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Fig. 2 Optimization of fermentation conditions for activity of mycelial pellet (U/g) and fermentation supernatant (U/L),
including different inducers (a), carbon sources (b), inorganic nitrogen sources (c), organic nitrogen sources (d), tem-

peratures (e), initial pH values (f), and fermentation time (g)

A potato dextrose broth (PDB) medium fermented at 25 °C, pH 5.0 for 3 d was used as control for (a) and (b). A PDB medium
with 10 g/L of glucose was used as control for (¢). A PDB medium with 10 g/L of glucose and 1.4 g/L of NH4;NO; was used as
control for (d). TA: tartaric acid. Data were expressed as meantstandard deviation (n=3)
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Fig. 3 Fermentation curves for pH, biomass, activity of
fermentation supernatant and myecelial pellet of Peni-
cillium expansum WH-3 in a 5-L fermenter
Data were expressed as meantstandard deviation (n=3)

In order to characterize CESH and biotransfor-
mation, disodium cis-epoxysuccinate was transformed
per one liter of whole fermentation broth, mycelial
pellet, and fermentation supernatant, respectively

(Fig. 4a). Activity for these was (276.5£13.1), (165.3+
9.4), and (108.6+5.3) U/L, respectively, which in-
dicated that about 60% of CESH was distributed in
the mycelial pellet. The conversion rate for fermen-
tation broth and mycelial pellet reached more than
95% after 48 and 72 h, respectively, while that for
fermentation supernatant was only 70% after 96 h due
to its low activity and poor stability. Mycelial pellet
was used for the characterization of CESH and re-
peated batch conversions, as it is easy to recycle and
contains most of the activity.

The CESH was stable below 30 °C with an opti-
mal temperature of 37 °C (Fig. 4b); it maintained most
of the residual activity between pH 4 and 10 with an
optimum of pH 8.0 (Fig. 4c). The transformation
solution was analyzed by high-performance liquid
chromatography (HPLC) (Fig. 4d) with 1.886 min
retention time for D(—)-TA and 8.695 min for L(+)-
TA, and an enantiomeric excess (EE) value for L(+)-
TA 0f 99.6%.
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The properties of CESH described in this study
were compared to those from previously reported
strains (Table 1). In comparison to the previous iso-
lation from soil, P. expansum WH-3 was isolated
from disodium cis-epoxysuccinate solution. However,
its enzyme activity was much lower than that from
previously reported bacteria and A. niger WH-2.
Enzyme thermostability was similar to that from A.
niger WH-2, but lower than that from bacteria.
Therefore, further work such as genetic engineering
and directed modification will be needed to improve
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its activity and stability. Although its optimal pH was
similar to that from bacteria, the CESH maintained
55% of residual activity at pH 5.0 and 35% at pH 4.5,
while that from bacteria lost nearly all its activity at
pH<S5. This indicates that CESH from P. expansum
WH-3 could catalyze under acidic conditions show-
ing relatively high acid stability, similarly to CESH
from A. niger WH-2.

Disodium cis-epoxysuccinate, the substrate of
CESH, is synthesized under acidic conditions at pH
4.0-4.5. Since CESH from bacteria lose catalytic
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Fig. 4 Characterization and biotransformation of CESH

from mycelial pellet of Penicillium expansum WH-3

(a) Biotransformation curves of fermentation broth, mycelial pellet, and fermentation supernatant; (b) Effects of temperature on
enzyme activity and stability; (c) Effects of pH on enzyme activity and stability; (d) Enantioselectivity analysis by high-
performance liquid chromatography (HPLC); (e) Biotransformation curves of mycelial pellet at pH 4.5; (f) Conversion rate and

enantiomeric excess (EE) value for repeated batch conversion

by mycelial pellet at pH 4.5. CESH: cis-epoxysuccinate

hydrolase. TA: tartaric acid. Data were expressed as meantstandard deviation (n=3)

Table 1 Comparison of enzymatic properties of CESH from different species

Active pH  Conversion

. Activity of Optimum Therln}al Optimal range (>20%  rate (%, EE
Species Source temperature stability . value Reference
cells (U/g) ©C) ©C) pH residual 1 mol/L (%)
activity) substrate)
Penicillium  Contaminated 10.6 37 <30 8.0 4.0-10.0 >98 >99.6 This study
expansum disodium
WH-3 CESH
Aspergillus Soil 1278 50 <30 8.5 3.5-10.0 >95 >99.6 Baoetal.,
niger WH-2 2020
Rhodococcus Soil >10000 37 <35 7.5 6.0-9.0 >99 >99.5 Liuetal.,
opacus 2007
ML-0004
Klebsiella sp. Soil >10000 50 <50 8.5 6.5-10.0 >99 >99.5 Chengetal.,
BK-58 2014
Labrys sp. Soil 3597 55 <55 8.5 6.0-10.0 >99 >99.5 Baoetal.,
BK-8 2019

CESH: cis-epoxysuccinate hydrolase; EE: enantiomeric excess
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function under acidic conditions, the substrate solution
needs to be adjusted to neutral with the administration
of high volumes of sodium carbonate, increasing the
load on the ion exchange column. However, CESH
from P. expansum WH-3 retains catalytic function at
pH 4.5, indicating that it can be directly transformed
without adjusting the pH. This reduces the require-
ment for sodium carbonate greatly, thereby lowering
the cost of L(+)-TA purification. Accordingly, trans-
formation (Fig. 4e) was carried out by 20 g of myce-
lial pellet in total of 1 L system with 10 mmol/L of
disodium cis-epoxysuccinate at pH 4.5 (30 °C), which
resulted in a conversion rate higher than 99%. The
mycelial pellet was used for transformation at pH 4.5
for 7 d to investigate its stability in repeated batch
conversions (Fig. 4f). The conversion rate reached
31%, with the EE value maintaining 99.6% after five
repeated batches. In order to investigate the effect of
substrate concentration on CESH conversion rate,
mycelial pellets from P. expansum WH-3 and A.
niger WH-2 were used to transform disodium cis-
epoxysuccinate at 10 mmol/L, 0.2 mol/L, 0.5 mol/L,
and 1 mol/L. Conversion rates obtained for P. ex-
pansum WH-3 were 99.3%, 99.1%, 98.7%, and
98.4%, respectively, while those for 4. niger WH-2
were 98.6%, 98.4%, 97.5%, and 95.3%, respectively.
This indicates that despite the lower activity of CESH
from P. expansum WH-3 compared to 4. niger WH-2,
higher conversion rates are achieved, especially at high
substrate concentrations.

In conclusion, P. expansum WH-3, the second
reported fungus as candidate for L(+)-TA production
after A. niger WH-2, was isolated and identified from
contaminated disodium cis-epoxysuccinate samples.
Maximum activity of the mycelial pellet and fer-
mentation broth supernatant, in a 5-L fermenter after
optimization in a flask, was (10.6+0.5) U/g and
(107.0£5.8) U/L, respectively. Transformation ex-
periments showed that almost 60% of CESH was
present in the mycelial pellet, which could catalyze at
pH 4.5 with strong acidic stability, high conversion
rate, and good enantioselectivity. Modification by
gene cloning to improve the activity and stability of
CESH from P. expansum WH-3 is in progress.

Materials and methods
Detailed methods are provided in the electronic supple-
mentary materials of this paper.
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