (81/19) at a flow rate of 1 mL min~', column
temperature of 30 °C, and detection wavelength of 338 nm:

_[L—t—PS]—[L-e—PS]

dete = T I PS|+ [L—e—PS|

% 100%

Optimization of cascade reaction conditions
for the synthesis of phenylserine

A cascade reaction including CAR, LTTA, ADH and GDH
was developed for preparation of L-#-PS from benzoic acid
(or sodium benzoate). The initial reaction system consisted
of 100 mM HEPES-NaOH buffer (pH 8.0), 10 mM ben-
zoic acid, 4 mM glucose, 4 mM ATP, 5 mM Mg>*, 1 mM
NADP™, 25 mM L-threonine, 0.2 mM PLP, 1 mM NAD*
and appropriate amount of PmLTTA, CAR, GDH and ADH.
Effects of enzyme addition ratio, temperature, pH and L-thre-
onine amount on the cascade reaction were investigated, by
varying amount of PmLTTA (0.0125, 0.025, 0.05, 0.1, 0.2,
0.4,0.6,0.8,1,1.5,2,2.5 and 3 U mL™!), HEPES-NaOH
buffer of different pH values (pH 7.0, 8.0), Tris—HCI buffer
of different pH (pH 8.0, 9.0, 10.0), different temperature (15,
20, 25, 30 and 35 °C), different amount of L-threonine (10,
15, 20, 25 and 50 mM).
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Finally, the cascade reaction was performed under the
optimal conditions. The reaction mixture, compromising
100 mM HEPES-NaOH buffer (pH 8.0), 10 mM sodium
benzoate, 4 mM glucose, 10 mM ATP, 5 mM Mg2+, 1 mM
NADP™, 25 mM L-threonine, 0.2 mM PLP, | mM NAD™ and
1UmL™" PmLTTA, 0.1 UmL™ CAR, 1 UmL™ GDH and 1
U mL~! ADH, was conducted at 25 °C for 12 h.

The conversion and diastereoselectivity were calculated
based on HPLC analysis after OPA/NAC derivatization as
descripted above.

Results and discussion
Identification of L-threonine transaldolases

Nine putative LTTAs with 30-80% sequence similarity
(Table S1) were selected from GenBank database, based on
BLASTYp search with PsLTTA as a probe sequence [11].
All these LTTAs could be heterogeneously expressed in E.
coli BL21(DE3) in soluble form. Then, the specific activi-
ties of these enzymes were measured and summarized in
Fig. 1a. The specific activity of PsSLTTA was regarded as
100%. All nine putative LTTAs exhibited transaldolase
activity toward benzaldehyde and L-threonine. The activities
of LTTAs from Pseudomonas sp. (PmLTTA) and Chitiniphi-
lus eburneus (CeLTTA) were higher than that of PsLTTA.
PmLTTA exhibited the highest catalytic efficiency with rela-
tive activity of 166% of that of PsLTTA. To further exam-
ine the potential of PmLTTA in the biotransformation, the
conversion ratio was monitored and compared with PsLTTA
(Fig. 1b). The conversion ratio of PmLTTA reached 19.4%
within 1.5 h, and kept constant until 12 h. The conversion
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ratio of PsLTTA increased steadily to 17.2% at 12 h. Using
the same enzyme loading, the conversion ratio of PmLTTA
remained higher than that of PsLTTA during 12 h of reac-
tion. All above indicated PmLTTA is an efficient L-threonine
transaldolase for the synthesis of chiral f-hydroxy-a-amino
acids.

Enzymatic properties of PmLTTA

Sequence analysis revealed that this newly identified
PmLTTA shares 79% sequence similarity with PSLTTA.
Multiple sequence alignment was performed with PmLTTA
and reported transaldolases from AAT superfamily,
including ObiH, DeSHMT, ThSHMT, CaSHMT [16-18]
(Table S2). According to the crystal structure of ObiH [16],
the PLP-binding residues include Lys234, Arg366, His131,
Tyr55, Asn268 and Asp204, which are also conserved in
PmLTTA and other reported AAT superfamily member (Fig.
S1), indicating PmLTTA might share a common evolution-
ary origin [19-21] and belong to the PLP fold type I super-
family [22-24]. The phylogenetic analysis [19] indicates that
PmLTTA has a separate evolutionary direction, although it
shares a common evolutionary origin with SHMT and LTA
(Fig. S2).

The recombinant PmLTTA was purified using nickel
affinity chromatography. A pink enzyme solution was
obtained after purification (Fig. S3a), which is consistent
with previously reported phenomenon [11, 16]. The pink
color of the enzyme is mainly attributed to the internal
aldimine formed between PLP and the Lys residue, which
would form a pink internal quinonoid after deprotonation,
with the maximum absorbance at 515 nm. SDS-PAGE anal-
ysis indicated that PmLTTA was expressed in soluble form

25

—~ 20

2

g 154

¢

g 10-

[

0

O 5- PSLTTA

—=— PmLTTA

0 1 1 1 1 1 1

o
N
F-N

6 8 10 12
Time (h)

Fig. 1 a Relative activity of various LTTAs. b Time course of transaldolation reaction catalyzed by PsLTTA and PmLTTA. The specific activity

of PsLTTA was regarded as 100%
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and migrated at about 49 kDa (Fig. S3b), agreed with the
theoretical molecular weight of about 49 kDa. The specific
activity of purified PmLTTA was determined to be 5.48 U
mg~!, which was 16.6-fold of crude extract (0.33 U mg™).
The Ky, and k_,, values of PmLTTA toward L-threonine were
5.62+0.49 mM and 3.0+0.06 s mM™, respectively.

Effect of temperature on the purified PmLTTA was inves-
tigated as shown in Fig. 2a, b. The activity of PmLTTA
increased with the temperature from 25 °C to 70 °C (Fig. 2a).
At temperatures higher than 70 °C, the activity decreased
sharply, indicating the optimal temperature of PmLTTA
was 70 °C. The half-life of PmLTTA was determined by
incubation purified PmLTTA at different temperature. The
half-lives of PmLTTA at 30 °C, 40 °C, and 50 °C were about
26 h, 7 h, and 100 min, respectively (Fig. 2b). The results
suggest that PmLTTA is a thermostable and promising bio-
catalyst for scale-up application.
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Influence of pH and buffer system on the activity
of PmLTTA was also explored. As shown in Fig. 2c,
PmLTTA displayed the highest activity at pH 8.0 in
PBS buffer. Besides, biocompatible buffers, such as
HEPES—NaOH and MES—NaOH, were also examined. At
the same pH value, PmLTTA exhibited higher activities in
MES-NaOH and HEPES-NaOH systems than that of PBS
buffer. For example, the activity in PBS buffer (pH 8.0)
was only 57% of that in HEPES—-NaOH buffer (pH 8.0).
As aresult, HEPES-NaOH (pH 8.0, 100 mM) was selected
for further experiments.

Dependence of PmLTTA on metal ions was also evalu-
ated. As shown in Fig. 2d, control experiment without
metal ions was regarded as 100%. Only Mg>* could
slightly promote the transaldolase activity of PmLTTA,
with relative activity of 121%. The activity of PmLTTA
was barely influenced by Ca**, Mn*, Ni2*, Ba?*. Obvi-
ous inhibitory effect was found with Co?*, Cu®*, Fe?*and
Zn**. All above indicated that PmLTTA is not a metal
enzyme.
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Fig.2 Enzymatic properties of PmLTTA. a Temperature profile of PmLTTA. b Thermostability of PmLTTA 30 °C, 40 °C and 50 °C. ¢ pH pro-

file of PmLTTA. d Metal ions dependence of PmLTTA
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Identification of bottlenecks in enzymatic
transaldolation reaction

To establish an efficient biocatalytic process for the synthesis
of chiral f-hydroxy-a-amino acids, effects of the amount
of PmLTTA and reaction time on the conversion ratio and
diastereoselectivity were evaluated using benzaldehyde and
L-threonine as substrates. As shown in Fig. 3a, the increase
of enzyme loading led to increased conversion ratio, how-
ever, decreased diastereoselectivity, which was also observed
in previous reports [11]. At PmLTTA amounts of 0.1 and 0.2
U mL™, the de value of L-t-PS was about 88.2%, then the de
value decreased to 68.6% with an increased enzyme loading
to 1 UmL™.. The results indicate that lower enzyme loading
is favorable to the formation of L-threo isomer. Although the
diastereoselectivity values at 0.1 and 0.2 U mL~! PmLTTA
were similar, the conversion ratio was 5% higher at 0.2 U
mL~!, suggesting that the optimal PmLTTA amount is 0.2
UmL™.

Furthermore, the changes of conversion ratios and diaste-
reoselectivities under 0.2 U mL~! PmLTTA were monitored
(Fig. 3b). The conversion ratios increased from 15.2% at
1 h to 24.9% at 6 h. Further elongated reaction time did not
result in further increased conversion ratio. The low conver-
sion ratios might be attributed to the toxicity of benzalde-
hyde and acetaldehyde. Moreover, the diastereoselectivity
value decreased from 92.5% at 1 h to 84.6% at 6 h. This
phenomenon is similar to the influence of increased enzyme
amount, which has also been observed in aldolases catalyzed
reaction [25]. The results indicate that the transaldolation
reaction might also be regulated by both kinetic control
and thermodynamic control. At the initial stage, the reac-
tion is mainly controlled by kinetic control with better

a
40 100
== de value |
—~ 30- MM conversion 80
X
c —60 o
o
B 20 3
S 40 &
[e]
O 40
—20
0- —0
0.1 0.2 0.4 0.8 1
Activity (U/mL)

diastereoselectivity, and as the reaction time proceeds, the
amount of thermodynamic products increased, resulting in
progressively decreased diastereoselectivity.

It was noted that the conversion ratio was less than 25%
and the diastereoselectivity decreased during the reaction,
representing two bottlenecks for the application of PmLTTA
in the synthesis of chiral f-hydroxy-a-amino acids. To solve
the issues, we envisioned to introduce CAR and ADH to
decrease the adverse impact of benzaldehyde and acetalde-
hyde on the conversion ratio and diastereoselectivity.

Construction and optimization of the cascade
reaction

Introduce of alcohol dehydrogeanse

To eliminate the influence of acetaldehyde on the de value
and conversion ratio, alcohol dehydrogenase from Saccha-
romyces cerevisiae (ScADH) was cloned and introduced in
the PmLTTA catalyzed reaction system, which could convert
the acetaldehyde generated from L-threonine into ethanol
(Fig. 4a). As above mentioned, accumulation of acetalde-
hyde would lead to the decrease of conversion ratio. Moreo-
ver, removal of acetaldehyde, one of the products, could shift
the equilibrium toward the generation of f-hydroxy-a-amino
acid and overcome the thermodynamic limitation [25, 26].
Hence, the de values might also become stable during the
reaction. Considering ScADH is NADH-dependent, glucose
dehydrogenase from Bacillus megaterium (BmGDH) was
employed for regeneration of NADH. As shown in Fig. 4b, c,
the conversion ratio of PmLTTA coupled with ScADH were
higher than PmLTTA during the reaction. At the end of 6 h,
the conversion ratio of PmLTTA/ScADH-coupled reaction

35 100
30 o ‘J‘\
Il conversion —80
254
> Lo
10
—20
5-
0- —0
1 2 4 6
Time (h)

Fig.3 a Effect of enzyme loading on the conversion ratio and diastereoselectivity of PmLTTA. b Time course of PmLTTA catalyzed

transaldolation reaction of L-threonine and benzaldehyde
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Fig.4 Asymmetric synthesis of L-t-PS by PmLTTA coupled with
ScADH and BmGDH. a Scheme of the cascade reaction. b Com-
parison of the conversion ratios of cascade reaction coupled with/
without ScADH. ¢ Comparison of the de values of cascade reac-
tion coupled with/without ScADH. Reaction conditions: 1 mL reac-

was 29.4%, which was 5% higher than that of PmLTTA.
Most importantly, the de values did not decrease with the
prolongation of reaction time, and remained stable of 93.4%
at 6 h, while the de values decreased to 84.9% in reaction
without ScADH. Therefore, the introduce of ADH could
alleviate the adverse effects of acetaldehyde and significantly
increase the conversion ratios and diastereoselectivity.

Introduce of carboxylic acid reductase

To further reduce the inhibitory effect of benzaldehyde
on PmLTTA, CAR was introduced. CAR could catalyze
the reduction of benzoic acid into benzaldehyde (Fig. 5a),
which could further be utilized by PmLTTA. Thus, the
concentration of benzaldehyde in the reaction system could
be maintained at a relative lower level. Moreover, benzoic
acid is usually regarded as a cheap industrial byproduct,
which is also of environmental interest. To achieve the
efficient conversion of benzoic acid into benzaldehyde,
several CARs, including MaCAR [27], NiCAR [28] and
mutant NiCAR??%7 [29] with higher activities, AncCAR-
A and AncCAR-PF [30] with better thermal stability were
evaluated for cascade reaction. First, the specific activities

BmGDH -
Gluconic acid ;7T ucose
(')ll ﬁ
‘ OH + ScADH /\OH
H,N
C 95 e s
90 ¥
1
85-i
80
754 PmLTTA
—8—  PmLTTA with ScCADH
70 1 1 1 1 1 1

0 1 2 3 4 5 6
Time (h)

tion mixture containing 10 mM benzaldehyde, 4 mM glucose, 1 mM
Mg**, 25 mM L-threonine, 0.2 mM PLP, 1 mM NAD" and 0.2 U
mL™! PmLTTA, 1 U mL™! ScADH, 1 U mL™! BmGDH in HEPES—
NaOH buffer (100 mM HEPES-NaOH, pH 8.0) at 30 °C

of pure enzyme toward benzoic acid were determined, as
shown in Fig. 5b. The specific activity of NiICARZ?®* was
101.6 U g7!, ranking the highest, while the specific activ-
ity of AncCAR-PF was the lowest. The specific activity of
AncCAR-A was 25.1 U g”!. Furthermore, the potential of
these CARs in the cascade reaction were evaluated. The
conversion ratios and de values of the CARs participated
cascade reaction were monitored, as illustrated in Fig. 5c,
d. Unlike the reaction without CARs, the conversion ratios
increased progressively until 12 h. In addition, the con-
version ratios of AncCAR-A and AncCAR-PF with bet-
ter thermal stability were significantly higher than that of
other enzymes. The conversion ratio of AncCAR-A was
about 13.5% higher than that obtained by NiCAR partici-
pated reaction, although the specific activity of AncCAR-A
was much lower than that of NiCAR. Interestingly, the de
values obtained by AncCAR-A and AncCAR-PF partici-
pated reactions also ranked the highest, which were 96.5%
and 95.3%, respectively, at 12 h. All above proved that
AncCAR-A and AncCAR-PF with higher thermal stabil-
ity are more suitable for cascade reactions, especially for
reactions require longer duration. As a result, AncCAR-
A, displaying the highest conversion ratio (25.8%) and de
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Fig.5 Effect of CAR on the conversion ratio and diastereoselectivity
of PmLTTA. a Scheme of the synthesis of benzaldehyde from ben-
zoic acid by AncCAR-A coupled with BmGDH. b Specific activities
of CARs toward benzoic acid. ¢ Effect of CARs on the conversion
ratios of cascade reaction. d Effect of CARs on the de value of cas-

value (96.5%) in cascade reaction, was selected for further
experiment.

Optimization of multi-enzyme cascade reaction

A CAR-LTTA cascade reaction was developed for the
synthesis of L-z-PS from benzoic acid (Fig. 6a). To further
increase the conversion ratio and diastereoselectivity, factors
influencing the cascade reaction, such as pH, temperature,
enzyme loading ratio of CAR and LTTA, L-threonine and
ATP, were systematically explored.

Aqueous soluble sodium benzoate was used instead of
benzoic acid to avoid the addition of co-solvents, such as
DMSO, which could be toxic to enzymes. The conversion
ratio and diastereoselectivity of the benzoic acid and sodium
benzoate were compared and shown in Fig. S4a. The conver-
sion ratio of sodium benzoate was 17.3%, which was higher
than 13.8% of benzoic acid.
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cade reaction. Reaction conditions: 1 mL reaction mixture contain-
ing 10 mM benzoic acid, 4 mM glucose, 10 mM ATP, 5 mM Mg2+,
1 mM NADP* and 0.1 U mL™" AncCAR-A, 1 U mL™' BmGDH in
HEPES-NaOH buffer (100 mM HEPES-NaOH, pH 8.0) at 30 °C

Influence of the pH values of HEPES buffer on the cas-
cade reaction was also investigated. As shown in Fig. 6b,
as the pH increased from 7.0 to 8.0, the conversion ratios
increased from 12.6 to 22.1%. Furthermore, the conversion
ratio was not influenced at pHs higher than 8.0. It should
be noted that the pH of reaction system has little impact
on diastereoselectivity, with de values stabilized at around
94.5% from pH 7.0 to 10.0. Therefore, pH 8.0 of HEPES
buffer was chosen for this newly developed cascade reac-
tion. Considering CAR is ATP-dependent, the influence of
ATP concentrations (4 mM, 10 mM, 20 mM) on the cas-
cade reaction was also evaluated. As shown in Fig. S4b, the
highest conversion ratio (36.5%) and de value (96.9%) were
observed in 10 mM ATP. Either lower or higher ATP con-
centrations were not favorable for this cascade reaction. The
results show that the lower ATP concentration could reduce
the synthesis of benzaldehyde catalyzed by CAR, and thus
affect the conversion ratio of the cascade reaction. While
higher ATP concentration could lead to the accumulation
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Fig.6 Development of cascade reaction consisted of PmLTTA,
AncCAR-A, ScADH and BmGDH for efficient asymmetric synthe-
sis of L-#-PS. a Scheme of the cascade reaction. b Effect of pH on
the cascade reaction. ¢ Effect of temperature on the cascade reac-
tion. d Effect of enzyme loading ratios. e Effect of L-threonine addi-

of benzaldehyde and, therefore, inhibit the reaction rate of
cascade system.

The cascade reaction was evaluated at 15 °C, 20 °C,
25 °C, 30 °C and 35 °C. As illustrated in Fig. 6¢c, the
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tion amount. Reaction conditions: 1 mL reaction mixture containing
10 mM sodium benzoate, 4 mM glucose, 10 mM ATP, 5 mM Mg,
1 mM NADP™", 25 mM L-threonine, 0.2 mM PLP, 1 mM NAD" and
1 UmL™ PmLTTA, 0.1 U mL™' AncCAR-A, 1 U mL™! ScADH, 1 U
mL™' BnGDH

conversion ratios increased as the temperature increased
from 15 °C to 25 °C, and the highest conversion ratio of
42.2% was observed at 25 °C. At temperatures higher than
25 °C, the conversion ratios decreased, with only 30.2%
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at 35 °C. For this cascade reaction, the thermostability of
CAR and LTTA plays an important role. Higher thermo-
stability of CAR could be beneficial to higher conversion
ratio. Moreover, the around 94% de was determined under
different temperatures. Therefore, 25 °C was chosen as
the optimal temperature of cascade reaction.

The enzyme loading ratios of AncCAR-A to PmLTTA,
ranging from 8:1 to 1:20, were investigated. As shown in
Fig. 6d, with higher loading of PmLTTA such as ratios of
8:1 to 1:1, the conversion ratios significantly increased
from 6.7 to 37.2%, indicating that the amount of PmLTTA
is critical for the cascade reaction. Then, elevated amount
of PmLTTA from 1:1 to 1:20 was attempted. Further
increased conversion ratio was observed, and the high-
est conversion ratio of 57.1% was achieved at ratio of
1:10. At higher ratios of 1:15 and 1:20, the conversion
ratios remained similar as that of 1:10. Therefore, higher
amounts of PmLTTA resulted in higher conversion ratios
by converting of benzaldehyde into L-#-PS and reducing
the toxicity toward enzymes in the cascade system. Vari-
ation of the enzyme loading ratio could also influence
the de value of L-#-PS. The de values increased with the
increased ratios of AncCAR-A to PmLTTA. At ratio of
8:1, the de value was 87.9%, while at ratio of 1:10, the de
value was as high as 94.4%. Further increased the amount
of PmLTTA to 1:15 and 1:20 could not improve the dias-
tereoselectivity. Hence, the enzyme loading ratio of CAR
and PmLTTA was determined to be 1:10 in the cascade
reaction.

L-Threonine serves as the donor of glycine. Usually,
glycine should be added in excess [6, 25, 31], which could
drive the reaction equilibrium toward the generation of
product. Different equivalents of L-threonine toward
sodium benzoate were attempted in the cascade reaction.
As shown in Fig. 6e, the conversion ratios increased as
the increase of L-threonine equivalent from 1:1 to 1:2.5,
with the highest conversion ratio of 57.1% obtained at
1:25. Further increased amount of L-threonine to 1:5
did not result in higher conversion ratio. In addition, the
increase of L-threonine equivalent hardly affect the dias-
tereselectivity. Hence, L-threonine equivalent of 1:2.5 was
regarded as the optimum amount for the cascade reaction.

An efficient multi-enzyme cascade reaction has been
successfully developed with significantly increased con-
version ratio and stable diastereoselectivity. Under the
optimized conditions, including 10 mM ATP, pH 8.0 of
HEPES buffer, temperature of 25 °C, the ratio of CAR
and LTTA of 1:10, L-threonine equivalent of 1:2.5, the
conversion ratio of 57.1% was achieved, 1.28-fold higher
than 25% of the initial reaction by PmLTTA, and a stable
de value of 95.3% was obtained (Fig. S5).
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Conclusions

A novel L-threonine transaldolase PmLTTA was identified
from Pseudomonas sp. through genome mining. Charac-
terization of PmLTTA revealed that the specific activity
of PmLTTA was 5.48 U mg™!, and the optimum pH and
temperature were 8.0 and 70 °C. A multi-enzyme cascade
system, consisted of PmLTTA, AncCAR-A, ScADH and
BmGDH, was successfully developed for the synthesis of
chiral f-hydroxy-a-amino acids, aiming at reducing the
inhibitory effect of aldehydes and improving the diastere-
oselectivity. Under the optimized conditions, L-7-PS was
obtained at 57.1% conversion and 95.3% de, much higher
than those of the initial reaction using PmLTTA. Toxicity of
benzaldehyde and acetaldehyde was alleviated and the diste-
reoselectivity was stabilized in this newly designed cascade
system. This study provides an efficient cascade reaction sys-
tem for the synthesis of valuable chiral f-hydroxy-a-amino
acids from industrial byproduct, and provides guidance for
optimization of cascade reactions influenced by toxicity
of aldehydes and complicated kinetic and thermodynamic
controls.
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